PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 6:

HO01M 10/40 Al

(11) International Publication Number:

(43) International Publication Date:

WO 99/19931

22 April 1999 (22.04.99)

(21) International Application Number: PCT/US98/21067

(22) International Filing Date: 6 October 1998 (06.10.98)

(30) Priority Data:

08/948,969 10 October 1997 (10.10.97) us

(71) Applicant (for all designated States except US): POLYPLUS
BATTERY COMPANY, INC. [US/US]; Suite B, 2431 Fifth
Street, Berkeley, CA 94710 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): CHU, May-Ying
[US/US]; 6069 Fairlane Drive, Oakland, CA 94611 (US).
DE JONGHE, Lutgard, C. [BE/US]; 910 Acalanes Road,
Lafayette, CA 94549 (US). VISCO, Steven, J. [US/US];
2336 California Street, Berkeley, CA 94703 (US). KATZ,
Bruce, D. [US/US]; 225 Clifton Street, Oakland, CA 94618
(US).

(74) Agents: WEAVER, Jeffrey, K. et al.; Beyer & Weaver, LLP,
P.O. Box 61059, Palo Alto, CA 94306 (US).

(81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR,
BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, FI, GB, GE,
GH, GM, HR, HU, ID, IL, IS, JP, KE, KG, KP, KR, KZ,
LG, LK, LR, LS, LT, LU, LV, MD, MG, MK, MN, MW,
MX, NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL,
TJ, TM, TR, TT, UA, UG, US, UZ, VN, YU, ZW, ARIPO
patent (GH, GM, KE, LS, MW, SD, SZ, UG, ZW), Eurasian
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR,
IE, IT, LU, MC, NL, PT, SE), OAPI patent (BF, BJ, CF,
CG, CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG).

Published
With international search report.
Before the expiration of the time limit for amending the
claims and to be republished in the event of the receipt of
amendments.

(54) Title: LIQUID ELECTROLYTE LITHIUM-SULFUR BATTERIES

/-10

22—

N\

L —20

x
-

©
\

(57) Abstract

Disclosed are electrolyte solvents for ambient-temperature lithium—sulfur batteries. The disclosed solvents include at least one
ethoxy repeating unit compound of the general formula Ri(CH2CH20)qR2, where n ranges between 2 and 10 and Ry and R; are dif-
ferent or identical alkyl or alkoxy groups (including substituted alkyl or alkoxy groups). Alternatively, Ry and Ry may together with
(CH2CH20), form a closed ring. Examples of linear solvents include the glymes (CH3O(CH2CH2)nCH3). Some electrolyte solvents
include a donor or acceptor solvent in addition to an ethoxy compound as described. Examples of donor solvents include hexam-
ethylphosphoramide, pyridine, N,N~diethylacetamide, N,N—-diethylformamide, dimethylsulfoxide, tetramethylurea, N,N-dimethylacetamide,
N,N—dimethylformamide, tributylphosphate, trimethylphosphate, N,N,N’,N’—tetraethylsulfamide, tetramethylenediamine, tetramethylpropy-
lenediamine, and pentamethyldiethylenetriamine. These assist in solvation of lithium ions. Examples of acceptor solvents include alcohols,
glycols, and polyglycols. These assist in solvation of the sulfide and polysulfide anions.
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WO 99/19931

LIQUID ELECTROLYTE LITHIUM-SULFUR BATTERIES

BACKGROUND OF THE INVENTION

This invention rclates to liquid clectrolyte compositions and ccll configurations
for metal-sulfur battcrics (c.g., lithium-sulfur batteries).

The rapid prolilcration of portable clectronic devices in the intcrnational
marketplace has Icd to a corresponding incrcase in the demand for advanced sccondary
batteries (i.c., rechargecable batteries). The miniaturization of such devices as, for
cxample, ccllular phones, laptop computers, ctc., has naturally fueled the desire for
rcchargcable batteries having high specific encrgics (light weight). At the same time,
mounting conccrns regarding the cnvironmental impact of throwaway technologics, has
causcd a disccrnible shift away from primary batterics and towards rechargcable
systcms.

In addition, heightencd awarcness concerning toxic wastc has motivated, in
part, cfforts to replace toxic cadmium clectrodes in nickel/cadmium batterics with the
morc benign hydrogen storage clectrodes in nickel/metal hydride cells. For the above
rcasons, therc is a strong market potential for environmentally benign secondary battery
tcchnologics.

Sccondary batterics are in widespread use in modern society, particularly in

applications where large amounts of cnergy arc not rcquired. However, it is desirable
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Lo usc battcrics in applications requiring considerablc power, and much cffort has been
cxpended in developing batterics suitable for high specific cnergy, medium power
applications, such as, for clectric vehicles and load leveling.  Of coursc, such batterics
would also be suitable for usc in lower power applications such as camcras or portable
rccording dcvicces.

Al this time, thc most common sccondary batterics are probably the lcad-acid
batterics uscd in automobilcs. Thosc batterics have the advantage of being capable of
opcrating for many charge cycles without significant loss of performance. However,
such battcrics have a low encrgy to weight ratio.  Similar limitations arc found in most
other systcms, such as Ni-Cd and nickel mctal hydride systcms.

Among the factors Icading to the successful development of high specific
cnergy batterics, is the fundamental nced for high ccll voltage and low cquivalent
weight clectrode matcrials.  Elcctrode  maltcrials must also fulfill the basic
clectrochemical requircments of sufficient clectronic and ionic conductivity, high
rcversibility of the oxidation/reduction rcaction, as well as cxcellent thermal and
chemical stability within the temperaturc range [or a particular application. Importantly,
the clectrode matcrials must be rcasonably incxpensive, widcly available, non-
cxplosive, non-toxic, and casy to proccss.

Thus, a smaller, lighter, chcaper, non-toxic battery is sought for the next
gencration of batterics. The low cquivalent weight of lithium renders it attractive as a
battery clectrode componcnt for improving weight ratios. Lithium also provides grcater

cnergy per volume than do the traditional battery standards, nickel and cadmium.

The low cquivalent weight and low cost of sulfur and its nontoxicity renders it
also an attractive candidate battcry componcnt. Successful lithium/organosulfur battcry
cclls arc known. (Scc, De Jonghe ct al., U.S. patent Nos. 4,833,048 and 4,917,974,
and Visco ct al., U.S. Patent No. 5,162,175.)

Recent developments in ambicnt-temperaturc sulfur clectrode tcchnology may
provide commmercially viable rechargeable lithium-sulfur batterics. Chu and collcagucs
arc largely responsible for these developments which are described in the above-
referenced U.S. Patent Nos. 5,582,623 and 5,523,179 (issucd to Chu). Thesc
developments allow clectrochemical utilization of clemental sulfur at levels of 50% and
highcr over multiple cycles.  Becausc sulfur has a theorctical maximum capacity of
1675 mAl/g (assuming all sulfur atoms in an clectrode arc fully reduced during
discharge), the utilization of sulfur in lithium-sulfur cclls as described in the above Chu
patents typically cxcceds 800 milliamp-hours per gram (mAh/g) of sulfur. Chu’s initial

2

SUBSTITUTE SHEET (RULE 26)



WO 99/19931 PCT/US98/21067

10

15

20

25

30

35

work focuscd on solid and gcl-statc batterics in which a solid or gel-state ionic

conductor was immobilized with the sulfur in an clectrode.

Prior to Chu’s work, rcchargecable ambicnt-tempcerature lithium-sulfur batterics
were not considercd commercially viable. The limited rescarch that was conducted in
the ficld almost universally cmployed liquid clectrolytes which scrved not only as ionic
transport mcdia between the anode and cathode, but also as ionic conductors within the
sulfur clectrode. Without exception, these clectrodes suffered from poor utilization of
the sullur clectrode over repeated cycling.  For cxample, one of the best reported
rechargcable lithium-sulfur liquid clectrolyte batterics cycled 120 times, but had a
maximum sulfur utilization of only 5%. Scc Rauh, R.D., Pcarson, G.F. and
Brummer, S.B., “Rcchagcability Studics of Ambient Temperature Lithium/Sulfur
Batterics”, 12™ IECEC, 283-287 (1977). Other rechargeable systems had higher
sulfur utilizations, but unacccptably low cycle lives. For cxample, onc group rcports a
maximum sulflur utilization of about 45%, but their ccll was dcad by 50 cycles and,
during cycling, had a utilization of only about 25%. Scc Pcled, E., Gorenshtein, A.,
Scgal, M., Sternberg, Y., “Rechargeable Lithium-Sulfur Battery (Extended Abstract)”,
J. Power Sourccs, 26, 269-271, (1989). Becausc of their poor cycling performance,
the vast majority of prior lithium-battcry systcms werc at best deemed suitable only as
primary Dbatterics.  In addition, somc rcscarchers have concluded that liquid
clectrolyte/sulfur cclls will be intrinsic limited to poor performance. Sce Coleman, J.R.
and Batcs, M.W., “The Sulfur Elcctrode”, 289-302 (1968)

It now appcars that the poor performance of the prior art lithium-sulfur cclls
resulted from various design flaws. TFor cxample, many cclls cmployed large
rescrvoirs of liquid clectrolyte in which sulfide and polysulfide discharge products
dissolved, diffuscd away from the positive clectrode, and became unavailable for
further clectrochemical rcaction, thereby reducing the cell’s capacity. In addition, it is
likely that the prior art cclls were operated under conditions in which their discharge
products wcrc irrcversibly precipitated out of solution, thereby reducing capacity.

Most prcviousiy studicd liquid clectrolyte lithium-sulfur systcms cmploycd the
same nonaqucous liquid clectrolytes that were and are conventionally cmployed in other
lithium-bascd battery systcms (which do not cmploy sulfur positive clectrodes). Such
clectrolytes generally arc designed for maximum conductivity. Typically, thcy cmploy
low molccular weight solvents such as tctrahydrofuran (“THF”), ethylenc carbonatc,
and/or dimcthoxycthanc (“glymc”) containing high concentrations of lithium saits.
Examplcs of such clectrolytes arc extensively reviewed in the book “Lithium Batterics,
New Matcrials, Developments and Perspectives,” G. Pistoia Ed., Elsevier, New York
(1994). Scc particularly Chapter 4, “Currcnt Statc of the Art on Lithium Battery
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Elcctrolytes.” by L. A. Domincy which is incorporatcd herein by reference for all
purposcs. A spccific list of such clectrolytes is presented in U.S. Patent No.
3,532,543 issucd to Nolc ct al.

Other references to lithium-sulfur battery systems in liquid formats include the
lollowing: Yamin ct al., "Lithium Sulfur Battery," . Elcctrochem. Soc., 135(5): 1045
(May 1988); Yamin and Pclcd, "Elcctrochcmistry of a Nonaqucous Lithium/Sulfur
Cecll," J. Power Sourccs, 9: 281 (1983); Pcled ct al., "Lithium-Sulfur Batlery:
Evaluation of Dioxolanc-Bascd Elcctrolytes," J. Elcctrochem. Soc., 136(6): 1621
(Junc 1989); Bennett ct al., U.S. Patent No. 4,469,761; Farrington and Roth, U.S.
Patent No. 3,953,231; Nolc and Moss, U.S. Patent No. 3,532,543; Lauck, H., U.S.

Patent Nos. 3,915,743 and 3,907,591; Socicte des Accumulateurs Fixes ct de Traction,
"Lithium-sulfur battery,"” Chem. Abstracts, 66: Abstract No. 111055d at page 10360

(1967); and Lauck, I1. "Elcctric storage battery with ncgative lithium clectrode and
positive sulfur clectrode," Chem. Abstracts, 80: Abstract No. 9855 at pages 466-467
(1974).).

Unfortunatcly, clectrolyte solvents cmployed in most prior art sulfur cclls were
not developed for the sulfur clectrode.  Further, the low molccular weight solvents
(c.g., tctrahydrofuran and dimcthoxycthanc) cmployed in many of thesc of systems
would be quite hazardous in commercial batterics. This is becausc they are flammable
and have a high vapor pressurc. Thus, they arc difficult to control during manufacture,

and there is always the danger of combustion or cxplosion in a commcrcial ccll.

What is nceded therefore is a safe liquid clectrolytc metal-sulfur battcry system
optimized for the chemical and clectrochemical fcatures of the sulfur rechargeable
clectrode.

