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ABSTRACT

Amorphous polysulfides of iron, nickel, and cobalt were prepared and characterized. The resulting compounds, Co,S;,
Co0,S,, Ni,S,, and Fe,S,; were evaluated as cathode materials in organic electrolyte lithium batteries. The cobalt compounds
in particular delivered very high capacities of 1-1.2 A-h/g at voltages around 1.8V. The resulting cells possessed high gravi-

metric and volumetric energy densities.

Sulfur is a very high energy density cathode for a lith-
ium battery. Since elemental sulfur is an extremely good
insulator, it has poor properties as an electrode. Sulfur is
also soluble in some organic solvents, and tends to form
polysulfides which are even more soluble in the presence
of an alkali metal sulfide. Thus, sulfur does not appear to
be an attractive candidate material for use in an organic
electrolyte ambient temperature lithium battery. Metal
sulfides with a fully reduced sulfur, such as FeS, do not
utilize the high energy density of sulfur, since the sulfur
does not participate in the overall reaction [1]

2Li+ FeS — Li,S + Fe [1}

Earlier workers have tried to utilize the high energy
densities of sulfur by using alkali metal polysulfides. In
one case, the lithium polysulfides were dissolved in a
THF based organic electrolyte and discharged at a po-
rous carbon electrode, giving a rechargeable cathode (1).
Since both polysulfide species were soluble, both high
rate discharge and recharge were expected [2]

LipS, + 2Li — 2Li,S, 2]

In another, more recent approach, the alkali metal poly-
sulfides were used in electrolytes in which the polysul-
fides were insoluble. The resulting cells had a much
longer storage life, but high current capabilities of the
cells were limited (2). Both previous examples of poly-
sulfide electrochemistry promised high gravimetric en-
ergy densities, but limitations on power capability
and/or storage have, thus far, prevented commercial de-
velopment of the systems.

A composite approach is to combine the very high en-
ergy density of sulfur with the insolubility and good
electrochemical behavior of a transition metal sulfide.
An excellent example of such a compound, which com-
bines both sulfur capacity and sulfide cathode character-
istics, is iron pyrite, FeS,. The electrochemistry of iron
pyrite has been studied and very high gravimetric and
volumetric energy densities have been shown to be at-
tainable (3). The discharge of FeS, is a complex process,
unlike the simplified form [3] shown below, although
this appears to approximate the final products and stoi-
chiometry

FeS, + 4Li~ Fe+ 2Li,S [3]

There are numerous examples of transition metal di-
sulfides to choose from, such as CoS,, NiS,, and MnS,, as
well as FeS,. Metal trisulfides and higher sulfides are
much less well known, with TiS; and VS, being the only
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well-known first row polysulfides and MoS; and NbS; in
the second transition series. This is in substantial con-
trast to the alkali metals, where species such as Cs,Sgand
Na,S; are comparatively stable and well known. In view
of the growing chemistry of polysulfide complexes from
1901 to the present, it appeared likely that other metal
sulfides of higher content, analogous to [Mo0,S,,72] and its
congeners, might exist (4, 5). The possible existence of
stable or metastable polysulfides of iron group metals
was particularly interesting, because of the familiarity
and stability of FeS,, CoS,, and NiS,. We, therefore, at-
tempted to prepare and characterize polysulfides of the
iron triad (Group VIIIA) metals. The results of this inves-
tigation are reported below.

