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[57] ABSTRACT

A solid oxide fuel cell having an electrocatalytic anode
of A1 xB2—xS4 thiospinel wherein A and B are metal- .
lic, 0<x<0.2 and S is sulfur, thermally stable at cell
operating temperatures of about 650° to about 1050° C.
is in contact with one side of a solid oxygen ion con-
ducting electrolyte. A cathode of strontium doped lan-
thanum manganite is in contact with the opposite side of
the solid electrolyte. When H3S containing gas is passed
in contact with the electrocatalytic anode and O con-
taining gas passed in contact with the cathode, the H2S
is spontaneously reduced to S and H>O at the electro-
catalytic anode and an electric current is produced.

29 Claims, 1 Drawing Sheet
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1
ELECTROCHEMICAL H,S CONVERSION

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to electrochemical H,S sponta-
neous conversion to S and H;O with the concurrent
production of electrical energy. The electrochemical
H>S conversion is suitable to a wide variety of H)S
containing gas cleanup processes, such as in gasification
and liquefaction of naturally occurring carbonaceous
materials.

2. Description of the Prior Art

Large quantities of H»S are generated in gasification
and liquefaction of naturally occurring carbonaceous
materials, such as coal, and in heavy oil desulfurization.
Typically, H,S is removed from product streams by
absorption of H2S in a solvent and the dissolved H>S
stripped from the solvent. The H»S is generally then
subjected to an oxidation process to form elemental
sulfur and water. The Claus process is a well known,
commonly used industrial process for the chemical
conversion of H;S to elemental sulfur. However, due to
stringent air pollution regulations currently in effect,
SO; containing tail-gases must be further treated to
reduce or eliminate the sulfur content of the gas enter-
ing the atmosphere as taught by Kirk-Othmer Encyclo-
pedia of Chemical Technology, Vol. 22, pgs. 276-293,
Sulfur Recovery. The Claus process results in heat
available for other uses.

‘The thermal dissociation of HZS in the presence of a
suitable catalyst and separation of hydrogen by selec-
tive ceramic diffusion membranes is taught by
Kameyama, T., M. Dokiya, F. Fujishige, H. Yokok-
wawa and F. Fukuda, Int. J. Hydrogen Energy, “Pro-
duction of Hydrogen from Hydrogen Sulfide by Means
of Selective Diffusion Membranes”, 8, 5-13 (1983).

Indirect H,S conversion to elemental S in electro-
chemical cells requiring electric energy input is de-
scribed in Kalina, D. W, E. T. Maas, Jr., Int. J. Hydro-
gen Energy, “Indirect Hydrogen Sulfide Conversion -
1. An Acidic Electrochemical Process”, 10, 157-162
(1985); and Kalina, D. W., E. T. Maas, Jr., Int. J. Hy-
drogen Energy, “Indirect Hydrogen Sulfide Conver-
sion - II. A Basic Electrochemical Process”, 10,
163-167 (1985).

In addition to being an undesired atmospheric pollut-
ant, the presence of H3S has been found to result in
degradation of electrochemical performance of fuel
cells, including molten carbonate fuel cells as taught by
Sammells, A. F., S. B. Nicholson and P. G. P. Ang, J.
Electrochem. Soc., “Development of Sulfur-Tolerant
Components for the Molten Carbonate Fuel Cell”, 127,
350-357, (1980), and solid oxide fuel cells as taught by
Fuel Cells Technology Status Report, DOW/METC-
86/0241, Morgantown Energy Technology Center
(1985).

The anodic oxidation of H; and H3S on yttria stabi-
lized zirconia solid oxide electrolytes using Au, Pt or Ni
electrodes wherein current darkened electrolyte pro-
duces trapped electrons or colored F-centers in the
electrolyte which act as active electrocatalytic sites for
the H,S oxidation with the electrode playing an insig-
nificant role in the catalytic process is taught by Ong, B.
G., T. A. Lin and D. M. Mason, Abstract #3531, “The
Anodic Oxidation of H; and HsS on Yttria-Stabilized
Zirconia (YSZ) with Porous Au, Ni, or Pt Metal Elec-
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2
trodes”, Electrochem. Soc. Meeting, Philadelphia, Pa.,
May (1987).