SUMMARY OF THE INVENTION

The present invention provides high performance thin film lithium-sulfur battery
cclls having liquid clectrolytes. The cells arc preferably rechargeable, having (1) a
minimum sulfur utilization of at lcast about 10% (morc prcfcrably at least about 20%
and most preferably at Icast about 30%) over at Icast 50 cycles (morc prefcrably over at
Icast 100 cycles and cven more preferably over at Icast 200 cycles) or (2) a sullur
utilization of at lcast 50% over at lcast 2 cycles (more preferably over at lcast about 10
cycles and cven morc preferably over at least about 75 cycles). To attain such high
performance, the cells’ configuration and clectrolyte should be carcfully sclected. The
thin film cclis of this invention will be characterized by a rclatively small scparation

4
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distancc between clectrodes. If a cell’s “scparation distance” is defined as the distance
between a back boundary where the catholyte is farthest removed from the ncgative
clectrode and a front boundary where the catholylte is ncarest the negative clectrode, that
scparation distance is preferably not morc than about 400 (micromcter)(cm?)mA/i,. In
this cxpression, i, is thc maximum stcady state current density under which the ccll
operates. Thus, as the ccll’s maximum current density increascs, its scparation distance
should dccrecasc. If this design critcria is followed, the amount of precipitatcd
dischargc product should bc minimized. In order that the ccll operatc at stcady state
currcnt densitics suitable for commcrcial applications, the ccll should bc able to
discharge at Icast about 0.5 mA/cm? over 50 cycles.

In an cspecially preferred cmbodiment, the scparation distance is not morc than
about 300/i, and cven morc prefcrably, not morc than about 200/i,. In absolute tcrms,
the scparation distancce prefcrably will be not morc than about 300 micromclers, and

morc prcferably not more than about 150 micromelcers.

Prefcrably, the liquid clectrolyte in such thin film mectal-sulfur cclls has
dissolved therein between about 3 and 30 molar atomic sulfur (in the form of sulfides
and/or polysulfides). In general, the higher the sulfur concentration, the higher the
ccll’s capacity. Howcver, if the sulfur concentration becomes too great, large amounts

of sulfidc and/or polysulfidc may precipitatc out of solution.

The present invention also provides liquid clectrolyte solvents for ambicnt-
tempcerature mctal-sulfur batterics (c.g., lithium-sulfur battcrics). Prefcrred solvents

include at lcast onc compound having an cthoxy rcpeating unit. These solvents have
the general formula R | (CHoCH20),,R2, where n ranges between 2 and 10 and R and

Ro arc diffcrent or identical alkyl or alkoxy groups (including substitutcd alkyl or
alkoxy groups). Altcrnatively, Ry and Ry may together with (CHpClH7O),, form a
closcd  ring. Examples of lincar  solvents  include the  glymes
(CH30(CH2CHR0),,CH3), and glyme derivatives such as ((CH2CH20),(CH20))),
where p ranges between about | and 50. In an alternative cmbodiment, the clectrolyte
solvent includes a cryptand or crown cther as a cosolvent.  Certain cryptands and
crown cthers strongly coordinate lithium.

The above cthoxy repcating unit compounds typically scrve as lithium ion
coordinating solvents. Preferred clectrolyte solvents include a donor or acceptor
cosolvent in addition to an cthoxy compound as described. Prcferred donor solvents
have a donor numbcer of at Icast about 15, morc prefcrably between about 15 and 40
and most prcferably between about 18-40.  Examples of donor solvents includc

hexamethylphosphoramidce, pyridinc, N,N-dicthylacctamide, N,N-dicthylformamidc,

5
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dimcthylsulfoxide, tctramcthylurca, N,N-dimcthylacctamide, N,N-dimcthylformamidc,
tributylphosphatc, trimcthylphosphate, N,N,N’,N’-tctracthylsulfamide,
tetramcthylencdiaminc, tctramcthylpropylencdiaminc, and
pentamcthyldicthylenctriaminc. Thesc assist in solvation of lithium ions. Examples of
acccptor solvents include protic and aprotic solvents such as mcthanol, cthylenc glycol,
polycthylcne glycol, nitromcthane, trifluoroacctic acid, trifluoromcthancsulfonic acid,
sulfur dioxide, and boron trifluoridc. Thesc assist in solvation of thc sulfide and
polysulfidc anions.

In general, the main solvents of this invention will have relatively low ambicnt
10 (emperaturc vapor pressurcs (at Icast in comparison to dimcthoxycthanc). Thus, o
cnsurc that the solvent’s molccular weight is sufficicntly high to provide a relatively
low vapor pressure, “n” must be 2 or greater. In keeping with the gencral desire that
the clectrolyte be liquid at ambicnt temperature, the valuc of n should gencrally not

cxceed 10.

15 These and other fcaturcs of the invention will be further described and

cxcmplificd in the drawings and dctailed description below.

BRIEF DESCRIPTION OF THE DRAWINGS

Figurc 1 is a block diagram of a lithium/liquid clectrolyte/sulfur ccll of this

20 invention.

25

Figurc 2A is a block diagram of lithiunv/liquid clectrolyte/sulfur cell in accordance

with anothcr cmbodiment of this invention.

Figurc 2B is a block diagram of lithium/liquid clectrolyte/sulfur cell in accordancc
with yct another embodiment of this invention.

Figurc 3A is a process flow diagram of a preferred method for fabricating positive

clectrodes that may be cmploycd in this invention.

Figurc 3B is a tablc prescenting various slurry compositions cmployed to fabricate
sulfur clectrodes for usc in cclls of this invention.

Figurc 4 is a tablc presenting the results of various cxperiments conducted in

30 accordance with this invention.

Figurc S is a graph of cnd of discharge voltage after cach recharge cycle for the
ccll described in Example 1.

6
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Figure 6 1s a graph of the percent sulfur utilization after cach recharge cycle for
the ccll described in Example 2.

Figurc 7 is a graph of pcrcent sulfur utilization versus cycle number for the cell
described in Example 3.

Figurc 8 is a graph of the percent sulfur utilization versus number of recharge
cycles for the cell described in Example 4.

Figurc 9 is a graph of percent sulfur utilization versus. number or recharge
cycles far the cell described in Example 5.

Figurc 10 is a graph of pcrcent sulfur utilization versus number or recharge
cycles for the ccll described in Examplc 6.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Introduction

This invention provides mctal-sulfur batterics having low cquivalent weight,
high ccll voltage and conscquently a high specific cnergy, and opcrating at high sulfur
utilization over many cycles. The batterics arc preferably constructed in a thin film
format such that the current density docs not become diffusion limited.

In onc cmbodiment, the battery ccells of this invention include a liquid clectrolyte
solvent that may have repcating cthoxy units (CHoCH7O). Preferably, the main
clectrolytc solvent includes a glyme or related compound. Such solvents arc belicved to
strongly coordinate lithium and thereby increasc the solubility of discharge products ‘of
lithium-sulfur battcrics.

The positive clectrodes cmployced in batterics of this invention include a sulfur-
bascd matcrial having a rclatively low cquivalent weight. The clectrodes, which may be
compositcs, include in their theoretically fully charged state sulfur and an clectronically
conductive matcrial. At some state of discharge, the positive clectrode will include onc
or morc of sulfidcs and polysulfides, which arc sulfides and polysulfides of thc mctal
or mctals found in the ncgative clectrode. In somc cmbodiments, the fully charged
clectrode may also include some amount of such sulfides and/or polysulfides.

Somctimes the sulfur-bascd clcctroactive material in a positive clectrodc may be
gencrally referred o as “active sulfur.” As uscd herein, that term refers to clectroactive

7
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material that is clemental sulfur or discharge products of clemental sulfur that would

return (o clemental sulfur in a theorctically fully charged statc.

Upon discharge, the sulfur of the positive clectrode reacts with the metal of the
ncgative clectrode to form the mectal sulfides and polysulfides. For cxample, where M
is thc metal of the ncgative clectrode, the overall cell reaction can be described as
follows:

X/zM +5=M,,S

where M is any metal that can function as an active componcent in a negative clcctrode in
a battery ccll in which sulfur is the active component of the positive clectrode; x = 0
through x = 2; z = the valcncc of the metal; and S is sulfur.

M is prefcrably at Icast onc of an alkali metal, an alkalinc carth mctal, and a
transition mctals. M is morc prefcrably sclected an alkali metal, and stll morc

preferably lithium or sodium. M is most preferably lithium.

In a preferred embodiment of this invention where the negative clectrode

contains lithium, the overall ccll rcaction wherein z = 1 can be described as follows:

xLi + S = Li,S.

When x = 2, 100% of the theorctical specific cnergy of the system has been rclcased.

If all clemental sulfur in the positive clectrode rcacts completcly (so that all sulfur
resides in LigS), the sulfur in the clectrode is 100% utilized so that all 1675 mAlV/g of

sulfur is cxtracted during discharge.

From (hc above discussion, it should be apparent that upon discharge the
positive clectrode becomes a combination of sulfur, metal sulfides and polysulfidces,
and during the discharging process the proportions of thosc sulfur-containing
componcnts will change according to the statc of charge. The charge/discharge process
in the positive clectrode is reversible.  Similarly, upon recharging, the percentages of

the sulfur-containing ingredicnt will vary during the proccss.

The positive clectrode is fabricated such that it permits clectrons to casily move
between the sulfur and the clectronically conductive material, and permits ions to move
between the clectrolyte and the sulfur.  Thus, high sulfur utilization is rcalized after
many cycles.

The present invention contemplates ccll designs in which (1) all active sulfur is

dissolved in clectrolyte solution (onc phasc positive clectrode) and (2) cell designs in

8
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which the active sulfur is distributed between a solid phasc (sometimes precipitated)
and a hiquid phasc. Each design has its advantages. The first design (all sulfur is
dissolved in the clectrolylc) can be operated without producing precipitated aclive
sulfur. Thus, there is less danger of the ccll capacity being reduced duc to unavailable
precipitated clectroactive specics. The sccond design has a greater capacity because the
solid phasc active sulfur contains a higher density of clectroactive material. While the
sccond design docs have to contend with precipitated active sulfur and the possibility
that clectroactive specics will be lost, certain design criteria can be employced to mitigate
this potential detriment.  TFor example, the cell can be configurcd or operated under
conditions to minimizc precipitation. Thesc configurations and conditions arc the

subjcct of this invention.

In a two phasc design, the range of sulfur in such clcctrodes in the theoretically
fully charged state is preferably from about 10% to 90% (morc prefcrably 30% to 80%)
by wcight, cxcluding clectrolytc. The sulfur-bascd composite clectrode is prefcrably
proccsscd such that the componcnt particles arc homogencously distributed, and

scgregation and/or agglomcration of thc componcnt particles is avoided.

A mctal-sulfur battcry system constructed with the sulfur-bascd positive
clectrode of this invention should have at Icast about 10%, and morc prefcrably at lcast
about 30%, availability of thc sulfur, and most prefcrably at Icast about 50% availability
of sullur (during a singlc cycle). This availability corresponds to a minimum of 168
mAh/g (morc prelerably 504 mAh/g and most prefcrably 838 mAl/g) of sulfur included
in the positive clectrode.  This is bascd on the above-mentioned theorctical valuc of
1675 mAh/gim of sulfur at 100% availability.

Battery Design

Suitable batterics may be constructed according to the known art for asscmbling
ccll components and cclls as desired, and any of thc known configurations may bc
fabricated utilizing the invention. The cxact structurcs will depend primarily upon the
intended usc of the battery unit. Examples include thin film with porous scparator, thin

film polymcric laminate, jclly roll (i.c., spirally wound), prismatic, coin ccll, ctc.

The ncgative clectrode is spaced from the positive sulfur clectrode, and both
clectrodes may be in matcrial contact with an clectrolyte scparator. Current collectors
contact both the positive and negative clectrodes in a conventional manncr and permit an
clectrical current to be drawn by an cxtcrnal circuit. In a typical ccll, all of the

componcnts will be cnclosed in an appropriatc casing, for cxample, plastic, with only

9
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the current collectors cxtending beyond the casing. Thercby, rcactive clements, such as

sodium or lithium in the negative clectrode, as well as other ccll clements arc protected.