Experimental

There were no recent references in the literature to
clearly characterized polysulfides of iron, nickel, or co-
balt, although numerous references to disulfides of the
iron triad (Group VIITA) and to complexes involving
these metals and sulfur or sulfides were found. A com-
puter search of the earlier literature was not successful
in clearly defining the earlier experience in the field
either. A few references were found by a manual search
of C.A., but most of the applicable work predated 1900.
The most relevant papers relating to our own interest
were those of Chesneau and Magrini (6, 7) to the polysul-
fides of cobalt and nickel, respectively. The older work
was considered to be unreliable in the absence of any
characterization, other than by elemental analysis of the
products. It was therefore decided to begin with a
screening procedure to determine whether any iron
group polysulfides were stable at room temperature. The
following preparations were developed from this screen-
ing procedure. In the screening procedure, a weighed
sample of a soluble metal salt was dissolved in degassed
distilled water and a stock sodium tetrasulfide solution
was added. It was found that separation of product was
much easier when a modest excess (ca. 10%) of the metal
ion was present. When the polysulfide was in excess, an
infilirable black sludge was produced. The black prod-
ucts were stirred in solution overnight under argon and
then vacuum filtered under argon to give a highly hydra-
ted black solid. This black solid was vacuum dried at
60°C to remove water and was then analyzed by elemen-
tal analysis and DSC. The samples were then heated at
160°C under vacuum until sulfur evolution had ceased.
The resulting black fine powder samples were then ana-
lyzed for sulfur and metal and subjected to powder dif-
fraction and DSC measurements. From this initial
screening the following preparations were developed.
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CoS;.—Cobaltous sulfate hydrate (CoSO, 7TH,O) (1M)
was dissolved in deaerated, distilled water (1 liter) in a 3
liter, 3-necked r.b. flask equipped with an argon purge
and a good mechanical stirrer. To the cobalt solution was
added 0.9 mol of commercial 40% Na,S, solution which
had been saturated with sulfur and diluted with distilled
deaerated water to 1 liter. The 40% Na,S, solution is
about 3M in concentration as received. The Na,S, (x =
approx. 4.5 by our analysis) solution was slowly added to
the cobalt sulfate solution through a dropping funnel
over about-a 2-3h period. It is useful to introduce the ar-
gon blanket through the funnel during this period. The
solution becomes a thick black slurry and the mechani-
cal stirrer must be used to provide good mixing. The re-
sulting slurry is stirred for at least 48h under argon. Dur-
ing this time the slurry breaks up into a fine particulate
powder and, if stirring ceases, will settle out slowly. The
solid product is collected either by vacuum filtration,
using a fine porosity fritted glass filter, or by
centrifugation. The crude product is then washed free of
soluble Co?*, Na*, and SO,~? with distilled water. If
filtration is used to isolate the product, the maximum
possible amount of water is removed under an argon
blanket by use of the vacuum filter (commercial test pa-
pers for cobalt and sulfate are very useful in determining
the progress of the washing operation). The crude prod-
uct is then placed in a vacuum oven and dried at 60°C un-
til no more water evolves. The result is an amorphous
black solid of composition CoS;. This material is air sen-
sitive, especially above room temperature and decom-
poses to form cobalt sulfate and an acid product, pre-
sumably either sulfurous or sulfuric acic. A sample of
material prepared in the same way, with cobalt acetate as
cobalt source, contained small percentages of sulfate
and, therefore, sulfate is the expected acid product.
Found: Co 25.47; S 68.67; H,O 2.93; Na 1.04. Theoretical
Co 26.8; S 73.2.

C0,S8;—The preparation for CoS; is repeated, except
that the stock Na,S, solution is used in place of the sulfur
saturated Na,S,. The crude black product from the vac-
uum drying is heated in the vacuum oven at 165°C, until
no further sulfur is evolved. This gives a lumpy black
powder which is extracted with toluene to remove any
residual sulfur, leaving the finely divided black powder
of Co,S,. If the heating process is carried out to comple-
tion in a good vacuum oven, there will be no sulfur re-
maining and very little oxidation to sulfate will occur.
This material is somewhat air'sensitive, especially with
moisture and is kept in a sealed, argon filled container.
Found Co 34.23; S 64.14. Theoretical Co 34.46; S 65.54.