Electrochemical membrane cells have been sug-
gested for removal of H;S from a hot gas stream. High
temperature molten sulfide electrolytes with porous
carbon electrodes provide that the process gas pass
through the cathode chamber selectively removing HxS
and with passage of current, the anion migrates to the
anode where elemental sulfur is removed are taught by
Lim, H. S. and J. Winnick, J. Electrochem. Soc., “Elec-
trochemical Removal and Concentration of Hydrogen
Sulfide from Coal Gas”, 131, 562-568 (1984).

SUMMARY OF THE INVENTION

This invention relates to a process and apparatus for
electrochemical H)S spontaneous conversion to ele-
mental sulfur.

It is an object of this invention to provide a process
and apparatus for electrochemical H3S conversion to S
in a solid electrolyte fuel cell with the concurrent pro-
duction of electricity.

It is a further object of this invention to provide a
process and apparatus for electrochemical H>S conver-
sion to § which may be carried out at temperatures
approximating those of product gases from processes
for gasification and liquefaction of naturally occurring
carbonaceous materials.

It is yet another object of this invention to provide a
process and apparatus for electrochemical H>S conver-
sion to S to provide sufficiently sulfur-free fuels for use
in other fuel cells, such as molten carbonate and solid
oxide fuel cells.

It is still another object of this invention to provide a
process and apparatus for electrochemical H,S conver-
sion to S providing high efficiency conversions to sig-
nificantly reduce or eliminate tail gas cleanup of cur-
rently used sulfur removal processes.

The above objects and other advantages of this inven-
tion are achieved by the electrochemical spontaneous
conversion of hydrogen sulfide by passing H3S contain-
ing gas in contact with an electrocatalytic anode com-
prising an AB;S4 thiospinel, wherein A and B are metal-
lic and S is sulfur, thermally stable at cell operating
temperatures of about 650° to about 1050° C. and pass-
ing O3 containing gas in contact with a cathode com-
prising strontium doped lanthanum manganite forming
ionic oxygen which is passed from the cathode through
a solid oxygen ion conducting electrolyte to the anode
where the H;S is oxidized to S and H;O at the electro-
catalytic anode with the concurrent production of elec-
tricity.

The fuel cell of this invention may-have any suitable
fuel cell physical configuration as known to the art for
single cells or for stacks of cells. An anode collector of
any electron conducting metal stable in the fuel cell
operating environment is in electronic contact with an
electrocatalytic AB;S4 thiospinel thermally stable at
cell operating temperatures of about 650° to 1050° C.
Included as suitable thiospinels hre non-stoichiometric
thiospinels having the formulation A4 B2 xS4 where
0<X<0.2, which terminology will be used herein to
denote both stoichiometric and non-stoichiometric thi-
ospinels. Suitable AB,S4 thiospinels include those
taught by Bouchard, R. J., P. A. Russo and A. Wold,
Inorg. Chem., 4, 685 (1965), which is incorporated
herein in its entirety by reference. Ay xB2_ xS4 thiospi-
nels suitable for use in this invention include those in
which A is Cu, Ni, Mn, Co, Fe, Zn, and mixtures
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thereof and B is different from A and is Co, Ni, Fe, V,
Ti, and mixtures thereof. Preferred thiospinels include
those wherein A is Cu, Ni, and mixtures thereof, and B
is different from A and is Ni, Co, Fe, and mixtures
thereof. Preferred anode current collectors are tungsten
and tungsten containing alloys. In contact with the
anode is one side of a solid oxygen ion conducting elec-
trolyte, such as zirconia stabilized into cubic form pro-
viding high oxygen ion conductivity. Adjacent the
opposite side of the solid electrolyte is a strontium
doped lanthanum manganite cathode, such as
(Lag.g9Sro.11MnO3) in contact with a cathode collector,
suitably platinum in a single cell and magnesium doped
lanthanum chromite interconnect material in a stacked
cell configuration.