Thin film configurations of this invention will be described in morc dctail
below. Other morc conventional cell designs arc known in the art which may be
consulted for details. Examples of sulfur cclls cmploying non-thin film design arc sct
forth in the following rcferences which arc incorporated hercin by reference for all
purposcs: (1) R.D. Rauh, F.S. Shukcr, J.M. Marston and S.B. Brummecr, J. Inorg.
Nuc. Chem., “Formation of Lithium Polysulfides in Aprotic Mcdia”, 39, 1761 (1977);
(2) R.D. Rauh, K.M. Abraham, G. F. Pcarson, J.K. Suprcnant and S.B. Brummcr,
“A LithiunvDissolved Sulfur Battery with an Organic Elcctrolyte,” J. Electrochcm.
Soc., 126, 523 (1979); (3) H. Yamin, A. Gorenshtcin, J. Penciner, Y. Sterberg, and
E. Pcled, “Lithium Sulfur Battery,” J. Elcctrochcm. Soc., 135, 1045 (1988); (4) H.
Yamin and E. Pcled, “Electrochcmistry of a Nonaqucous Lithiunv/Sulfur Cell,” J.
Powecr Sourcces, 9, 281 (1983); and (5) E. Pcled, Y. Sterberg, A. Gorenshitein, and Y.
Lavi, “Lithium-Sulfur Battery: Evaluation of Dioxolanc-Based Elcctrolyte,” J.
Elcctrochem. Soc., 136, 1621 (1989).

Referring now to Figurc 1, a ccll 10 in accordance with a preferred ecmbodiment
of the prescnt invention is shown. Ccll 10 includes a ncgative current collector 12
which is formed of an clectronically conductive material. The current collector scrves
to conduct clcctrons between a cell terminal (not shown) and a ncgative clectrode 14
(such as lithium) to which current collector 12 is affixed. If ncgative clectrode 14 is
madc from lithium or other similarly rcactive material, it will preferably include a
protective layer 8 formed oppositc current collector 12, Either negative clectrode 14 or

protective laycr 8 (if present) contacts a liquid clectrolyte in an clcctrolyte region 16.

Rcgion 16 may be delincated by the boundarics of a scparator which prcvents
clectronic contact between the positive and negative clectrodes. A positive clectrode 18
abuts the side of scparator layer 16 opposite ncgative clectrodc 14.  As clectrolyte
rcgion 16 is an clectronic insulator and ionic conductor, positive clectrode 18 is
ionically couplcd to but clectronically insulated from ncgative clectrode 14. Finally, the
side of positive clectrode 18 opposite clectrolyte region 16 is affixed to a positive
currcnt collector 20. Current collector 20 provides an electronic conncction between a

positive ccll terminal (not shown) and positive clectrode 18.

Current collcctors 12 and 20, which provides current conncctions to the positive
and ncgative clectrodes, should resist degradation in the clectrochemical environment of
the ccll and should remain substantially unchanged during discharge and charge. In

onc cmbodiment, the currcnt collecctors arc shects of conductive material such as
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aluminum, copper, or stainless steel.  The positive clectrode may be attached to the
current collector by dircctly forming on the current collector or by pressing a pre-
formed clectrodce onto the current collector.  Positive clectrode mixtures formed directly
onto currcnt collectors preferably have good adhesion. Positive clectrode films can also
be cast or presscd onto expanded metal sheets.  Alternately, metal Ieads can be attached
lo thc positive clectrode by crimp-scaling, mctal spraying, sputlcring or other
tcchniques known to thosc skilled in the art. The sulfur-based positive clectrode can be
presscd together with the clectrolyte scparator sandwiched between the clectrodes. In
order Lo provide good clectrical conductivity between the positive clectrode and a metal
container, an clectronically conductive matrix of, for example, carbon or aluminum
powdcrs or fibers or metal mesh may be uscd.

In the casc where sulfur is provided cntircly as a dissolved specics in the
clectrolyte, positive clectrode 18 may primarily include an clectronic conductor such as
a carbon fiber matrix together with a binder or other additives. In the casc where sulfur
is provided in both the solid and liquid (dissolved) phascs, positive clectrode 18 will
include somc amount of active sulfur in conjunction with the clectronic conductor and
possibly additives.

The scparator may occupy all or somc part of clectrolyle compartment 16.
Prefcrably, it will be a highly porous/pcrmcable material such as a felt, paper, or
microporous plastic film. It should also resist attack by the clectrolytc and other ccll
componcnts under the potentials cxpericnced within the cell..  Examples of suitable
scparators includc glass, plastic, ccramic, and porous membrancs thercof among other
scparators known to thosc in thc art. In onc specific embodiment, the scparator is
Cclgard 2300 or Celgard 2400 availablc from Hocchst Celancse of Dallas, Texas.

The scparator may also be of the type somctimes rcferred to as a “polymer”
scparator membrane having a porous or microporous nctwork for cntraining liquid
clectrolyte. Such scparators arc described in US Patent No. 3,351,495 assigned to W.
R. Gracc & Co. and US Patent Nos. 5,460,904, 5,540,741, and 5,607,485 all
assigned to Bellcore, for cxample. These patents arc incorporated herein by reference
for all purposcs.

In somc cmbodiments of the invention, the cell may be characterized as a “thin
film” or “thin laycr” ccll. Such cclls posscss rclatively thin clectrodes and clectrolyte
scparators. Prefcrably, the positive clectrode is no thicker than about 300pm, morc
preferably no thicker than about 150pum, and most preferably no thicker than about
100um. The necgative clectrode preferably is no thicker than about 100pm and morc
prefcrably no thicker than about 100pm. Finally, the clectrolyte scparator (when in a
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fully asscmblcd ccll) is no thicker than about 100pum and more preferably no thicker
than about 40pm.

Various thin film formats arc possiblc. Figurc 1 prescents onc cxample. In this
cxample, a “scparation distance,” 1, defining a critical dimension of thin film batterics of
this invention is shown. Gencrally, the scparation distance 1 defines the boundarics of
the region where the ccli catholyte resides. Morc specifically, the scparation distance is
the distance between a back boundary where the catholyte is farthest removed from the

ncgative clectrode and a front boundary where the catholyte is ncarcst the ncgative
clectrode.

Other cxamples of thin film ccll formats and their associated scparation
distances arc presented in Figures 2A and 2B. Figurc 2A depicts a cell 10’ in which a
rcgion 22 includes a positive current collector that is co-cxtensive with the positive
clectrode. Otherwisc, this cell is identical to the onc shown in Figurc 1. Note also that
the “scparation distance” cxtends from the clectrolyte facing side of protective layer 8
(front boundary) all thc way to thc backsidc of current collcclor/positive clectrode
rcgion 22 (back boundary). In this cmbodiment, the current collector is prefcrably a
conductive foam or the conductive expanded matrix such as an cxpanded mctal or other
thin conductive grid such as mctal-coatcd polymer fibers or wcaves. The positive
clectrode material is interspersed throughout the matrix provided by the current

collcctor.

Figurc 2B shows a rclatcd “symmctrical” version 10°" of the ccll shown in
Figurc 2A. Again, the positive clectrode is provided cocxtensively with a foam or
cxpandcd current collcctor in region 22. In this case, however, region 22 is straddled
by two scparated clectrolyte regions 16 cach of which abuts a ncgative clectrode 14
with protective layer 8. In this casc, the back boundary of scparation distance, I, is
provided at the center of region 22.

Electrochcmical _and__Chemical Mcchanisms _of Lithium-Sulfur Liguid Elcctrolyte
Batlerics

Referring again to Figurc 1, lithium-sulfur ccll 10 will be described with relevant
rcaction mechanisms cxplaincd. During normal charging, the clectrons arc extracted from
positive clectrode 18 and transported over clectrical connection 38 to ncgative clectrode 14.
The removal of clectrons at positive clectrode 18 oxidizes the specics present in the
clectrode. In this rcaction, lithium ions arc libcrated from lithium sulfide and/or lithium
polysullide specics present in the positive clectrode. The specics remaining in the positive
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clectrode will have the genceral formula LipSy, where x has a value of 1 or grecater. Over

time the charge rcaction produces polysulfide specics having longer and longer sulfur
chains. It is known for cxamplc that in a normal charge rcaction, the valuc of x in somc
polysulfides may be 12 or greater. In addition, some of the polysulfides will be further
oxidized to clemental sulfur.

At the negative clectrode, lithium ions prescnt in the clectrolyte 16 arc transported
through protective layer 8 and reduced to lithium mctal as clectrons arc moved through
clectrical conduit 38.

The above clectrode reactions proceed in the reverse dircction during discharge.
That is, the clectrochecmical reduction of active sulfur pulls clcctrons to positive clectrode 18
through currcnt collector 20 and from linc 38. This reduccs clemental sullur, if present, to
form various lithium specics including lithium polysulfides and lithium sulfide. 1t also
rcduccs the highly oxidized polysulfides to Iess oxidized polysulfides and lithium sulfide.
Simultancously, lithium ions arc provided from ncgative clectrode 14 through the
clectrolyte. The lithium ions arc gencrated in conjunction with the flow of clectrons from
ncgativce clectrode 14 to linc 38 (via current collector 12).

Gencrally, the higher molccular weight polysulfides (thosc with morc sulfur
atoms) arc morc highly solublc than their lower molccular weight counterparts.  During
discharge, thesc higher molccular weight specics go into solution in the clectrolyte and
migratc throughout the ccll. Somc of the dissolved specics move to the negative lithium
mctal clectrode where they may be chemically reduced to form less-soluble lower
molccular weight compounds such as lithium sulfide. Some of this lithium sulfide may
beneficially act as a protective layer on the lithium metal clectrode. However, lithium
sulfide formced in cxcess of this bencficial amount may precipitate out a solution where
it scrves no bencficial usc in the cell. In fact, this precipitated lithium sulfide (and/or
lcss-soluble lower molccular weight polysulfides) represents lithium and sulfur that is
no longer available for immediatc participation in clectrochcmical rcactions.  Thus,
precipitation of these compounds reduccs the battery’s capacity.

Precipitated sulfide or polysulfide may also form bccausc the local solution
concentration of thesc specics cxceeds their solubility limits.  This occurs when the
specics arc gencrated faster than they can diffusc away, a condition that cxists when the
local current density is too grcat in comparison with thc mass transport ratc. That is,
the solution phasc concentration gradicnt must support a mass {lux that is sufficicntly
high to remove rcaction products before they accumulate to their solubility limit. The
present invention addresses this problem in at lecast two ways.  First, it provides
clectrolyte solvents in which the discharge specics arc highly soluble and highly mobile
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thereby reducing the likelihood of precipitation.  Sccond, it provides a-thin film ccll
design in which the mass flux is sufficiently fast that the local concentration of solublc
specics docs not exceed the solubility limits.

Assuming that somce precipitation will occur so that solid phasc sulfur, sulfidc,
and/or polysulfidc cxist in the ccll, it is important that the ccll be designed to make these
precipitated clectroactive specics available to clectronic and ionic charge carricrs. This
allows high utilization of thc active sulfur in the cell.  To this cnd, the clectronic
conductor in the positive clectrode should form an interconnccted matrix so that there is
always a clcar current path from the positive currcnt colleclor to any position in the
clectronic conductor. The intcrconnected matrix of the clectronic conductor should also
be sufficicntly “open” that there is room for precipitated clectroactive specics to deposit
on thc matrix. Finally, any binder cmploycd in the positive clectrode should not
prevent contact between the clectronic conductor and the clectroactive specics.  For
cxample, the binder should not provide so much wclting that precipitated sulfur
particlcs and/or the current collector arc completcly wettecd and thercforc unable to
cxchange clectrons.

Thin Film Cell Design

As noled, it will be desirable to provide the cells of this invention in a thin film
format. This has scveral advantages. First, such cells may be stacked together (o form
a battery. In this configuration, the battery clectrodes posscss a rclatively high surface
arca per unit mass of clectrode. Thus, the local current density in the battery is kept
rclatively low, thereby holding the cell reactions rclatively closc to equilibrium.  This
has the benefit of maintaining a relatively uniform current density over the clectrode
surfaces. Cclls with highly non-uniform current densitics typically have short lifc
spans becausc the rcgions of high current density consumc (and gencratc) grcater
quantitics of cell rcactants. As a conscquence, rcaction products (c.g., platcd lithium
and lithium sulfidc) build up faster at regions of high current density. This can crcate
undcsirable mossy lithium deposits and precipitation of sulfides and polysulfides. The
uncven distribution of clectrode matcrials (including precipitates) grows with continucd
cycling until the ccll is destroycd.

As a [further advantage, the thin film configuration provides a stcep
concentration gradicnt for a small concentration diffcrence becausc of the relatively
small scparation between the clectrodes.  This then supports a greater mass flux of

discharge products and allows the ccll to opcratc at higher current densitics.
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Insufficicnt mass flux in the vicinity of the positive clcChbdt®WHT cause the Féatsuifidy
and/or polysullide concentration to build to a level exceeding the solubility limit, at

which point detrimental precipitation occurs.