Co0,S,—“Co08S;” is prepared by the procedure outlined
above, except that the reaction mixture is stored for at
least one week under argon before the filtering and ini-
tial drying. The crude product is vacuum dried at 165°C
to give a fine black powder which analyzes as Co,S, after
toluene extraction. This material appears slightly more
reactive than the Co0,S; and will give a smell of SO, espe-
cially when exposed to air at slightly above room tem-
perature. Found: Co 28.50; S 70.63. Theoretical Co 29.01;
S 70.99.

Ni,S;—Nickel sulfate hydrate (1M) is dissolved in 1 li-
ter of distilled water in a 3 liter flask, equipped with a
mechanical stirrer and an argon purge. To this is added
0.5 mol Na,S, solution in 0.5 liter water. The solution is
added through a dropping funnel and stirred overnight
under argon. The resulting black precipitate is collected
under argon, washed fresh of the nickel excess with dis-
tilled water, and then vacuum dried at 60°C until all
water is removed. The oven temperature is then in-
creased to 150°C and the volatile sulfur is removed, leav-
ing behind a black solid of Ni,S.. The nickel polysulfide is
more air sensitive than either of the cobalt polysulfides.
Found Ni 32.63; S 69.01. Theoretical Ni 34.3; S 65.7.

Fe,S;: (Fe,S, - FeS).—Ferrous sulfate (1M) is dissolved
in 1 liter of degassed distilled water. The ferrous solution
is placed in a 3 neck, 3 liter round bottom flask equipped
with a mechanical stirrer and an argon purge. To this is
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added 0.5 mol Na,S, stock solution diluted to 0.5 liter.
The black slurry is stirred overnight and filtered under
argon. The black solid is then washed with deaerated dis-
tilled water and vacuum dried, first at 60°C, then at 160°C
to form a black, air-sensitive solid which analyzes as
Fe,S; (Fe 38.86, S 59.44; theory Fe 39.52, S 60.48). Cau-
tion, the finely divided Fe;S; may be pyrophoric. The
crude polysulfide described above may then be leached
with 1M HCl to give Fe,S;. Found Fe 33.44; S 66.5. Theory
Fe 3.25; S 66.75.

Electrochemical measurements were taken either with
a PAR 173 Potentiostat equipped with a digital
coulometer, or with a computer controlied battery test
system. Thermal measurements were taken with a du
Pont Differential Scanning Calorimeter. Elemental anal-
yses were performed in-house.

A variety of test cells were used for electrochemical
measurements on the metal polysulfide cathodes. Em-
phasis was placed on practical cell configurations which
would permit testing in an electrolyte starved config-
uration and the use of cells with satisfactory sealing ar-
rangements to permit real-time and accelerated storage
tests on the polysulfide cells. A widely used package for
initial testing was the foil laminate package. This is a
prismatic cell of 4 to 2.5 cm rectangular electrodes sealed
in an aluminized Mylar bag with from 2 to 4 cm? of elec-
trolyte. This cell was easily adapted for reference elec-
trode measurements by inserting a lithium reference
electrode in the package as well. Such a cell was found to
be suitable for elevated temperature storage tests, as
well as initial testing. For foil laminate cells graphite
30%, PTFE 10%, and cathode material were carefully
dried, then mixed with a blender inside an argon-filled
glove box. The mix was then pressed onto a titanium
grid to which a titanium tab had been spot welded. A
typical cell has a cathode weight of 2g and an area (1 side)
of 10 em?®. Such a cathode is then assembled by heat seal-
ing in a foil laminate package with a Li reference and Li
anode, filled with an organic electrolyte (typically
70V/oPC; 30V/oDME; 1M LiCl10,), and then sealed. Typi-
cally a nonwoven polypropylene separator would be
used to prevent shorting. Additional prototype cells
were made using the ML950 coin cell and DL 2/3A
wound cell configurations. The ML950 is a coin cell of
0.95 in. od and a capacity as a Li/MnO, cell of about 220
mAh, while the 2/3A is a spirally wound cylindrical cell
equivalent in volume to an AA cell and having a capacity
of about 1.2 Ah in the Li/MnO, chemistry. Both of these
test vehicles used production cell tooling and were, thus,
externally identical to production lithium cells.

