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Summary 

One of the most promising advanced battery systems presently under 
investigation is that based on lithium and sulphur. This review outlines 
research carried out (mostly over the last decade) in the development of a 
viable power source. The physical chemistry of the most important materials, 
notably the aluminium and silicon alloys of lithium and the mono and di- 
sulphides of iron, is discussed, but the engineering problems associated with 
high-temperature battery development are not. 

1. Introduction 

Over recent years interest in the use of secondary batteries for transporta- 
tion and public utility load-levelling has grown. In addition the continued 
development of solar energy power systems indicates further long-term needs 
for electricity storage. Unfortunately, the performance and cost of secondary 
batteries commercially available today severely limit their application in the 
aforementioned areas. 

As a consequence, much attention has recently been focussed upon 
battery systems of high-energy density (usually containing alkali metal elec- 
trodes). One of the most promising systems under investigation is that based 
on the lithium-sulphur couple, first described in 1969 by the Argonne 
National Laboratory (ANL) [ 11. 

In its simplest form 

2Li + S --t L&S E& = 2.25 V (1) 

the lithium-sulphur cell has a theoretical energy density of 2625 W h kg-‘, 
which is considerably higher than that of sodium-sulphur (at 1014 W h kg-‘), 
but equally unrealizable in practice. 
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Early cells seem to have followed the sodium-sulphur method of con- 
struction, but instead of a solid electrolyte, a porous ceramic saturated with 
lithium chloride/potassium chloride eutectic (m.p. 352 “C) was used, together 
with a molten sulphur cathode [ 21. 

Failure to produce satisfactory ceramics led to what was effectively a 
reversal of the component phases, lithium was immobilized in a porous 
stainless steel mesh (FELTMETAL) and the sulphur was adsorbed on graphite 
felt, the electrolyte remaining mobile [ 31. However, the vapour pressure of 
sulphur proved to be impractically high and the reaction products, LisS,, 
too soluble in the electrolyte. Sulphur was next replaced by iron sulphide 
(FeS, FeS, or a mixture of both) and, more recently, lithium has been 
replaced by lithium-aluminium alloy [4, 51. Each modification entails a 
sacrifice of energy density in order to alleviate design difficulties. It is evident 
also from the literature that these modifications have been necessary to 
alleviate corrosion problems. Cell operation temperatures are in the range 
400 - 500 “C. 

Both cylindrical [ 61 and prismatic [ 71 lithium-aluminium-iron sulphide 
cells have been built by Argonne, separation of the active masses generally 
being achieved by use of a boron nitride cloth. 

A much simpler design has been developed at the U.K. Admiralty 
Marine Technology Establishment (AMTE) as an extension of their work on 
primary thermal batteries [ 81. The cell was assembled from pressed-powder 
anode, cathode and electrolyte discs, each disc being formulated from active 
material, electrolyte, and an inert binder which immobilizes the electrolyte 
(when molten) and serves as an inexpensive electrode separator [9]. 

The major areas of concern (generally applicable in both pelletized and 
free-electrolyte designs) in lithium-sulphur technology are discussed in the 
following sections. 

2. Anodes 

The difficulty of retention of molten lithium in FELTMETAL, together 
with the realization of its very corrosive behaviour towards ceramics, led to 
its early replacement by solid-phase alloys, notably lithium-aluminium and 
lithium-silicon. 

2.1. Lithium-aluminium alloy 
Limitations on the use of lithium-aluminium alloys can be best discussed 

by reference to the phase diagram of Fig. 1. The normally recommended 
range of useful composition is that represented by the OL + p two-phase region 
[lo] . Throughout the region the o-phase, lithium-saturated aluminium, is in 
equilibrium with the vario-stoichiometric intermetallic compound of nominal 
composition “LiAl” 

Li + Al + LiAl (2) 
o-phase P-phase 
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Fig. 1. Phase diagram of the lithium-aluminium alloy system. (Y, L&saturated Al;P, LiAl; 
7, Li3A12; 6 = 6’, Li&+ 

the relative amounts of the two phases varying as the overall concentration 
of lithium changes. The lithium activity (and, hence, its electrode potential) 
remains constant over this region at 300 mV positive to lithium metal. 
Beyond the /3 region the potential falls sharply towards that of pure lithium 
which is undesirable (because of corrosion problems), whilst at the opposite 
boundary, in the cx region, the lithium concentration rapidly diminishes and 
the potential rises to impractical levels. The useful limits of lithium-aluminium 
alloy are accordingly between 10 and 48 atoms 5% [ 111. The lower limit is 
seldom referred to in publications although it is clear from Fig. 2 that some 
20% of the lithium present in the alloy is not available for use. It should be 
noted also that 48 at.% of lithium is only 19% by weight in the alloy. 

Several methods have been employed for fabricating lithium-aluminium 
cathodes [ 121, viz., 
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Fig. 2. Potential us. composition for the system LiAl at 423 “C. 

(1) electrochemical deposition of lithium from molten electrolyte onto 
compressed aluminium fibre; 

(2) electrochemical deposition onto aluminium powder vibratorily 
loaded into a porous metal current collector (typically RETIMET, a pro- 
prietary porous iron); 

(3) powdered pyrometallurgical alloy vibratorily loaded into a porous 
metal current collector; 

(4) hot and cold pressing mixtures of LiCl-KC1 electrolyte and powdered 
pyrometallurgical alloy. 