To design a thin film ccll with an appropriately thin scparation distancc, the
[ollowing analysis may bc cmploycd. It may bc assumcd that the dominant limiting
modc of mass transfcr within the liquid clectrolyte is diffusion. Stcady state diffusion
is governed by Fick’s first law which may be written for clectrochemical systcms as
follows:

,=(DACF)/I

In this cxpression, i, is the diffusion limited current density of the system, 1 is the
scparation distance within the catholyte region (as cxemplificd above with respect to
Figurcs 1, 2A, and 2B), D is the diffusion cocfficicnt for the currcnt carrying specics,
AC is the change in concentration across the catholyte region scparation distance, and

1s the Faraday constant, 9.6845 x 104 coulombs per molc.

If both the concentration difference, AC, across the catholytc region and the
avcrage diffusivity, D, of the discharge specics can be approximated, then the ccll’s
scparation distancc can be approximated for the maximum current density, i,, cxpected
during normal opcration. A ccll then fabricated with a scparation distance no greater
than that valuc calculated from the above Fick’s law analysis should perform better than

a ccll having a larger scparation distancc.

Assuming that the product of F, D, and AC is approximatcly 100 mA/(cm?
micromcler), then the scparation distance for various current densitics is provide in the
Tablc below.
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MAXIMUM CURRENT (mmA) SEPARATION DISTANCE (Microns)

10
11
13
14
17
20
25
33
50
100
125
167
250
500
0.15 667
0.1 1000
0.05 2000

-o-—-NuJ:.u\o\\)ocos
cC

e
oy

o o
| SOT SN

Somc thin film ccll designs within thc scopc of this invention provide a

scparation distancc, 1, which is defincd by
I=(D ACF)/ |,

wherc i, is the maximum currcent density at which the ccll is operated. Generally, it will
be expected that the cell will operate at a maximum stcady state current density of 0.1
mA/cm? over at lcast about 50 cycles. Morc preferably, the scparalibn distancc will be
designed to account for a maximum stcady statc currcnt density of at lcast about 0.5

mA/cm? over at lcast about 100 cycles.
For many systcms, the following design crilcria may be cmployed:

1= Afi,
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where A is prefcrably 400 microns/(mA/cm2), morc preferably 300 microns/(mA/cm?),
and most prcfcrably 200 microns/(mA/cm?),

Liquid Elcctrolytes

It has now been discovered that the performance of lithium-sulfur batterics can
bc improved by cmploying clectrolyte compositions designed to solubilize lithium
sulfide and rclatively low molecular weight polysulfides. The new clectrolytes of this
invention arc in fact designed to keep morce sulfur discharge products in solution and
thercfore available for clectrochemical reaction. In general, the clectrolytc compositions
of this invention include onc or morc solvents that strongly coordinate lithium. Thesc
solvents arc “ionophores” for lithium ions. Excmplary ionophorcs arc podands,
coronands, and cryptands as described in chapter 10 of the treatisc “Lithium Chemistry,
A Theorctical and Experimental Overview,” Annc-Maric Sapsc and Paul Von Raguc
Schleycr, Eds. John Wiley & Sons, New York (1995) which is incorporated herein by
rcference for all purposcs.  Chapter 10 was wrilten by Bartsch ct al. Podands arc
acyclic multidentate ligands. Common cxamplcs arc glymes and polycthylenc glycols.
Coronands arc monocyclic multidentate ligands. Common cxamples arc crown cthers

and substitutcd crown cthers. Cryptands arc multicyclic multidentate ligands.

In a preferred cmbodiment, the clectrolyte solvents of this invention include one
or morc compounds having an cthancdicther linkage. They have the gencral formula
R (CH2CH,0),R7, where n ranges between 2 and 10 and Ry and R7 are different or
identical alkyl or alkoxy groups (including substituted alkyl or alkoxy groups).
Allcrnatively, Ry and Ro may together form a closcd ring to form a crown cther for
cxample. Examples of lincar solvents include the glymes (CH30(CH,)CH20),,CH3)
and related oxides of the formula (CHCH20)(CH20)p, where p ranges from about |
to 50. Such cthoxy rcpcating unit compounds scrve as lithium ion coordinating
solvents. In a preferred cimbodiment, the main solvent is a glyme having a valuc of n

ranging between 3 and 6. In an cspecially preferred cmbodiment, the glyme is
tetraglyme (CH30(CH2CH70)4CH3).

The batterics of this invention can opcrate at room temperaturc. However, the
present invention also pertains o systems opcrating at tempceraturcs slightly outside of
thc ambicnt. Obviously, the choicc of operating temperature ranges can influcnce the
preferred clectrolyte for the batterics of this invention. For example, at rclatively low

opcrating tcmpcraturcs, lower molccular weight clectrolytes will be preferred, so the
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valuc of “n” in the above-describe cthancdicther compounds will be in the lower end of

the 2-10 range. At higher temperaturcs, the opposilte is truc.

While the clectrolyte solvents described above arc a main componcent of the
clectrolytes of this invention, onc or morc cosolvents may be provided with them. If
such cosolvents arc cmployed, they arc prefcrably choscn to solubilize lithium cations
or sulfide/polysulfide anions. In ccrtain preferred cmbodiments, crown cthers and/or
cryptands arc provided as cosolvents. In other prefcrred cmbodiments, donor or

acccptor cosolvents may be cmployed.

Crown cthers arc macrocyclic polycthers gencrally having repcating cthoxy
and/or propoxy groups. Crown cthers with 3 1o 20 oxygen atoms have been
synthesized. They arc typically made up of linked cthoxy units (CII,CH,0), as shown
below. A gencral abbreviation used is n-C-m where n is the ring sizc and m is the
number of oxygen atoms in the ring. For cxample the structure shown below is 12-

crown-4,

Commercially available crowns which have application in this invention include
12-crown-4, 15-crown-5, 18-crown-0, and modificd crowns such as dibenzo-18-
crown-6. Crown cthers arc known to be complexing agents which solubilize alkali
mctal cations in nonpolar solvents. 12-crown-4 is known (o be specific for the lithium

cation.

In substituted crown cthers, onc or morc of the hydrogen atoms arc replaced
with a hydrocarbon group that may bc lincar, branched, or aromatic. Thesc
hydrocarbon groups may, in turn, be substituted with halo (F, Cl, Br, I), nitrile (CN),
nitro (NO27), hydroxy (OH), and othcr common substitucnt groups. Examplcs arc
presented in chapter 10 of the above referenced “Lithium Chemistry” trcatisc.  Specific
cxamples includc dibenzo-14-crown-4, (ctramcthyl-12-crown-4, benzo-15-crown-5.

Crown cthers may also bc  substituted with podand groups such as (-
COCli7CHH,OClI3) to form podano-coronands or “lariat cthers.”

In an altcrnative cmbodiment, the main solvent is a cryptand. Cryptands arc

also known to strongly complex with alkali metal cations. Structurally, they arc similar
to crown cthers but posscss an additional (-XCH7CHy) bridge to crcatc an additional
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ring. X may be an oxygen, nitrogen, or sulfur atom. Often X is nitrogen and the
corrcsponding cryptands arc described as containing two nitrogen atoms linked by three
(CHpClH20),, bridges. These compounds arc commonly identificd by the number of
oxygen atoms in cach of the thrce bridges. Thus, a cryptand in which two of the
bridges have n = 2 (two oxygen atoms) and a third bridge having n = 1 (onc oxygen
atom) is identified as [2.2.1]-cryptand.

Examples ol other gencral classes of cosolvents arc donor solvents which tend
lo solubilize cations and acccptor solvents which tend to solubilizec anions. Donor
solvents arc characterized by high donor numbcers DN. A desirable property of both
donor and acceplor cosolvents uscd in this invention is a high diclectric constants, €.

Such solvents gencrally promote dissociation of an ionic solute or a contact ion-pair.

Gencrally, donor solvents arc thosc solvents which can be characterize as Lewis
bascs (thcy may be aprotic solvents). Generally, these solvents arc good at solvating
cations such as lithium ions. Donor solvents promote the ionization of covalent
compounds to form intimatc (or contact) ion-pairs. The concept of a solvent donor
number is further explained and cxemplificd in “Experimental Elcctrochemistry for
Chcmists,” by Sawycr and Roberts, Jr., John Wiley & Sons, New York (1995). That
reference is incorporated herein by reference for all purposcs.

Suitablc donor cosolvents include hexamethylphosphoramide, pyridine, N,N-
dicthylacctamide, N,N-dicthylformamide, dimcthylsulfoxide, tctramcthylurca, N,N-
dimcthylacctamide, N,N-dimcthylformamide, tributylphosphatc, trimcthylphosphatc,
N,N,N’,N’-tctracthylsulfamidc, tctramcthylencdiamine, tctramcthylpropylencdiaminge,

and pentamcethyldicthylenctriamine. Thesc assist in solvation of lithium ions.

Suitablc acccptor solvents assist in solvation of the sulfide and polysulfide
anions. Acccptor solvents arc those solvents which can be characterized as Lewis acids
(thcy may bce protic or aprotic solvents) and promolc solvation of anions. Examplcs
includc alcohols such as mcthanol, glycols such as cthylene glycol, and polyglycols
such as polyclhylchc glycol, as wecll as nitromcthanc, trifluoroacctic acid,

trifluoromcthancsulfonic acid, sulfur dioxidc, and boron trifluoride.

It should be undcrstood that the clectrolyte solvents of this invention may also
includc other cosolvents which do not nccessary fall into the donor solvent and acceptor
solvent classcs. Examples of such additional cosolvents include sulfolanc, dimcthyl
sullone, dialkyl carbonatcs, (ctrahydrofuran (THF), dioxolane, propylenc carbonatc
(PC), cthylenc carbonate (EC), dimcthyl carbonalc (DMC), butyrolactonc, N-
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mcthylpyrrolidinonc, dimcthoxycthanc (DME or glymce), and combinations of such
liquids.

In general, the liquid clectrolyte solvents of this invention include about 50 to
100% by wcight of thc main solvent (excluding salts) which is usually onc or morc
podand such as the above-described cthanedicther compounds. The balance will be onc
or morc of thc cosolvents listcd above. Morc preferably, the electrolyte solvents
includc about 50 to 100% by wcight main solvent, and most preferably between about
70 and 90% by wcight main solvent. As noted, the main solvent is onc or morc of the
lithium coordinating ionophorcs described above (podands such as glymes, coronands
such as crown cthers, or cryptands). Aside from thc main solvent, the clectrolyte
solvent may include onc or morc cosolvents (described above) which make up the
balancc.

Excmplary but optional clectrolyte salts for the battery ccells incorporating the

clectrolyte  solvents  of  this invention include, for cxamplc, lithium
trifluoromethancsulfonimidc (LiN(CF3505)7), lithium triflatc (LiCF3S03), lithium

perchloratc (LiClO,4), LiPFg, LiBF,, LiAsFg, as well as, corrcsponding salts

depending on the choice of mctal for- the ncgative clectrode, for cxample, the
corresponding sodium salts. As indicatcd above, the clectrolyte salt is optional [or the
battery ccells of this invention, in that upon discharge of the battery, the metal sulfides or
polysulfides formed can act as clectrolyte salts, for example, M, /,S wherein x = 0 to 2

and z is the valence of the metal.

Regardless of whether the sulfur is present in a solid phase, the cclls of this
invention preferably operate with their clectrolytes at a concentration of between about 3
and 30 molar sulfur, morc prcferably between about 7 and 25 molar sulfur, and most

prefcrably between about 10 and 20 molar sulfur. The sulfur uscd in this mcasurc is
the sulfur atoms in clectroactive specics.  Thus, for cxample, onc molar LipS

corresponds to onc molar sulfur, whercas onc molar LipS5 corresponds to five molar
sulfur, and onc molar Sg corrcsponds to cight molar sulfur.

It should bc undcerstood that some systems cmploying liquid clectrolytes arc
commonly referred (o as having “polymer” scparator membrancs.  Such systcms arc
considered liquid clectrolyte systems within the context of this invention.  The
mcmbranc scparators cmploycd in these systcms actually scrve to hold liquid clectrolytc
in small porcs by capillary action. Esscntially, a porous or microporous nctwork
provides a rcgion for cntraining liquid clectrolylc.  As mcntioncd above, such
scparators arc described in US Patent No. 3,351,495 assigned to W. R. Gracc & Co.
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and US Patent Nos. 5,460,904, 5,540,741, and 5,607,485 all assigned to Bellcore,
for cxample.