Results

The elemental analyses of the polysulfides are in not in
themselves convincing evidence for the existence of new
phases, since the high sulfur compositions could be as-
cribed to poor sulfur extraction in either the drying or
washing stages.

Thermal analysis of the dried crude polysulfide shows
the sulfur melting at around 100°C and other, not easily
assignable, thermal activity including a substantial en-
dothermic transition, as shown in Fig. 1. Comparison
with DSC curves of the known metal sulfide and di-
sulfide indicated the presence of an uncharacterized
phase. After exhaustive heating at 165°C under vacuum,
the physical appearance of the product is not greatly
changed but the thermogram shows that a profound
change has occurred. This change in thermal behavior is
correlated to the loss in sulfur during the vacuum drying
operation. The resulting product is an extremely finely
divided black powder. X-ray diffraction indicates an
amorphous material with a diffuse absorbance pattern
which is vaguely similar to the metal disulfide. SEM pho-
tomicrographs, as shown in Fig. 2, show a very finely di-
vided powder with a particle size of from 0.1-0.3 pm. Al-
though the particles themselves appear to be crystallites,
it is possible that the apparently amorphous material is,
in fact, too fine to give a good powder pattern. It is also
possible that the apparent crystallites are either not crys-
talline at all, or else aggregates of even finer particles.
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Fig. 1. Differential scanning calorimetry (DSC) analysis of the
uncured cobalt polysulfide, CoS;.

While the amorphous nature of the products is disap-
pointing, it is not unusual, since the familiar polysulfide
MoS; appears to be quite amorphous.

The cobalt polysulfide Co,S, shows a density of about
2.8 by pycnometry in kerosene and an apparent density
of 0.7 for the uncompressed powder. The density of
Co,S; was about 3.1, while the density of the other mate-
rials was not precisely determined but appeared to be in
the same range as the cobalt compounds. The cobalt
polysulfide materials show a DSC characterized by an
exothermic decomposition near 280°C, as shown in
Fig. 3. The absence of any endotherm due to elemental
sulfur melting demonstrates that we are dealing with a
true metal polysulfide, rather than an intimate mix of
metal sulfide and sulfur, as might be argued from the ele-
mental data alone. On a return scan to cooler tempera-
tures, the solidification of sulfur is observed, showing
that sulfur is formed in the exothermic process around
280°C. X-ray diffraction of the decomposed polysulfide
shows that the metal disulfide is also formed and the de-
composition reaction can thus be represented as [4]

Co0,S; — 2CoS, + 38 [4]

While the cobalt polysulfides are nonconducting, the
nickel equivalent is a good electrical conductor. The ap-
parent stability of these materials to air varies from
metal to metal, with Co,S; appearing most stable, with
no apparent reaction to air, and Fe,;S; most reactive,
turning orange in moist air and easily burning in air. It is
worth noting that the very early work of Chesneau ap-
pears essentially correct with regard to cobalt, although
we cannot confirm the nickel results (6). Repeated exper-
iments in our laboratories by different experimenters

@ g,

Fig. 2. SEM photomicrographs of cobalt polysulfide Co,S4
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Fig. 3. DSC curve of vacuum cured cobalt polysulfide (Co,S,) show-
ing the exothermic decomposition to S and CoS.,.

have shown a good degree of reproducibility in these
preparations, indicating the formation of metastable
transition metal polysulfide phases. Limited experimen-
tal data suggest that the sulfur content of the polysulfide
and the metal/sulfide ratios have only a limited effect on
the product composition, as does the cation in the
polysulfide source. The crude products, before the 165°C
drying process, vary more in sulfur content with higher
alkali polysulfides, showing higher sulfur content in the
products. After the vacuum heat-treatment, however, the
metal sulfur ratios are independent of starting material
and sulfur content, provided there was sufficient sulfur
present. Cobalt and nickel sulfates are convenient start-
ing materials although chlorides, bromides, nitrates, and
acetates have also been used successfully.