BRIEF DESCRIPTION OF THE DRAWING

The above objects and advantages of this invention
will become more clear upon reading preferred embodi-
ments of the invention and by reference to the drawing
wherein the figure is a stylized drawing of one embodi-
ment of a fuel cell according to this invention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

Referring to the figure, fuel cell 10 is shown with
cathode compartment container 11 having cathode
compartment inlet 15 for introduction of oxygen-con-
taining gas such as air and cathode compartment outlet
16. Solid electrolyte 19 is in the form of a tube closed at
one end in sealed relation within cathode compartment
container 11. Other shapes of the solid electrolyte are
suitable for stacked cells or for special design purposes.
Suitable materials for the solid electrolyte are oxygen
ion conducting materials stabilized into cubic form pro-
viding high oxygen ion conductivity. Suitable oxygen
conducting solid electrolytes include ZrQO; stabilized
with (8™/, Y203), (157/, Ca0), (15-20m/,MgO), (5-15-
m/, Lag03), (15m/, Nd03), (10, Smz03), (107,
Gd203), (9™, Yb03), (157, Luz03), (10m/, Sc,03) or
(12.77/, Hoz03); ThO; stabilized with (77/, CaO) or
(15m/, YOy.5); CeOs stabilized with (10m/, CaO) or
5™/, Y203); BiO3 stabilized with (257, Y203),
(28.5m/, Dy;03), (20m/, Er03), (35", Yb303), or
(35m/, GA203). A preferred oxygen ion conducting
solid electrolyte is ZrO2(8*/,Y203). Adjacent one side
of the solid electrolyte and in intimate contact with the
solid electrolyte is cathode 12 which is strontium doped
lanthanum manganite. The cathode is preferably Lai.31
xSrxMnO3; wherein 0.1<x<0.2. In intimate electrical
contact with cathode 12 is current collector and its lead
14 for conduct of electrons to provide electronic bal-
ance of the cell and withdrawal of electricity. Suitable
cathode current collectors for single cells include plati-
num, platinum alloys, magnesium doped lanthanum
chromite and electron conducting ceramics, such as
silicon carbide, titanium carbide and niobium doped
titanium dioxide. When stacked cells are used, intercon-
nect material such as magnesium doped lanthanum
chromite is suitable, such as MgxLa;_.xCrO; wherein
0.05 <x<0.2, preferably Mgg osLao.95CrO3. Anode 20 is
located on the opposite surface of solid electrolyte 19,
opposite cathode 12, and is suitably any AB2S4 thiospi-
nel thermally stable at cell operating temperatures of
about 650° to about 1050° C. Preferred thiospinels in-
clude those having A equal Cu, Ni, and mixtures
thereof, and B equal Ni, Co, Fe, and mixtures thereof
having the formula A B3 _xS4. Particularly preferred
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is CuFe;S4. Anode 20 is in electrical contact with its
current collector and current collector lead 22 which is
suitably any electron conducting metal stable in the fuel
cell operating environment, preferably, tungsten and
tungsten containing alloys. The cathode and the anode
materials may be applied to the solid electrolyte by
means known in the art and by means specifically set
forth in this application.

The cathode compartment 13 is closed by cathode
compartment cover 17 to provide a closed volume for

oxygen containing gas to be passed inwardly through-

inlet 15 and flow in contact with cathode 12 and out of
the cathode chamber through cathode compartment
outlet 16. The anode compartment 21 is provided with
cover 25 with anode compartment inlet 23 and anode
compartment outlet 24. Anode compartment inlet 23
extends to the lowermost region of anode 20 so that H2S
may be introduced in proximity to and flow in contact
with anode 20 with vaporous S and H»O leaving the
anode compartment through outlet 24. The products
from anode compartment 21 may be passed through
sulfur condenser 28 to separate sulfur. Any type of
condenser known to the art to be suitable for condensa-
tion at the desired temperatures may be used to separate
sulfur.

Produced electricity withdrawn from fuei cell 10
through cathode current collector lead 14 and anode
current collector lead 22 may be stored or used directly
as is well known in the art.

The thiospinels may be prepared in situ at the anode
from initially deposited oxide spinels having the for-
mula Aj4xB2—x04 by the overall reaction:

Ay xBy—x0s+4H28—A | xB2 S84 +4H20

Thus, internally reformed methane fuel cells using fuel
containing significant concentrations of H2S and having
oxide spinel anodes may reach an equilibrium shown the
above reaction which provides fuel cell sulfur toler-
ance.