Positive Electrode

The positive clectrode must utilize an clectrochemically active material capable
of being reduced during discharge by rcaction with metal ions from the ncgative
clectrode. In this invention, the clectrochemically active material includes somc
substantial fraction of “sulfur.” This docs not mcan that the positive clcctrode must rcly

cxclusively upon sulfur for its clectrochecmical cnergy, but often this will be the casc.

As mentioned, the clectroactive sulfur in the positive clectrode may be referred
to as “active sulfur” which rcpresents sulfur that is clemental or would be clemental in a
theorctically fully charged state of the battery. The sulfur of the positive clcctrode may
be defined another way: at Icast onc of clemental sulfur, a sulfide of thc metal from the
ncgative clectrodes, and a polysulfide of thc metal from the negative clectrode. Thesc
dcfinitions capturc positive clectrodces in various states of charge. For cxamplc, cven if
the fully charged ccll includcs only clemental sulfur, a slightly discharged ccll will have
somc of its clemental sulfur reduced to a metal polysulfide or metal sulfide. Further,
the theorctically fully charged state of some cclls of this invention need not require that
the positive clectrode be cntircly converted to clemental sulfur. It may be possible in
somc cascs to have the positive clectrode be a highly oxidized form of lithium
polysulfidc, for cxample, as in LipSy where x is five or greater.  The fully charged
positive clcctrode may also includec a mixturc of such polysulfides together with
clemental sulfur and possibly cven some sulfide. It should bc understood that during
chargg, the positive clcctrode would gencrally not be of uniform composition. That is,
there will be some amount of sulfide, sulfur, and an assortmcent of polysulfides with

various valucs of x.

Somc or all of the active sulfur components may be dissolved in the clectrolyte
solvent. If the active sulfur is totally dissolved, then the solid phasc structure of the
positive clectrode simply contains an clectronic conductor and possibly some binder or
other additive.  The sulfur is provided by the solution for rcaction at the positive
clectrode clectronic conductor.

Solid phasc sulfur positive clectrodes of this invention preferably include an
clectronic conductor in intimatc contact with the clectrochemically active sulfur. The
clectrochemically active material must also be in intimatc contact with an ion conductor.
In the above referenced Chu patents, the ionic conductor typically was a scparately
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added gel or solid statc material present in the positive clectrode.  In the liquid
clectrolyte batterics of the present invention, the ionic conductor is preferably the
clectrolyte itsclf which permcates through the positive clectrode and thereby remains in
inimate contact with the sulfur (clemental sulfur, metal polysulfidcs, and/or mectal

sulfidcs).

Excmplary clectronically conductive matcrials of the compositc positive
clectrode include carbon black, graphite, carbon [fibers, clectronically conductive
compounds with conjugatcd carbon-carbon and/or carbon-nitrogen doublc bonds, for
cxamplc but not limitcd to, clectronically conductive polymers, such as, polyaniline,
polythiophcne, polyacclylene, polypyrrole, and combinations of such clectronically
conductive matcrials. The clectronically conductive matcrials of the positive clectrode
may also havc clectrocatalytic activity.

As mcentioned above, the clectronic conductor in the positive clectrode
preferably forms an intcrconnccted matrix so that there is always a clear current path
from the positive currcnt collcctor to any position in the clectronic conductor. This
providces high availability of clectroactive sites and maintained accessibility to charge
carricrs over repeatecd cycling.  Often such clectronic conductors will be fibrous
matcrials such as a fclt or paper. Examplcs of suitable matcerials include a carbon paper
from Lydall Tcchnical Papers Corporation of Rochester, NH and a graphitc fclt
available from Elcctrosynthesis Company of Lancaster, NY.

The sulfur is prefcrably uniformly dispersed in a composite matrix containing
an clectronically conductive material.  Preferred weight ratios of sulfur to clectronic
conductor in the sulfur-bascd positive clectrodes of this invention in a fully charged
statc arc at most about 50:1, morc preferably at most about 10:1, and most prefcrably at
most about 5:1. The sulfur considered in thesc ratios includes both precipitated or solid
phasc sulfur as well as sulfur dissolved in the clectrolyte. Preferably, the per weight
ratio of clectronic conductor to binder is at Icast about 1:1 and morc preferably at lcast
about 2:1.

The composite sulfur-based positive clectrode may further optionally include
performance  cnhancing  additives  such as  binders, clectrocatalysts — (c.g.,
phthalocyanincs, mectallocenes, brilliant ycllow (Reg. No. 3051-11-4 from Aldrich
Catalog Handbook of Finc Chemicals; Aldrich Chemical Company, Inc., 1001 West
Saint Paul Avcnuc, Milwaukce, WI) among other clectrocatalysts), surfactants,
dispersants (for cxample, to improve the homogencity of the clectrode's ingredicnts),
and protective layer forming additives to protect a lithium ncgative clectrode (c.g.,

organosulfur compounds, phosphatcs, iodidcs, iodine, mctal sulfides, nitrides, and
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fluorides). Preferred binders (1) do not swell in the liquid clectrolyte and (2) allow
partial but not completc wetting of the sulfur by the liquid clectrolyte. Examples of
suitablc binders include Kynar available from EIf Atochcm of Philadclphia, PA,
polytctralluorocthylene dispersions, and polycthylenc oxide (of about 900k molccular
weight for cxample). Other additives include clectroactive organodisulfide compounds
cmploying a disulfide bond in thc compound’s backbonc. Electrochcmical cnergy is
generated by reversibly breaking the disulfide bonds in the compound’s backbonc.
During charge, the disulfide bonds arc rcformed. LExamples of organodisulfide
compounds suitablc for usc with this invention arc presented in US Patents Nos.
4,833,048 and 4,917,974 issucd to Dclonghce ct al. and US Patent No. 5,162,175
issucd to Visco ct al.

Mcthods of Making a Positive Elcctrode:

As mentioncd, an important fcaturc of this invention is the ability to provide
clectrodes having clcctroactive material (usually sulfur) in intimalc contact with an
clectronic conductor. This facilitates clectron transport to and from the active matcrial
to allow ncarly complctc utilization of the active material. Note that good utilization
also rcquircs that ions be rcadily available to the sulfur.  This critcrion is mct by
cnsuring that, during opcration, the sulfur in the positive clectrode is in intimate contact
with the liquid clectrolyte (which provides a necessary ionically conductive medium).
Thus, the positive clectrode should be made sufficiently permcable to the liquid

clectrolytc that most all the sulfur contacts clectrolyte.

Somc rclevant details of processcs for fabricating positive clectrodes suitable for
usc with this invention arc provided in US Patent No. 5,582,623 (prcviously
incorporatcd herein by reference).  Much discussion in that application focuscd on
three-part positive clectrodes which include a gel or solid-state ionic conductor in
addition to the sulfur and clectronic conductor. The positive clectrodes uscd with the
present invention rcly-bn the clectrolyte itsclf as the ionic conductor, and thercfore do
not rcquirc a scparate ionic conductor. Neverthceless, the fabrication details provided in
the ‘623 patent arc gencrally applicable to the clectrodes cmployed in the present
invention.

Onc proccss for making positive sulfur-bascd clectrodes suitable for usc with
this invention is outlined in the flow chart of Figurc 3A. A process 300 begins at 302
and then in a step 304, a slurry is preparcd from a liquid and at Icast somc of the
positivc clectrode components. The solid components of the slurry may include active
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sulfur, an clectronic conductor, a dispersing agent, and a bindcr.  After the slurry is
formed, it is coatcd onto a substratc such as a current collector or carbon paper
clectronic conductor matrix. Sce step 306. At this point, the slurry liquid may be
rcmoved by any numbcr of processcs including cvaporation. The resulting “preformed
positive clectrode” may then be treated at a step 308 according to a post coating proccss
such as hcating to bind thc various solid phasc clectrodc componcnts. At the
conclusion of stcp 308, a complcted clectrode has been produced. Then, at a step 310,
the completed clectrode is asscmbled into a battery cell, with the process being complele
at 312,

During proccss 300, sulfur may be introduced into the positive clectrode at
various points as indicatcd by optional stcps 350, 352, and 354. The sulfur may be
introduced in at Icast onc of these steps. At step 350, sulfur is optionally introduced as
onc of the solid componcnts to the slurry prepared at step 304. Introduction of sulfur at
step 350 is referred to as a “Type I process. At step 352, sulfur may be introduced
during clectrode treatment step 308.  This is referred to herein as a “Type 11" process
and typically involves providing a concentratcd solution of clemental sulfur to the
preformed clectrode.  Finally, at step 354, sulfur may be introduced to the clectrode
during ccll asscmbly (stcp 310) in a “Type III” process. In this casc, the sulfur is
provided in a concentrated clectrolyte solution. It is important to recognize that the
sulfur may be addced to the clectrode at any or morc of steps 350, 352, and 354.

In slurry preparation step 304, the proccdurc should producc a uniform slurry,
in which the solids arc disperscd, stabilized and de-agglomcrized. Details of a particular
slurry preparation depends on the type and weight percents of the solids content as well
as the type and amount of liquid solvent employed. There are, however, somce gencral
proccdures that arc typical for many of the slurry preparations.

A slurry typically includes solids disperscd and/or dissolved in a liquid phasc.
Solid slurry componcents may includc an clectronically conductive matcrial, a binding
agent, a dispersing agent, a solid statc and/or gel state ionic conductor, and aclive
sulfur. Typically the solids content in the slurry is uniformly dispersed throughout the
liquid phascs, but somc, all, or nonc of thc solids may bc dissolved in the liquid
phascs.

In a first mcthod of slurry preparation, the active sulfur (if any), the
clectronically conductive matcrial, and a dispersing agent arc stir-mixed in an
appropriatc solvent until a uniform dispersion is formed. In a preferred cmbodiment, a
dispersing agent is not addcd to the slurry as it provides no function in the final product
and mercly adds weight. The ratio of milliliters of solvent to grams of solid matcrial

24

SUBSTITUTE SHEET (RULE 26)



WO 99/19931 PCT/US98/21067

10

15

20

25

30

35

depends on the desired composition and texturc of the slurry.  Some ranges for the
liquids and solids wcight percents arc presented in the Table shown in Figurc 3B.
Oncc the dispersion is uniformly mixed, the binding agent is gradually added to the
dispersion in a stcp wisc fashion while the dispersion is continuously stir-mixcd. The
gradual addition of the binding agent combined with continuous stir mixing of the
dispcrsion helps to prevent flocculation and the creation of grossly large aggregaltes.
Ranges for the grams of binding agent to milliliters of solvent is also presented in the
Tablc of Figurc 3B. The slurry is made uniform by stir mixing for a period of at Icast
24 hours followed by placing the slurry through a three roll mill.

In a sccond mcthod of slurry preparation, the active sulfur, the clectronically
conductive malcrial and the dispersing agent arc stir mixcd in an appropriatc solvent
until the dispersion is uniform. This dispcrsion is known as dispersion #1. In a
preferred cmbodiment, the dispersing agent is not added to the slurry. The binding
agent is added to an appropriate solvent in order to make a sccond dispersion, known
as dispersion #2.  Dispersion #2 is also stir mixed untl it bccomes uniform.
Dispersion {2 is (hen slowly added to dispersion #1 while Dispersion #1 undcrgocs
continuous stir-mixing. The slurry is stir mixed for 24 hours and then put through a
three roll mill to make it morc uniform.

Representative clectronically conductive matcrials used in the slurry include
carbon blacks, graphites, carbon [ibers, clectronically conductive compounds with
conjugated carbon-carbon and/or carbon-nitrogen double bonds, for cxamplc but not
limited to clectronically conductive polymecrs, such as polyanilinc, polythiophcne,
polyacctylene, polypyrrole, and combinations of such clectronically conductive
matcrials. The clectronically conductive matcrial in the slurry provides a mechanism for
clectron transfcr and for clectronic conduction throughout the positive clectrode. The
weight percent of clectronically conductive malcrial in the solids content of the slurry
typically rangcs from 15%-85%, but can be as high a 100%.

Representative binding materials that in part comprisc the slurry include but arc
not limited to polymecric materials, such as polycthylenc oxide, polyvinylidenc fluoridc,
polycthylenc, polytetrafluorocthylenc, clectronically conductive polymers, such as
polyanilinc, polythiophcene, polyacctylene, polypyrrolc, and combinations of such
polymcric matcrials. The binder may be added to the slurry to cnhance dispersion of
the solids in the slurry and/or to stabilize the solids in the slurry from scgregation,
aggregation and/or flocculation. The binder may also be added to cnhance the
mechanical integrity of the positive clectrode, to improve mecchanical and clectrical
contact at the solid-solid intcrfacc and/or the solid/liquid interface, to incrcasc clectronic
and/or ionic conduction throughout the composite positive clectrode, and still further, to
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cnhance the clectrochemical redox rcactions.  The solids content weight percent of

binding matcrials in the slurry typically ranges from 5%-50%, but can bc as low as zcro
percent.