The high sulfur content of these materials suggested
that they could be usable solid cathode materials. Gravi-
metric capacity figures range from 1.0 Ah/g for Fe,;S, to
1.26 Ah/g for Co,S,, figures substantially higher than for
almost all other cathode materials. These numbers are
based on complete reduction of the polysulfide to the
metal and assume reduction of any intermediate di-
sulfide or sulfide product. When a volumetric basis is
used, the figure of almost 3.4 Ah/cm? of cathode materials
remains extremely high, based on the pycnometric den-
sity of the cobalt polysulfide powder. If extreme care is
not taken in the preparation, a mixture of the 7 and 9 sul-
fur polysulfides is formed and the analysis is intermedi-
ate between those limits. At this time, we have no evi-
dence of a stable polysulfide or polysulfides of cobalt
with either a sulfur composition higher than CoS,, or
less than CoS;;, except for the well-known disulfide.

Cathode limited cells were prepared for the materials,
Fe,S;, Co,S,, Co0,S,, and Ni,S; and discharged at low
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Fig. 4. Discharge curves of Fe;Sg in cathode limited cells at very low
rates.

rates. These low rate discharges are run at eithera 1 or 2
kQ load using a standard weight of 100 mg of polysulfide
and, thus, take about a week to discharge. For ease of
construction and handling, these cells were made in the
ML950 coin cell hardware. This gasket sealed coin cell is
about 0.95 in. external diam and has an electrode area of
3.16 cm?. The resulting discharges, shown in Fig. 4-7, in-
dicate the reasonable discharge voltage of 1.6-1.8V and
high discharge capacity of over 1 Ah/g on the low rate
discharge. The gravimetric energy densities found for
the polysulfides, as well as volumetric energy densities,
are listed in Table I. The molecular weights, theoretical
formula equivalents, and theoretical specific capacities
are also listed. The cobalt polysulfide, Co,S,, discharges
in two apparent plateaus, as shown in Fig. 8,to give 2 and
5.5 Wh/cm?, both of which are extremely high values. For
comparison, MnQO, in Li/MnQO, cells gives about 0.9 and
4.2 Wh/cm?®. These high experimental energy densities on
low current discharge appeared quite promising. These
calculations are based on cathode alone. As one might
expect, results with lithium included do not differentiate
between cathode materials to the same extent. The high
energy density and somewhat greater stability of the co-
balt compounds lead us to select them for further evalua-
tion. We prepared a series of foil laminate cells for higher
current evaluation with results shown in Fig. 9. The good
high current performance of the Co,S; cathode is shown,
even though the thick cathodes under test were not well
suited to high current discharge. This continued rate
limitation on our cells was shown by the absence of a lin-
ear region at low current in the plot of log i, vs. specific
capacity.

With the validity of our polysulfide concept estab-
lished, we refined the preparation of Co,S;. Coin cells
were made using available tooling for comparison with a
realistic package and for capacity retention and storage
at elevated temperatures. In Fig. 10, performance of a Li/
MnO, coin cell and the CoS, equivalent are shown on
equivalent load, consisting of 10000 for the cobalt poly-
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0 +———r—1—rt—r—7-

Fig. 5. Discharge curve of Co,S; in a cathode limited cell. Indicated
voltage is the average of three cells.
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Fig. 6. Discharge curve of Co,Sy in cathode limited cells

sulfide cell and 2000Q for the MnO, cell, allowing both
cells to discharge for about the same time period. One
year of real-time storage or up to 1 month of 60°C storage
appeared to have no appreciable effect on the polysulfide
cell capacity or voltage.