The process for electrochemical H>S conversion
according to this invention comprises passing H2S con-
taining gas in contact with an electrocatalytic anode
comprising AjxB2-xSs thiospinel thermally stable at
cell operating temperatures of about 650° to about 1050°
C., preferably about 800° to about 1000° C.; passing O3
containing gas in contact with a cathode comprising
strontium doped lanthanum manganite to form ionic
oxygen; passing the formed ionic oxygen from the cath-
ode through a solid oxygen ion conducting electrolyte,
preferably comprising zirconia stabilized into cubic
form, to the anode adjacent the opposite side of the
solid electrolyte where the H>S is oxidized to S and
H,O at the €lectrocatalytic anode. During the process,
an electric current is produced and may be withdrawn
from the cell. :

While the exact electrochemical reactions are not
known and the inventor does not wish to be bound by
the following reaction scheme, there is evidence that
the electrochemical oxidation according to the present
invention may proceed as described. The Claus process
takes place by the following overall reactions:

2H,S+ 307,280, +2H,0 m

2H38+80,-.35+2H0 * )

.
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As shown by Example II below, the fuel cell according
to this invention, operated at 900° C., had an open cir-
cuit potential of 1.04 volts with currents in excess of
100mA being delivered. This is in contrast to the theo-
retical open circuit potential for the overall reaction:

H$+3/207_.502+ Hy0

which at 900° would be 0.56 volts. The direct electro-
chemical reaction:

H38+1/202 -8+ H0 @
at cell operating temperatures of 900° C. would be ex-
pected to have a theoretical open cell potential of 0.26
volts. One route for the process of this invention may be
thermal dissociation of H3S at the thiospinel anode prior
to electrochemical reaction according to:

H3S —H2+8 (5)
8H,S —8H3+Sg ©®
2H;S —2Hy £ S, %)

Hydrogen produced adjacent the thiospinel/solid elec-
trolyte interface would then become electrochemically
available for oxidation by the overall electrochemical
reaction:

Hy 4+ 1/20;—-H0 ®)
and sulfur produced may be oxidized by the electro-
chemical reaction:

§+0;—502 ©
which has an open cell potential of 0.97 volts at the cell
operating temperature of 900° C. The observed open
circuit potential of 1.04 volt may be explained by a
mixed potential based upon contributions from electro-
chemical cell reactions (8) and (9). SO; formed in the
anode compartment from reaction (9) would then be
available to promote reaction (2) in the fuel cell anode
compartment at the cell operating temperatures. Under
these circumstances, H,S input flow conditions to the
fuel cell anode compartment should be adjusted so that
the residual H,S/SO; ratio after electrochemical reac-
tion is about 2:1 so that the reaction of equation (2) may
proceed with high efficiency. It is presently believed
that the Kinetics for reaction (8) are much more rapid
than those of reaction (9) generally.

The following examples set forth specific embodi-
ments in detail and are meant to exemplify the invention
and not to limit it in any way.

EXAMPLE 1

A fuel cell assembly was fabricated using a yttria
stabilized zirconia tube of the general configuration
shown in FIG. 1 closed at one end, ZrO2(8"/, Y203)
(Corning, OD 0.9 cm, ID 0.6 cm) resulting in a solid
electrolyte thickness of 0.15 cm. A 0.25 mm platinum
wire current collector was tightly coiled around the
exterior of the lower closed end of the tube. The oxygen
reduction electrode (cathode) electrocatalyst material
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The tube assembly was heated to 800° C. in air and
maintained for one hour followed immediately by heat-
ing to 1250° C. for one hour to form the thin layer
Lag.goSro.11MnO; electrocatalyst of the oxygen elec-
trode. Good adhesion was found between the sintered
oxygen electrode, cathode, the solid electrolyte tube
and the platinum current collector.

The thiospinel CuFe;S4 was prepared by direct
chemical reaction by intimately mixing in an ampoule
stoichiometric quantities of finely dispersed powdered
elements having purities greater than 99.9 percent. The
ampoule was sealed and the solid-state reaction mixture
slowly heated to and maintained at 700° C. for three
days to promote the reaction. The resulting black crys-
talline product CuFe;S4 possessed good electronic con-
ductivity.