Representative dispersing agents that in part comprisc the slurry include but arc
not limited to low molccular weight polycthylene glycols, soya lecithin, ctc., and such
dispersing agents that arc well recognized in the ficld. The solids content weight
percent of dispersing agent in the slurry can be as high as 25% and as low as zcro
pereent, but is typically 2%-10%.

Active sulfur may also be addcd to the slurry, and this typc of sulfur loading is
known as typc I sullur loading. The active sulfur addcd to the slurry includcs but is not
limited (o clcmental sulfur, sulfides, polysulfides, rcdox sulfur polymers, and a
combination of such sulfur-containing matcrials.

Liquid phascs arc typically added to the slurry and can act as vchiclcs to better
disperse, dc-agglomcratc and or dissolve the solids content.  Typical liquid phascs
includc but arc not limited to acctonitrilc, 1so-propyl alcohol, tctrahydrofuran, carbon
disulfide, tctraglymc, dibutyl phthalatc and acctonc.

Cathodes may bc coated from the slurry (at step 306) using sevceral variations of
a Mayecr rod mcthod. In order to makce uniform, crack frec coatings that remain adhered
to the current collector, special attention must be given to the coating process, cspecially:
when trying to formulatc thicker cathode coatings on a flat sheet current collector. The
following mcthods have been found acceptable.

Mcthod {1 -- This mecthod is uscd for thin film coatings on a mctallic current
collcctor foil such as Al or stainless stecl. A slurry is Maycer rod coated dircctly onto a
mctal currcnt collector and the solvent is allowed to cvaporate off. The thickncss of the
coating is controllcd by the type of Mayer rod cmploycd, the consistency of the slurry,
and thc number of Maycr rod passcs.  For cxample, a coating thickncss of 25
micromclers may be formed with a single pass of a Maycr rod having a wirc diameter
of 0.078 inchcs.

Mcthod #2 -- This mcthod is uscd for thicker film coatings on a metallic current
collcctor foil such as Al or stainlcss stccl. Method #2 is similar to that described in
Mcthod #1, with the main difference being that the coatings arc madc with Mayer rods
that have a pre-defined gap between the Mayer rod and the substrate.  In a preferred
cmbodiment, this gap rangcs between about 0 and 200 micromcters.
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Mcthod #3 -- This mcthod is uscd for impregnating slurry into-carbon paper
nctworks and carbon felt materials. In this method the slurry is vacuum impregnated
into a carbon paper. The carbon paper is placcd on top of a silk screen that is molded to
a vacuum plate. Slurry is imprcgnated into the carbon paper by Maycr rod coating
whilc applying a vacuuin to the backside of the carbon paper. The vacuum helps to
load the slurry into the paper and allows for a morc uniform distribution of slurry
through the thickness of the paper. The amount of slurry inscrted into the carbon paper
depends on the mesh size of the silk screen, the Mayer rod #, the viscosity of the
slurry, and, of coursc, on thc number of Maycr rod passcs.

As mentioncd, in Typc 1I processces, active sulfur is introduccd to the clectrode
during trcatment step 308.  After the slurry has been coated and dried, cither on a flat
mclal sheet current collector or into a carbon paper nctwork, it is considered a
prcformed cathode. Prcformed cathodes can be trcated to a varicty of different
proccdurcs such as hcat trcatments, chemical trcatments, cte.  Possible chemical
trcatments scrve to load additives and/or active sulfur to the cathode. Onc mcthod for
adding active sulfur to the cathode is to dissolve clemental sulfur in an appropriate
highly volatile solvent and then to re-crystallize the sulfur on the surface of the
preformed cathode.

There arc certain advantages of loading sulfur into a preformed cathodc in this
manncr. For cxample, the clectronically conductive nctwork can be formed and
optimized such that during sulfur dissolution the clcctronically conductive network docs
not break apart under the associated stresscs.

The final ccll assembly (step 310) may be performed in various manncrs. Onc
part of the final ccll asscmbly is to inscrt clectrolyte into the cathode structurc. If the
clectrolyte contains dissolved active sulfur, the sulfur loaded during this stcp is
considercd to be Type III sulfur loading. Carc must be taken that the clectrolyte
rcmains within the confincs of the cathode. Too much liquid in the battery ccll can lcad
to a detrimental loss of active sulfur away {rom the carbon electrode. On the other
hand, cnough clcctrolytc must bc added to the cathodc to allow for a continuous
pathway for the dissolved sulfur specics to move away and then back to the redox sites
in the cathode. Morcover, carc must be taken to make surc that there 1s an adequate
ionic pathway through the cathode, through the scparator, and to the surfacc of the
anodc. The mcthod uscd to inscrt the clectrolyte into the cathode will depend strongly
on the pore structurc of the cathodc and on the volatility of the liquid clectrolyte. In
general, the lIess volatile is the clectrolyte, the morc rcadily the clectrolyte can be loaded
into the cathode. On the other hand, volatilc solvents typically have lower viscosity and

as such may penctrate the cathode pore structurc more cffectively. The catholytc may
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be vacuum impregnaled into the positive clectrode as follows. First, place the catholyte
on the clectrode. Then, pull a vacuum undcr the clectrode for several minutes. Finally,
rcmovce the vacuum.

Whilc the above described process has been described in terms of batchwisc
steps, it will be apparent to thosc of skill in the art that many steps of the process may
also be performed in a continuous fashion as described in the above-referenced US
Patent No. 5,582,623.

Negative clectrode

Most gencrally, the negative clectrode can comprisc any mctal, any mixturc of
mctals, glass, carbon or mctal/carbon matcrial capablc of functioning as a ncgative
clectrode in combination with the sulfur-based composite positive clectrode of this
invention.  Accordingly, ncgative clectrodes comprising any of the alkali or alkaline
carth metals or transition mectals (thc polycther clectrolytes are known to transport
divalent ions such as Zn*+), for cxamplc, in combination with the positive clectrodes
and clectrolytes of this invention arc within the ambit of the invention, and particularly

alloys containing lithium and/or sodium.

Stated another way, the negative clectrodes cmployed in the batterics of this
invention may include a metal (in clemental or alloy form) or an ion of that mctal as
uscd in, for example, a carbon intercalation clectrode or a glass matrix clectrode.  As
cxplained above, mctal ions from this ncgative clectrode combine with clemental sulfur
or polysulfides to producc a sulfidc and polysulfides of the metal during discharge of
the battery. Somc of the resulting mcetal sulfides and polysuifides may remain localized
ncar the positive clectrode. Somc fraction of these discharge products, however, will
dissolvc in the solvent of the clectrolyte and move frecly through the liquid containing
rcgions of the ccll. As mentioned, some of thesc dissolved discharge products may
actually precipitatc from solution and beccome unavailable for further clectrochemical
rcaction, thereby reducing the cell’s capacity. The present invention addresses this

problem.

In onc preferred embodiment, the materials for the ncgative clectrodes include a
mctal such lithium or sodium or an alloy of onc of thesc with onc or morc additional

alkali mctals and/or alkalinc carth metals. Preferred alloys include lithium aluminum
alloys, lithium silicon alloys, lithium tin alloys, and sodium lcad alloys (c.g., NayPb).

Other mctallic clectrodes may include alkaline carth clectrodes such as magnesium and
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their alloys; transition metal clectrodes such asgmglpm. zing, —and, doed saush their
alloys; '

The surface of such mctallic negative clectrodes can be modificd to include a
protective laycr on the clectrolyte side. This protective layer should be conductive to
lithium ions and help prevent the formation of lithium dendrites or “mossy” lithium on
repeated cycling. It can be produced by the action of additives, including organosulfur
compounds, phosphatcs, iodidcs, nitrides, and fluorides. The protective layer may
also be pre-formed from an incrt physical barricr conductive to the metal ions from the
ncgative clectrode. Examples of such prc-formed protective layers include lithium
phosphate, silicatc glasscs, polymers, or a combinations of thesc. In a particularly
preferred  cmbodiment, the protective layer is  poly(l-trimcthylsilyl-1-propync)
(“PTMSP). Thc protccted ncgative clectrodes may not rcquirc an clectrolyte scparator,
thereby allowing the thin film cclls of this invention to be madc cven thinncr.

In an alternative cmbodiment, the ncgative clectrode may be an intercalation
clectrode such as a carbon-bascd lithium ion clectrode. Such clectrodes are available in
comincrcial lithium ion battcrics available from Sony Corporation of Japan. Thesc
materials arc described by Jeffrcy Dahn in Chapter | of “Lithium Batterics, New
Matcrials, Developments and Perspectives,” cdited by G. Pistoia and published by

Elscvicr (1994), which rcference is incorporated herein by reference.  Generally, such
clectrodes have the formula Lin6 (whercy =0.3 to 2). For many of thesc matcrials,

the fully charged clectrode has the formula LiCg.  The intercalation clectrode matrix

may include graphite, pctrolcum coke, carbon inserted within highly disordered
carbons, ctc. The inscrted carbon may also be doped with boron, phosphorus, or other
appropriatc dopant. In onc cxample, the carbon may be prepared from low temperature
pyrolysis (about 750°C) of carbon or carbon-silicon containing polymers such that the
carbon product rctains somc hydrogen or silicon or both. (Sce, Sato ct al.,, "A
Mcchanism of Lithium Storagce in Disordercd Carbons,” Scicnce, 264: 556 (22 April
1994), which discusscs very good rcsults with a preferred negative clectrode of Li
inscrtcd within poly p-phenylenc-bascd carbon).

Glass matrix ncgative clectrodes such as Li/SnpO3 and Li/SiOp may also be
cmploycd in the batterics of the present invention. Thesc clectrodes arc similar to the
above-described carbon-bascd intercalation clectrodes in that lithium ions arc inscricd
therein during charge and removed during discharge. Such glass matrix clectrodces arc
described in various rcferences including Tahara ct al., Europcan Patent Application
No. 93111938.2 (1993), Idota ct al. Canadian Patcnt Application, 21134053 (1994),
and I. Courtncy ct al. Mccting Abstacts of the Elcctrochemical Socicty, Fall Mceting,
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San Antonio, TX, Oct. 6-11, 1996 Vol. 96-2, Abstract # 66, page 88, cach of which is
incorporatcd herein by reference for all purposcs.

In many cascs, the battery ccells of this invention arc rechargeable or sccondary
cclls. Unlike primary cclls which discharge only once, the sccondary cclls of this invention
cycle between discharge and charge at Icast two times. Typically, sccondary cells of this
invention will cycle at Icast 50 times, with cach cycle having a sulfur utilization (mcasurcd
as a fraction of 1675 mAl/g sullur output during the discharge phase of the cycic) of at
lcast about 10%. Morc preferably, at Icast 50 cycles will have a minimum sulfur utilization
of at Icast about 20% (most prcfcrably at Icast about 30%). Altcrnatively, the sccondary
cells of this invention will cycle at lcast two times, with cach cyclc attaining at Icast 50%
utilization of sulfur in the positive clectrode.

As uscd herein, “utilization” assumes that if all clemental sulfur in an clectrode
is fully utilized, the clectrode will produce 1675 mAl/g of sulfur. That is, 100%
utilization corrcsponds to 1675 mAl/g of the sulfur in the ccll, and 10% utilization
corrcsponds to 167.5 mAh/g of sulfur in the ccll.

As mentioncd, onc of the benefits of using the clectrolytes of this invention with
lithium-sulfur cclls is that they keep rclatively insoluble sulfide and polysulfide
discharge products in “circulation.” The thin film ccll gcometrics of this invention also
scrve the samc purposc. This allows the capacity of the cell to remain high after
repealed cycles.

It should bc understood that using the clectrolytles of this invention which
solubilize sulfur discharge products to a grcat cxtent, “sclf-discharge™ must be
considerced. That is, becausc the discharge products of the positive clectrode are quite
solublc in the clectrolytes of this invention, they will automatically dissolve from the
positive clectrode and move to the ncgative clectrode where they could be reduced
chemically without producing clectrical cnergy.  Obviously, such sclf-discharged
mcchanism is to bc avoided. Onc way of mitigating this cffcct is by providing a
protective layer on the ncgative clectrode which prevents these dissolved discharge
products from rcaching the ncgative clectrode and thereby rcacting with it.  As
mentioncd above, such protective layers will gencrally conduct metal ions but not allow
most other specics from rcaching the negative clectrode. Again, cxamplces of protcctive
layers includc lithium phosphate, silicatc glasscs, polymers, or a combinations of these.
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Examples

Various cxperiments  were conducled (o demonstraic  the  performance
advantages provided by the various aspects of this invention. The resulls of a few such
cxperiments arc tabulated in Figurc 4. It should be understood that the cxperiments
described herein represent but a small sampling of all cxperiments on lithium-sulfur
liquid systcms conducted by or under the dircction of the inventors. The cxperiments
arc provided mainly to show the high level of performance that can be attaincd when

following the guidclincs presented hercin.