At this point, we decided to investigate the discharge
process further. An x-ray study of a completely dis-
charged cell revealed the presence of lithium sulfide and
metallic cobalt. With indications of a second plateau in
the discharge, we hypothesized that the discharge reac-
tions were [5] and [6]

Co,S; + 10Li — 5Li,S + 2CoS [5]
CoS + 2Li — Li,S + Co [6]

It appeared possible that a stepwise reduction of the
polysulfide was occurring, as outlined in [7]

CoS, + 2Li — CoS,_, + Li,S [7]

As shown in Fig. 11, a plot of equivalents of charge vs.
Co suggests the presence of second process at about 10
Li/Co,S;. This observation suggests that a continuous
process occurs up to that point and that the final reduc-
tion to the metal itself is by a different discharge process
than the major one taking place in the cell.

This mechanism suggested that cobalt polysulfide/
lithium should not be rechargeable. In contrast, actual
cells recharged reasonably well, as shown in Fig. 12,
which shows the third discharge cycle for a foil laminate
cell. As would be expected from the two stages of the dis-
charge process, the rechargeability of the cathode is bet-
ter, if not discharged below the first step. Poor behavior
on extended cycling is due to use of an unsuitable cath-
ode for secondary cell use, as well as lack of a sufficient
lithium excess and use of an unsuitable electrolyte. How-
ever, the inherent rechargeability of the system is estab-
lished. By analogy to NbSe; and MoS;, as well as MosSes,
which demonstrate insertion of more than one lithium
ion in a host structure without decomposition of the
host, we suggest as an initial process [8] (9, 10)

ol by
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Fig. 7. Discharge curve for NiyS; in a cathode limited cell
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Table I. Energy densities of Group VIIIA polysulfides

Material M.W. Density Ah/g (calculated) Ah/g (found)
Co,S, 405.8 2.8 1.189 1.15
Co0,S; 341.8 3.1 1.098 1.05
N1,S, 3414 2.8 1.099 0.95
Fe;S, 423.55 2.7 1.012 0.95

Material Ah/cm? (calculated) Ah/em? (found) Wh/cm? (found)

Co.3, 3.33 3.22 5.8
Co,S, 3.40 3.26 5.9
Ni,S,; 3.08 2.66 4.5
Fe,S, 2.73 2.59 4.1
Co,S; + 10Li — Li,,Co,S; [8]

This lithium insertion would be an essentially reversi-
ble process to give a partly lithiated cobalt compound.
Further lithiation would then destroy the structure of
the compound to give Li,S and Co. Since our cobalt com-
pounds appear amorphous and are insoluble in ordinary
solvents, we use Co,S; with the understanding that the
actual formula could be much more complex, similar
perhaps to the copper and molybdenum cluster anions
(11, 12). We are pursuing efforts to prepare these materi-
als in crystalline form, as well as other measurement
techniques, to better characterize these compounds.

The crude polysulfide product is not particularly sta-
ble and slowly oxidizes in moist air to form CoSO,, SO,,
and H,SO,. In contrast, the cured cobalt polysulfides ap-
pear more air-stable and are nonhygroscopic. The cobalt
polysulfides are slightly soluble in HCI1 and dissolve in
aqua regia forming some sulfur. Strong base also de-
stroys the polysulfide, while weak or dilute acids and
bases have no visible effect. A hydrated cobalt poly-
sulfide has been reported earlier in the literature (6). This
material was prepared by a generally similar method, re-
action of polysulfide with an excess of a cobalt salt. The
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Fig. 8. Discharge of a cobalt polysulfide cell showing the second volt-
age plateau at about 1.4V.
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Fig. 9. Discharge of foil laminate cobalt polysulfide cells at different
rates, showing the decline in utilization with increased current density.
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resulting product was a hydrate and it is unclear whether
it corresponds exactly to our product or not. The prepar-
ative reaction for cobalt polysulfide is not straightfor-
ward, although a very simple reaction scheme can be
written (9). Analysis of the supernatant liquid gives
somewhat more sulfate than the equivalent amount of
sodium and Co?*, while the pH becomes more acidic,
suggesting formation of HSO, . The known tendency for
polysulfides to form both thiosulfates and sulfates, as
well as the sulfur liability between the different polysul-
fides, suggests the stability of the polysulfide is con-
trolled by the metal, rather than the sulfur source used.
It is at least possible that the initially formed polysul-
fides are chain polymers similar to alkali metal polysul-
fides and that heating causes a condensation to a ring
type of compound with the polysulfide acting as a
chelating ligand