The thiospinel electrocatalyst used at the anode was
prepared into a paste by adding 1 gram CuFe;S4 of less
than 325 mesh, 0.1 gram carbowax 1000 (Alltech) and 3
to 4 drops of water. A coiled tungsten wire current
collector, 0.25 mm diameter, 99.9 percent pure, (Ald-
rich) was introduced into the lower 5 cm of the solid
electrolyte tube maximizing its initial superficial me-
chanical contact to the inside wall. The thiospinel con-
taining paste was painted over the coiled tungsten cur-
rent collector region ensuring that contact was
achieved both to the tungsten current collector and the
solid electrolyte. The thiospinel electrocatalyst was
cured under Argon gas for one hour at 100° C. for water
removal, followed by one hour at 200° C. for carbowax
1000 removal, and followed by one hour at 800° C. for
removal of residual volatiles. The geometric area of the
thiospinel anode was not measured, but was less than 10
cm2.

The fuel cell assembly of the fuel cell having the
configuration shown below was then ready for use:

W/CuFe3S4,Zr0(8" 0Y103)/Lag 89510, 11M-
nO3/Pt

EXAMPLE II

The solid oxide fuel cell described in Example I was
used by introducing H;S (Matheson 99.5 percent) into
the anode compartment at 900° C. via an alumina tube
whose outlet was in close proximity to the thiospinel
electrocatalyst anode. Air was passed over the cathode
region providing O;. The initial fuel cell open circuit
potential became 1.04 volt. The overall cell resistance
of about 10 ohms was dominated by that of the solid
electrolyte. The fuel cell may be described as the fol-
lowing:

H)S,W/CuFe384/ZrO;(8 W/OY'_;OZ)/Lao_SQSro, 11M-
n03,/Pt,05(air)

The current potential measurements for this cell and the
projected IR free cell performance are shown in Table
I:
TABLE 1
Cell Potential (V)

Cell Current (mA) Measured Projected IR Free
5 1.04 1.04
12 0.95 1.02
20 0.88 1.00
37 0.70 0.99
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TABLE I-continued
Cell Potential (V)
Cell Current (mA) Measured Projected IR Free
53 0.55 0.98

The thiospinel appeared to possess good stability in
this cell.

The fuel cells used in the above Examples represent
preliminary laboratory fuel cells and when such fuel
cells are optimized one would anticipate current densi-
ties several magnitudes greater would be obtained.

While in the foregoing specification this invention has
been described in relation to certain preferred embodi-

"ments thereof, and many details have been set forth for
purpose of illustration, it will be apparent to those
skilled in the art that the invention is susceptible to
additional embodiments and that certain of the details
described herein can be varied considerably without
departing from the basic principles of the invention.

I claim:

1. A process for electrochemical HsS conversion
comprising:

passing H,S containing gas in contact with an elec-

trocatalytic anode comprising an Aj4xB2-xSs
thiospinel wherein A and B are metallic, 0 < X <0.2
and S is sulfur, thermally stable at cell operating
temperatures of about 650° to about 1050° C,;

passing O; containing gas in contact with a cathode
comprising strontium doped lanthanum manganite
forming ionic oxygen;

passing said ionic oxygen from said cathode through

an adjacent solid oxygen ion conducting electro-
lyte to said anode adjacent an opposite side of said
solid electrolyte;

oxidizing said H2S to S and HO at said electrocata-

lytic anode.

2. A process according to claim 1 comprising with-
drawing an electric current from said anode and cath-
ode.

3. A process according to claim 1 wherein A is se-
lected from the group consisting of Cu, Ni, Mn, Co, Fe,
Zn, and mixtures thereof and B is different from A and
is selected from the group consisting of Co, Ni, Fe, V,
Ti, and mixtures thereof.

4. A process according to claim 1 wherein A is se-
lected from the group consisting of Cu, Ni and mixtures
thereof and B is different from A and is selected from
the group consisting of Ni, Co, Fe and mixtures thereof.

5. A process according to claim 1 wherein said thios-
pinel is CuFe;Sa.

6. A process according to claim 1 wherein said anode
comprises a current collector comprising tungsten.

7. A process according to claim 1 wherein said solid
electrolyte is selected from the group consisting of
7103, ThO3, CeO3, Bi;O3 and mixtures thereof.

8. A process according to claim 1 wherein said solid
electrolyte is ZrO2(8*/0Y203). :

9. A process according to claim 1 wherein said cath-
ode is-Laj —xStxMnOj3 where 0.1 <x<0.2.

10. A process according to claim 1 wherein said cath-
ode comprises a current collector selected from the
group consisting of platinum, platinum alloys, magne-
sium doped lanthanum chromite, and electron conduct-
ing ceramics.