Examplc |

A cathodc [(ilm was madc by mixing 50 (wt)% clemental sulfur, 24% carbon
black, 18% polycthylenc oxide Mw=900k (PEO), 2% DBrij, and 6% lithium-
triflluoromcthancsulfonimide, in a solution of acclonitrilc (solvent to solids ratio, 20:1
by weight). The componcnts were stir-mixcd for approximatcly two days until the
slurry is well mixed and uniform. Thin cathode {ilm were cast dircetly onto stainless
stecl current collectors, and the solvent was allowed to cvaporate al ambicnt

tcmperaturcs. The resulting cathode film weighed approximately 0.0015 gm per cm?

The scparator was a micro-porous polymcric sheet having a nominal thickness
of I mil (Hocchst Celancsc, Celgard 2400). The cathode [ilm and microporous
scparator were vacuum dricd overnight to remove moisture prior o transfer into the

argon glovebox for [inal cell asscmbly.

65 microliter of the clectrolyte, which was a 0.5 molar solution of lithium-
trifluoromcthancsulfonimide  (3M  Company of Charjotte, North Carolina) in
letraglyme, was placcd on the cathode film followed by placcment of the microporous
scparator on the cathode. An additional 90 microliter of clectrolylc was then placed on
the micro-porous scparator. A 5 mil (125 micron) thick high purity lithium anode film
(IFMC/Lithco of Gastonia, NC) was then placed on the other side of the micro-porous

scparator sheel.

The cell was then cvaluated at 25°C with a Scrics 4000 battery test system {rom
Maccor Inc. of Tulsa OK. This ccll was cycled to a constant capacity corrcsponding to
dclivering 180 mAh per gm of the sulfur in the ccll, that is, a utilization of 11% of the
sulfur. The ratcs used were 90 microaunp/cm2 for discharging and 40 micro;lmp/cm2
for charging to culoff voltages of 1.8 and 3.2 volts, respectively. Figurc 5 shows thc
cnd of discharge voltage of this ccll after cach recharge cycle.  As cvident from the

graph the ccll performance is very consistent and over 600 cycles have been obtained.
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LExamplc 2

A cathode film was made by impregnating a slurry identical to the one described
in cxample | into a carbon fiber paper (Lydull Technical Papers, Rochester, NY), and
the solvent was allowed to cvaporalc at ambicnt tcmperatures.  (This cathode was a
carbon paper impregnated with slurry such that sulfur loading is of typc I (scc
“mcthods” scction)). The resulting cathode f{ilm weighed approximately 0.0029 gm per
cm? and was vacuum dricd overnight prior to transfer into the argon glovebox for final

ccll assembly.

135 mucroliter of the clecrolyte of a 0.5 molar solution of lithium-
trifluoromcthancsullonimidce in tctraglyme was placed on the cathode film followed by
placcment of the microporous scparator on the cathode. The scparator was identical to
the onc described in cxample 1. An additional 45 microliter of clectrolylc was then
placcd on the other side of the micro-porous scparator. A 5 mil (125 micron) thick
lithium anodc film (FMC/Lithco Gastonia, NC) was then placed on the micro-porous

scparator sheet. Once assembled, the cell was compressed at 2 psi.

The ccll was tested under similar conditions as described in example 1. The
rates used were 90 microamp/em? for discharging and for recharging. Figurc 6 shows
the percent sulfur utilization of this ccll after cach recharge cycle.  As cvident from the
graph the ccll performance is very consistent and morc than 70 recharge cycles have

been obtained at a sulfur utilization of approximatcly 40%.

Exampic 3

A cathodc [ilm similar to the onc described in cxample 2 was made with a slurry
composition of 70 (wt)% carbon black, 25% polycthylcnc oxide (PEO, Mw=900k) and
5% Brij. The resulting cathode film weighcd approximatcly 0.0037 g/em? and was
vacuum dricd overnight prior to transfer into the argon glovebox for final ccll
asscmbly. (This cathodc was a carbon paper cathode impregnated with slurry; sulfur

loading was of typc III.)

Sulfur was added to the cathode by inscrting 200 microlitcr of a tctracthylenc
glycol dimcthyl cther  solution  containing 0.5 molcs of  lithium-
trifluoromcthancsullonimide and approximatcly 3 moles of sulfur dissolved.  Alfler
inscrtion of (he dissolved sulfur into the cathodc, the microporous scparator (identical
to the onc described in example 1) was placed on the cathode. This was then followed
by the placement of an additional 20 microlitcr of the above mentioncd dissolved sulfur
solution on the microporous scparator. A 5 mil (125 micron) thick lithium anodc film
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(IFMC/Lithco Gastonia, NC) was then placed on the micro-porous scparator shecl.

Oncce asscmbled, the cell was compressed at 2 psi.

The cell was (ested under similar conditions as described in cxample 1. The
ratcs uscd were 500 mi(:roamp/cm2 for discharging to a cutoff voltage of 1.5 V and 90
microamp/cm? for recharging. Figurc 7 shows the percent sulfur utilization of this ccll
after cach recharge cycle.  As cvident [rom the graph the cell performance is very
consistent and more than 70 recharge cycles have been obtained at a sulfur utilization of

approximatcly 40%.

Examplc 4

A ccll identical to the onc in cxample 3 was (ested under similar conditions as
described in example | at a discharge ratc of 90 microump/cmz. Figurc 8 shows that
the sulfur utilization of this ccll is of approximatcly 60% for morc than 35 rccharge

cycles.

Example 5

A ccll similar (o the onc described in example 3, but having a cathodc weight of
0.00197gm/cm? and 230 microliters of the dissolved sulfur solution (identical to the
sulfur solution described in cxample 3) impregnated into the cathode, was tested under
similar conditions as described in cxample 1. The rates uscd were 1000 microamp/cm?
for discharging to a cutoff voltage of 1.5 V and 500 microamp/cm? for rccharging.
The total volume of catholylc added to the ccll was 250 microliters.  As cvident from
Figurc 9 the cell performance is very consistent and more than 30 recharge cycles have

been obtained at a sullur utilization of approximaltcly 30%.
Example 6

A cathodc film similar to the onc described in cxample 3 was madc with a slurry
composition ol 80 (w1)% carbon black, and 20% by solids contcnt weight of a tcflon
dispcrsion (DuPont Company of Wilmington, Delawarc). (The cathode is similar to the
onc in cxample 3, cxcept the cathode components arc active sulfur, Teflon binder and
carbon black, in this cxamplc there is no solid statc ionic conductor or gelled ionic
conductor. The sulfur loading is of Typc 1II.) The rcsulting cathode film weighed
approximatcly 0.0039 glem? and was vacuum dricd overnight prior to transfcr into the

argon glovebox lor final ccll asscmbly.
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Qther Embodiments

The foregoing describes the instant invention and its presently preferred
cmbodiments. Numcrous modifications and variations in the practice of this invention
arc cxpecled o occur Lo those skilled in the art.  For cxample, the invention may
providc overcharge protection as described in US Patent Application No. 08/686,609,
filed July 26, 1996, and cntitled RECHARGEABLE POSITIVE ELECTRODES and
US Patent Application No. 08/782,245, filed March 19, 1997, and cntitied
OVERCHARGE PROTECTION SYSTEMS FOR RECHARGEABLE BATTERIES.

Such modifications and variations arc cncompasscd within the following claims.

All references cited herein arc incorporated by relcrence for all purposcs.
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What is claimed is:
l. A bautery ccll comprising;:
S a) a ncgative clectrode including a mctal or an ion of the metal;
b) a posilive clectrode comprising a mixturc of
i) an clectrochemically active matcerial comprising sulfur in
the form of at Icast onc of clemental sulfur, a sulfide of the metal, and a
polysullidc of the mctal, and
10 i) an clectronically conductive material; and
c) a liquid clectrolyte including a
1) main solvent having the chemical formula
R (CI2CH20),4R2, where n ranges between 2 and 10, Ry and Ro arc
diffcrent or identical groups sclected from the group consisting of alkyl, alkoxy,
15 substituted alkyl, and substituted alkoxy groups; and
ii) a cosolvent having a donor number of at Icast about 15.
2. The battery ccll of claim I, wherein at lcast about 10% of the sulfur in
the positive clectrode is utilized in at Icast 50 cycles, wherein 100% utilization
20  corrcsponds to 1675 mAh/g of the sulfur in the battery ccll.
3. The battery ccell of claim 2, wherein at Icast about 20% of the sulfur in
the positive clectrode is utilized in at Icast 50 successive cycles, whercin 100%
utilization corresponds to 1675 mAh/g of the sulfur in the positive clectrode.
25
4. The battery cell of claim 1, wherein the solvent is a polyglyme of the
chemical formula CH30(CH,CIH,0),,CH3.
S. The battery ccll of claim 4, whercin the solvent is tctraglymc,
30 CH30(ClHpCHy0)4CH3.
6. The battery cell of claim |, wherein R and Ry together with (CHoCH20),
form a closcd ring.
35 7. The battery ccll of claim 1, whercin the donor solvent is present in a

concentration of at Icast about 10% by volumc.

8. The battery cell of claim 1, wherein the donor solvent is at lcast onc of
hexamcthylphosphoramide, pyridinc, N,N-dicthylacctamide, N,N-dicthylformamide,
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dimcthylsulfoxidc, tctramcthylurca, N,N-dimcthylacctamide, N,N-dimcthylformamide,
tributylphosphatc, trimethylphosphatc N,N,N’,N’-tctracthylsulfamidc,

tctramcthylencdiamine, tetramcthylpropylencdiamine, and pentamcthyldicthylenctriamine.

9. The battery ccll of claim I, whercin the clectrolyte solvent compriscs an
acccptor solvent.

10.  The battery ccll of claim 9, whercin the acceptor solvent is at Icast onc of
mcthanol, cthylenc glycol, polycthylenc glycol, nitromcthanc, trifluoroacctic acid,
trifluoromcthancsulfonic acid, sulfur dioxidc, and boron trifluoride.

I'l. The battery ccll of claim [, whercin the metal in the ncgative clectrodc is at
Icast onc of sodium and lithium.

12. The battery ccll of claim 11, whercin the metal in the negative clectrode is
lithium.

13. The battery cell of claim 1, whercin the ncgative clectrode is a lithium
intercalation clectrode.

14. The battery cclil of claim 1, whercin the clectronic conductor of the positive

clectrode is at lcast onc of carbon and an clectronically conductive polymer.

15. A battery ccll comprising;:

a) a ncgative clectrode including a metal or an ion of the metal;
b) a positive clectrode comprising a mixturc of
1) an clectrochemically active material comprising sulfur in

the form of at lcast onc of clemental sulfur, a sulfide of thc metal, and a
polysulfidc of thc mctal, and
i) an clectronically conductive matcrial; and
c) a liquid clectrolytc including a solvent having at Icast onc of a
crown cther and a cryptand.

16. The battery ccll of claim 15, whercin at lcast about 10% of the sulfur in
the positive clectrode is utilized in at lcast 50 cycles, wherein 100% utilization
corresponds Lo 1675 mAh/g of the sulfur in the battery ccll.
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17.  The battery ccll of claim 16, wherein at least about 20% of the sulfur in
the positive clectrode is utilized in at lcast 50 successive cycles, wherein 100%
utilization corresponds to 1675 mAlV/g of the sulfur in the positive clectrode.

18.  The battery ccll of claim 15, whercin the solvent is a crown cther.

19.  The battery ccll of claim18, whercin the crown cther is at Icast onc of 18-
crown-06, 15-crown-5, dibenzo-18-crown-0, and 12-crown-4.

20.  The battery ccll of claim 15, whercin the solvent is a cryptand.

21.  The batlery ccll of claim 15, whercin the clectrolyte further compriscs a
donor solvent.

22.  The battery ccll of claim 21, whercin the donor solvent is at Icast onc of
hexamethylphosphoramide, pyridine, N,N-dicthylacctamide, N,N-dicthylformamidc,
dimcthylsulfoxide, tctramcthylurca, N,N-dimcthylacctamidc, N,N-dimcthylformamide,
tributylphosphate, trimcthylphosphate, N,N,N’,N’-tctracthylsulfamidc,

tetramcthylcnediamine, tetramethylpropylenediamine, and pentamcthyldicthylenctriaminc.