Co?* (80,7%) + Na,S; — CoS; + Na,S0,
CoS; — Co,S; + 3S [9]

We have also prepared similar polysulfides in non-
aqueous solution by treating CoCl, with [N(C,H,),].S, in
CH,CN, forming an insoluble, as well as a soluble poly-
sulfide species. This soluble species analyzes as (approx-
imately) N(C,H,),CoS; and gives an NMR signal which
suggests that at least some of the cobalt is present as Co
(III). It is too early in the investigation to determine
whether the behavior is similar to that observed by Holm
in cobalt ethanedithiolates (11).

Both iron (IT) and nickel (IT) salts were treated in a sim-
ilar manner, giving products roughly corresponding to
the analyses Fe;S; and Ni,S;. Since the iron product was
somewhat soluble in 1M HCI, we prefer to formulate the
products as FeS: Fe,S;, and Ni,S;. Both manganese, cop-
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Fig. 11. Discharge of a cathade limited cobalt polysulfide cell
(Co,S;), plotted to show the number of equivalents of charge trans-
ferred per cobalt at low rate.
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tical cells the lithium CoS, system delivers 225 Ah/kg
and 400 Wh/kg on a gravimetric basis and 375 Ah/dm? or
s 625 Wh/dm?® on a volumetric basis. On a theoretical basis,
sa ¥\& the cells should give very high energy densities of 900

Ah/kg or 1270 Ah/dm?. When lithium weights and
s B volumes are included in this calculation, the values are
e M\kke\ 0.86 Ah/g or 1.54 Wh/g and on a volumetric basis 1.29
i \B\S\S\ﬂ Ah/em?® and 2.8 Wh/cm?. These energy densities are
e higher than many lithium battery systems.
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Cell Voltage
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o0 Manuscript submitted Jan. 12, 1987; revised manu-
0.8 script received June 29, 1987.

D.4 —

0.2 4 This was Paper 9 presented at the San Diego, CA,

Meeting of the Society, Oct. 19-24, 1986.
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Capacity, mA-houra Duracell, Incorporated assisted in meeting the publica-
Fig. 12. Discharge of a cobalt polysulfide cell at 2 mA/cm? after two tion costs of this article.
previous deep discharge and recharge cycles, showing the recharge-

ability of the system. REFERENCES

1. R. D. Rauh, F. S. Shuker, J. M. Marston, and S. B.

Brummer; J. Inorg. Nucl. Chem., 3, 1761 (1977); G. L.

per, and zinc show somewhat different behavior with Mn Holleck, J. R. Driscoll, and F. S. Shuker, “Sulfur-

?nd Zn giving orange browp pr oducts, while copper Based Lithium-Organic Electrolyte Batteries,”
orms a copper (I) complex similar to NH,CuS,. In con- ECOM-74-0072-F, March 1976, EIC Corp. Newton,
trast to alkali metal polysulfides, the discharge potential Ma. :

varies with metal center and is below the 2+V for sulfur . H. Yamin, J. Pencina, A. Gorenshtain, M. Elam, and E.
reduction alone. At the same time, the current capability Peled, J. Power Sources, 14, 129 (1985); and refer-
is higher (10+ mA/cm? vs. 0.1 mA/cm?), than has been Merécevsvflh;etrginil P Solid State Ch 12, 41
shown for alkali metal polysulfides, leading us to suspect - Do tingham, £rogr. S0lt ate Cnem., 1z,
that initial reduction takes place at the metal center. The (1978); M. L. Krf)nenberg, U.S. Pat. 3,996,069 (1976).
metal centered reduction could then be followed by an 4. A. Muller, E. Diemann, R. Jostes, and H. Bogge,