11. A process according to claim 1 wherein said cath-
ode comprises a current collector selected from the
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group consisting of silicon carbide, titanium carbide,
and niobium coped titanium dioxide.

12. A process according to claim 1 wherein said cell
is operated at about 800° to about 1000° C.

13. A process according to claim 1 comprising with-
drawing and separating said S and HO.

14. A process according to claim 1 comprising with-
drawing an electric current from said anode and cath-
ode wherein A is selected from the group consisting of
Cu, Ni and mixtures thereof and B is selected from the
group consisting of Ni, Co, Fe and mixtures thereof,
said solid electrolyte is selected from the group consist-
ing of ZrOz, ThO;, CeO;3, Bi;03, and mixtures thereof,
and said cell is operated at about 800° to about 1000° C.

15. A process according to claim 1 comprising with-
drawing an electric current from said anode and cath-
ode, said spinel is CuFe;S4, said anode comprises a
current collector comprising tungsten, said solid elec-
trolyte is ZrO3(8%/,Y203), said cathode is Laj—xSrxM-
nO3; where 0.1 <x<0.2, said cathode comprises a cur-
rent coilector selected from the group consisting of
platinum, platinum alloys, magnesium doped lanthanum
chromite, and electron conducting ceramics and said
cell is operated at about 800° to about 1000° C.

16. A solid oxide fuel cell comprising an electrocata-
lytic anode comprising an Aj;xB2_xSs thiospinel
wherein A and B are metallic, 0<x<0.2 and S is sulfur,
thermally stable at cell operating temperatures of about
650° to about 1050° C. in contact with one side of solid
oxygen ion conducting electrolyte, a cathode compris-
ing strontium doped lanthanum manganite in contact
with an opposite side of said solid electrolyte, means for
passing H>S containing gas in contact with said anode,
and means for passing O; containing gas in contact with
said cathode.

17. A solid oxide fuel cell according to claim 16 com-
prising means for withdrawing an electric current from
said anode and cathode.

18. A solid oxide fuel cell according to claim 16
wherein A is selected from the group consisting of Cu,
Ni, Mn, Co, Fe, Zn, and mixtures thereof and B is differ-
ent from A and is selected from the group consisting of
Co, Ni, Fe, V, Ti, and mixtures thereof.

19. A solid oxide fuel cell according to claim 16
wherein A is selected from the group consisting of Cu,
Ni and mixtures thereof and B is different from A and is
selected from the group consisting of Ni, Co, Fe and
mixtures thereof.

20. A solid oxide fuel cell according to claim 16
wherein said thiospinel is CuFe;Sa.

21. A solid oxide fuel cell according to claim 16
wherein said anode comprises a current collector com-
prising tungsten.

22. Asolid oxide fuel cell according to claim 16
wherein said solid electrolyte is selected from the group
consisting of ZrO3, ThO;, CeO3, Bi;03, and mixtures
thereof.

23. A solid oxide fuel cell according to claim 16
wherein said solid electrolyte is ZrO2(8%/,Y203). ‘

24. A solid oxide fuel cell according to claim 16
wherein said cathode is Laj_xSrxMnO3 where 0.1 < x-
<0.2.

25. A solid oxide fuel cell according to claim 16
wherein said cathode comprises a current collector
selected from the group consisting of platinum, plati-
num alloys, magnesium doped lanthanum chromite, and
electron conducting ceramics.
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26. A solid oxide fuel cell according to claim 16
wherein said cathode comprises a current collector
-selected from the group consisting of silicon carbide,
titanium carbide, and niobium doped titanium dioxide.

27. A solid oxide fuel cell according to claim 16 addi-
tionally comprising means for withdrawing S and H2O
from said anode and means for separating withdrawn
said S and H;S.
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28. A solid oxide fuel cell for electrochemical HaS
conversion, said fuel cell comprising the configuration:
AB;Ssthiospinel/ZrOx(cubic form)/Sr doped lantha-
num manganite.

29. In a solid oxide fuel cell for electrochemical H2S
conversion, an electrocatalytic anode comprising an
A1 xB2_xS4 thiospinel wherein’A and B are metallic,
0<x<0.2 and S is sulfur, thermally stable at cell operat-

ing temperatures of about 650° to about 1050° C.
* * * ok *