23.  Thc baltery ccll of claim 15, wherein the clectrolyte further compriscs an
acceptor solvent.

24.  The battery ccll of claim 23, whercin the acceptor solvent is at Icast onc of
mcthanol, cthylenc glycol, polycthylenc glycol, nitromethanc, trifluoroacctic acid,
trifluoromcthancsulfonic acid, sulfur dioxidc, and boron trifluoride.

25.  The battery cell of claim 15, wherein the metal in the negative clectrode is at
Icast onc of sodium and lithium.

26.  The battery ccll of claim 25, whercin the metal in the negative clectrode is
lithium.

27.  The battery ccll of claim 15, wherein the ncgative clectrode is a lithium
intcrcalation clectrodc.

28.  The battery ccll of claim 15, whercin the electronic conductor of the positive
clcctrodc is at Icast onc of carbon and an clectronically conductive polymer.
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29. A rcchargeablce battery cell comprising:

a) a ncgative clectrode including a metal or an ion of the mctal;
b) a positive clectrode comprising a mixturc of

an clectrochemically active matcrial comprising sulfur in
the form of at Icast onc of clemental sulfur, a sulfide of the mctal, and a
polysulfide of the mctal, and

an clectronically conductive matcrial; and
c) a liquid clcctrolytc including a solvent for at lcast somce discharge
products of the positive clectrode,

whercin the rechargeablce battery ccll is characterized by at Icast
onc of the following critcria:

1) the battery cell attains at lcast about 10% utilization over at
lcast fifty cyclcs, and

i) the battery ccll attains at lcast about 50% utilization over two

or morc cycles.

30.  The battery ccll of claim 29, whercin the battery ccll attains at lcast about
30% utilization ovcr at lcast fifty cyclcs.

31.  The battery ccll of claim 29, wherein the battery ccll attains at lcast about
50% utilization over at lcast 10 cycles.

32.  The battery ccll of claim 29, whercin the battery ccll attains at Icast about
50% utilization over at Icast 75 cycles.

33.  The battery ccll of claim 29, wherein the metal and a negative clectrodc is at
lcast onc of sodium and lithium.

34.  The battery ccll of claim 29, whercin the negative clectrode is a lithium
intercalation clectrode.

35.  The battery ccll of claim 29, whercein the clectronic conductor of the positive
clectrodc is at Icast onc of carbon and an clectronically conductive polymer.

36.  The battery ccll of claim 29, wherein the liquid clcctrolyte solvent has the
chcemical formula R 1 (CHpCH20),R2 , wherein n ranges between 2 and 10, R,, and R,,

arc diffcrent or identical groups sclected from the group consisting of alkyl, alkoxy,
substituted alkyl, and substitutcd alkoxy groups.
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37.  The battery ccll of claim 34, wherein R, and R, togcther with (CH,CH,0),
form a closcd ring. .

38.  Thc battery ccll of claim 34, whercin the clectrolyte further compriscs a
donor solvent.

39.  The battery ccll of claim 29, wherein the battery ccll is characterized by a
scparation distanced between a back boundary where a catholyte is farthest removed
from the negative clectrode and a front boundary where the catholyte is ncarcst the
ncgative'clectrode,

whercin the scparation distance is not grcater than about 400
micromcters, and

40.  The bautery ccll of claim 29, whercin the cicctronically conductive material
compriscs an intcrconnccled matrix.

41.  Thc battery ccll of claim 29, whercin the cell discharges at an average
currcnt density of at Icast about 0.5 mA/cm? over at lcast 50 cycles in criteria (1) and at lcast

2 cycles in criteria (ii).

42. A baltery ccll comprising:

a) a ncgative clectrode including a mctal or an ion of the mctal;
b) a positive clectrode comprising a mixturc of
1) an clectrochemically active material comprising sulfur in

the form of at lcast onc of clemental sulfur, a sulfide of the metal, and a polysulfidc of
the mctal, and

i) an clectronically conductive matcrial; and

c) a liquid clectrolyte defining a catholytc of the solvent and

dissolved discharged products from the positive clcctrode,

whercein the battery cell is characterized by a scparation distanced
between a back boundary where the catholytce is farthest removed from the ncgative
clectrode and a front boundary where the catholyte is ncarcst the negative clectrode,

whercin the scparation distancc is not grcater than about 400
micromeclers.

43.  The battery ccll of claim 42, whercin the scparation distancc is not
greater than about 300 micrometers.
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44.  The battery ccll of claim 42, wherein the battery ccll compriscs two
positive clectrodes with the negative clectrode disposcd therebetween.

45.  The battery ccll of claim 42, whercin clectronically conductive matcerial
compriscs an intcrconnccted matrix.

46.  The battery ccll of claim 42, wherein the positive clectrode is disposcd
on positive currcnt colleclor.

47.  The battery ccll of claim 42, whercin the catholyte concentration is between
about 3 and 30 molcs of sulfur per liter.

48.  Thce battery ccll of claimm 47, whercin the catholyte concentration is between
about 7 and 25 molc of sulfur per liter.

49.  The battery ccll of claim 48, whercin the catholyte (o concentration is
between about 10 and 20 molces of sulfur per liter.

50.  The battery ccll of claim 42, whercin the scparation distance is not
greater than about 150 micrometers.

40

SUBSTITUTE SHEET (RULE 26)



PCT/US98/21067 .

WO 99/19931

1/12

2

A

06—

~

N

/////////\/////////
QY

LLL

(L

&
N

SUBSTITUTE SHEET (RULE 26)



PCT/US98/21067 .

WO 99/19931

2/12

(o3}
]
™

X

N

.

{

LLLLLL 7T 707 77 77 7 7 7 )

N

SUBSTITUTE SHEET (RULE 26)



PCT/US98/21067 .

WO 99/19931

3/12

i
N

L L L L L

N

~
'\
N

NE

NN

AN

L

L L L Z A

L L L

o/

17

SUBSTITUTE SHEET (RULE 26)



WO 99/19931

4/12
302
Start
350
304
— L
| Introduce Sulfur Prepare Slurry from
i (Type 1) Slurry Components
/F306
Coat Slurry onto
Substrate
352-w\ //-308
v i
E Introduce Sulfur ': . T;GOtF COGtEeld flugy
! (Type 11) : o Form Electrode
L J
354‘\ /‘310

(Type III)

T

Introduce Sulfur | _| Assemble Completed

Electrode into Cell

312
Done

FIG. 34

SUBSTITUTE SHEET (RULE 26)

PCT/US98/21067 .

/‘ 300



PCT/US98/21067

WO 99/19931

5/12

g8 "1 A
(Auodwo) (uoiray))
|oyoo|o yuodnQ) %90|q
l:0¢ |AdoadosT | WN auou VN| suou [ VYN suou | %0Z|wuolsal| 08| ausjhyaoo |,#kiin|s
(4orp1y)
(yor4piv) ¥006=MN (109p9)
l:0¢ 3]11}1u0yady | YN auou YN | suou | %6 | S¢ (148 |%Gz| '03d [%0¢/ AR ¢ g#hkuins
(Yorapry) (s31ydoig
(4or4piv) 1006=MN Aingsy)
1:0¢ 9)1431u0jady | WN auou WN| suou | %5 | s¢ lig [%sz| '03d |xoz |3vo1) #31ydosb |G#h1ings
(41 1p1y) (uoiaay))
(Yo14ply) 1006=MN %90 q
4 9|1 J}1u0}3Y | YN auou YN suou | %G| S¢ (148 |%Gz| '03d |%0L| ausjhysop |y#Aiin|s
(yarapry oy (Yaraply) (uoiaay))
pautjqns) (4214pjv) X006=MN %9D] q
i:0¢ 9]1131u0}32y | WN auou %0G|1oyuswera| %z | s¢ 1@ | %02| ‘03d |%8¢| aushyeon |g#kuins
(yauply ol (Yarply) (uosaay))
pawl|qns) (Ya14p1y) 1006=MN %90 q
1202 3{11}1u0jady | YN suou  |%S9|iojuswaia| %G | G¢ [11g |%0zZ| ‘03d | %0L| sudjkyaop [gghiin|s
(Auodwo) W
.wnm_m__c%%f_*wdm (Youspry wos) CREL)) (uoiasy))
auoyjawouno|  {P2WIINS) (yo11pl V) 4006=M %0D| q
108 ooy | %y | —103-17 |%06|ioususia| %z | ¢ (148 [%oz| '03d |%vZ| susikysoo |L#hiinis
SPi| 0% UaA|os DS inj|ns uabo uabo |ol 49}
hﬁ% om_w_ouc_u_; aw_:w_v__ ZIM B\A_w_:ou_m AL m>w_uuo AL mc_#m_mam% AL ?w_cc_p Z}M aw%o_._ucuoﬂmww_um

SUBSTITUTE SHEET (RULE 26)



PCT/US98/21067

WO 99/19931

6/12

v ord

G0 +0S 20v~ 408 9
ol +0¢ 408 ~ %458~ S
1’0~ +5¢ 7409~ %S9 14
G0 +0L 200 ~ %05~ ¢
1’0~ +0L 20r~ %56~ [4
1’0~ +009 % U % I !
AL s8|oA) Jo  s8|0Ad Burunp  uoloz)|IIn ¥4
ajps abupyosip JaqunN  uoIIDZI|IIN % WNW) Xow 8| dwox3

SUBSTITUTE SHEET (RULE 26)



PCT/US98/21067

WO 99/19931

7/12

(2,62 ‘uoiipzijiin 4NyINS % Il) s8|oAd abipyded jo Jaqunu sA abpyjoa abupyosip jo puj G IId

009
!

00v
L

% 91949

00¢
I

0
00

— S0

— 0

— Gl

S NS el — ('

— G

0¢

Volts

SUBSTITUTE SHEET (RULE 26)



WO 99/19931 PCT/US98/21067
8/12
o
00
~~
@)
o
un
N
N’
2]
o o
()
(03]
(9]
—
o]
L
O
[«0)
| -
©
o
H= g
Lo 9
< o E
>
o .
2]
>
C
o
2
o]
N
=
o }
j -
3
O =
N 3
(V2]
-
C
[0}
O
| -
[+}]
Q.
Ne)
T T l T o L»\.b
o o
@ 3 < S =,

100

Percent Sulfur Utilization

SUBSTITUTE SHEET (RULE 26)



WO 99/19931 PCT/US98/21067

9/12

80

1
40
Cycle #
Percent Sulfur Utilization vs. number of recharge cycles (25°C)

100

| I T
(@) o
3 Q S °©

Percent Sulfur Utilization

80

FIG.7

SUBSTITUTE SHEET (RULE 26)



WO 99/19931

100

PCT/US98/21067
10/12
o
n
P
O
o
Te)
N
) —
e 8
3)
>
o
o
o
1 .
o
<
3)
)
—
o —
o
= 8
QL 5
o C
> .
© 2]
>
c
2
) -+~
N R
=
>
| -
S
o
5
)
I=
o) ()
= o
| -
o
a
Q
~
! ‘ l T o K
S o
© S Q< 8

Percent Sulfur Utilization

SUBSTITUTE SHEET (RULE 26)



WO 99/19931 PCT/US98/21067

11/12
o
0o
7~
(&)
o
N
N
N’
(/2]
2
(8]
>
[&]
o
= ()]
o o
) .
O
L
O
[H]
-
—
o
| -
[¢H]
Qa
5
S
q) -
L. O — (7]
(&)
9 >
O
Rt
o)
o
N
=
D
| -
3
N
3
n
._.O -
~N c
[+}]
(&)
—
(Y]
Q-
@))
L]
=y
T T | T ©
o o o o
Q a (73] < % ©

Percent Sulfur Utilization

SUBSTITUTE SHEET (RULE 26)



100

WO 99/19931 PCT/US98/21067
12/12

o
N~

~~

(8}

o

o Te)

- WO N

N

(7]

2

O

>

(8]

()]

__8 o

O

-

(8]

[¢H]

—

—

(@]

) P

< 3

E

= 2

o .

o 2

© | -

- O (o]

M

O

N

)

| -

o 2

N S

wn

-t

-

[1}]

o

| -

[¢H]

(a1
—Q

)

N~

T T T T o E

o o o o
@ @ < 3 =,

Percent Sulfur Utilization

SUBSTITUTE SHEET (RULE 26)