: : : Angew. Chem. Inter. Ed., 20,- 934 (1981); D.
mtramolect‘llgr redox process in which the polysulfide Coticouvanis, P. Patil, M. Kanatéidis, B. Detering,
would reoxidize the cobalt center [10]

and N. Baenziger, Inorg. Chem., 24, 24 (1985).
COZ(III)S7 + 2Li— [L12C02(II)S7] . Al Muller, Ww. Jaegermann, and J. Enemark, Coord.
— Li,Co,(IIDS; [10]

o

w

o

Chem. Rev., 46, 245 (1982); M. Draganjac and T. B.
Rauchfuss, Angew. Chem. Inter. Ed., 24, 742 (1985).
6. G. Chesneau, Compt. Rend., 123, 1068 (1896).
7. U. Antony and G. Margrini, Gazz, 31, 265 (1901).

Conc|u5|9n . 8. Duracell Battery Data Guide, p. 100, Duracell, Inc.,
Amorphous polysulfides of iron, cobalt, and nickel Tarrytown, New York (1981).
were prepared by precipitation from agueous solution 9. R. Scott, A. Jacobson, R. Chianelli, W. Pan, E. Stiefel,

K. Hodgson, and S. Kramer, Inorg. Chem., 25, 1461

followed by heating to remove water and pyrolyze the in- (1986)

itially formed unstable product to a metastable species. )
The cobalt polysulfides were substantially less reactive 10. J'aMn.dTSr?VSIi?gl’ly.%hgsthﬁog’sgé (21692%356()iélgé1)‘arascon
1 i i . » . . 3 y .

than €l thelf iron or _mckel and were evaluated as cathode 11. J. Dorfman, C. Rao, and R. Holm, Inorg. Chem., 24, 454
materials in a ~llthlum battery_. The cobalt compounds (1985); C. Rao, J. Dorfman, and R. Holm, Inorg.
proved to be high energy density cathode materials, de- Chem., 25, 428 (1986); D. Sawyer, G. Srivatsa, M.
livering 1.1 Ah/g and 3.1 Ah/cm?® with 2 Wh/g and 5.5 Bodini, W. Schaefer, and R. Wing, J. Am. Chem. Soc.,
Wh/cm? on a theoretical and experimental basis. In prac- 108, 936 (1986). ’

Performance Models for Zirconia Electrolyte Cells at Low Current
Density

N. J. Maskalick* and D. K. McLain

Westinghouse Electric Corporation, Research and Development Center, Pittsburgh, Pennsylvania 15235

ABSTRACT

This preliminary design study compares high temperature electrolysis, having H,O(g) flow delivered parallel to the
tube (model 1), with HyO(g) reactant cross-fed, perpendicular to the axes of series-connected tubes (model 2). Calculations
for model 1 correlate with relevant experimental data. Model 2 calculations predict higher energy efficiencies than model
1. If model 2 design philosophy is employed, hydrogen production is estimated, at 99.9% purity, and at 100 mA/cm?, to re-
quire 1.017V at 0.902 energy efficiency, using tubular cells employing the present design. Tube design optimization, with
normalized cell resistance, p lowered to 0.35 Q cm?, is estimated to result in 99.9% pure hydrogen product at 0.952V and
0.963 energy efficiency for the same 100 mA/cm? design point. Hydrogen purity, cell current density, and resistance are key
modeling parameters.

An electrical generator employing a low temperature
hydrogen-oxygen fuel cell in closed cycle with a high
temperature H,O electrolysis cell with solid oxide elec-

*Electrochemical Society Active Member.

trolyte (e.g., 1000°C) will provide a net power output (P,
if sustaining solar thermal energy is available and cell
current efficiencies, o'y and o’, are high. If V;and V, are,
respectively, fuel cell and electrolysis cell driving volt-
ages, then, at a current, I
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