The best results obtained recently [13] (using the latter method) 
employed electrodes with a loading density of 60 - 70 vol.% in the charged 
state. 

The thicker the electrode the more important it becomes to provide a 
current collector rather than to rely on the conductivity of the alloy itself. 
Although initially, cycling may increase electrode capacity, an effect asso- 
ciated with an increase in surface area and with surface defects [ 141, the 
general result is a steady decline in capacity. The reason for the capacity 
decline is not fully understood but it was thought to be due, principally, to a 
loss of integrity of the alloy structure giving rise to material loss and high 
interparticle resistance between remaining particles [ 121. Recent work [ 131 
however, suggests that the formation of LiAl agglomerates near the centre of 
the negative electrode may be responsible for the decline. 

Marked changes in the morphology of electrode structures have been 
reported by workers using ternary alloys of LiAl with magnesium [ 151 or tin, 
lead, copper or indium [ 161. The dendritic form of LiAlIn alloys (yielding a 
higher surface area) is thought to be responsible for the improved lithium 
utilization in early cycles [ 171, but wire electrodes of this material did not 
retain their integrity. The powdered electrodes produced by Vissers et al. [ 181 
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Fig. 3. Phase diagram of the lithium-silicon alloy system. 

even so exhibited rates of capacity decline approximately one-sixth (for a 
3.9% In alloy) that of LiAl. 

2.2. Lithium-silicon alloy 
Lithium-silicon alloys are being developed as alternative negative 

electrode materials [ 19, 201. The lithium-silicon phase diagram, Fig. 3, is 
more complex and less well characterized than that of lithium-aluminium. 
The useful composition range lies below 83 at.% lithium, corresponding to 
approximately LisSi, and beyond which the chemical activity of lithium is 
too high. Between 83 at.% and 0% lithium lie four voltage plateaux, Fig. 4, 
which correspond to the four solid-phase regions to the right in Fig. 3. These 
regions correspond to non-stoichiometric compounds having compositions 
variable over fairly narrow limits and giving rise to some uncertainty as to 
their precise identity. The net effect is that the lithium-silicon anode cycles 
in voltage steps ranging from 48 mV to 336 mV positive to lithium with an 
average of 228 mV positive. Multi-voltage steps are not desirable in battery 
technology but the lithium-silicon alloy has three advantages over lithium- 
aluminium, viz., 

(1) it can be used up to much higher lithium content (i.e., up to 55 wt.%) 
and therefore has twice the specific capacity [20] ; 

(2) the average electrode potential is lower and therefore it provides a 
higher cell voltage; 

(3) higher power is possible since the diffusion rate of lithium into 
silicon is higher than into aluminium [ 21, 221. 

Electrodes can be fabricated by filling metallic honeycomb structures 
of low carbon steel or stainless steel with either the required alloy, e.g., Li,Si, 
or with powdered silicon followed by electrochemical charging [20]. Utiliza- 
tion of the latter type proved to be poor until an unspecified proprietary 
additive was added to the silicon powder. In these circumstances electro- 
chemically formed electrodes are preferred, yielding between 75 and 99% 
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Fig. 4. Potential us. composition for the system LiSi at 400 “C. 

utilization depending on current density. Current efficiencies are invariably 
in the region of 95%. 

A major disadvantage of the lithium-silicon alloy is that silicon reacts 
with steel current collectors causing embrittlement and ultimately breakdown 
of the electrode structure. Remedies include the use of titanium mesh or 
titanium-plated metals or the use of yet further additives in the alloy [20, 
231. 

3. Cathodes 

The use of elemental sulphur, like that of lithium, proved to be im- 
practical in early cells for the following reasons: 

(1) the high vapour pressure at cell temperature permits transport of 
sulphur to the anode; 

(2) electrolyte-soluble polysulphide ions are formed which similarly to 
(1) are transported to’ the anode; 

(3) liquid sulphur becomes entrained in the electrolyte. 
The net result of these processes, of which (2) predominates, is the 

irreversible formation of LisS at the anode [24, 251. 
A number of transition metal sulphides (Cu, Cr, Mn, Fe and Ni) have 

been examined as alternative sources of sulphur at lower activity, iron 
sulphides being preferred on grounds of cost as well as for the higher energy 
densities available [ 26, 271. Interestingly, it has been reported that nickel 
sulphide, NiSs, may also be a useful material because of its superior electro- 
chemical reversibility [ 281. 

Both ferrous sulphide, FeS, and iron disulphide, Fess, are used in 
lithium-sulphur battery programmes. Broadly they may be compared as 
follows: 

(1) Sulphur activity and concentration is highest in Fess, which accord- 
ingly provides the higher cell voltage and the higher energy density. 

(2) Fess is much more corrosive than FeS and containment is more 
difficult and expensive. 

(3) Fess is a better conductor than FeS so that high utilizations (Le., 
above 70%) can be retained even in relatively thick electrodes [27]. 
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Fig. 5. Phase diagram of the lithium sulphide/ferrous sulphide system. 

(4) Fess reduces to Fe on discharge via FeS, resulting in a two-plateau 
voltage charge/discharge characteristic. 
A consequence of these properties is that FeS, providing the lower energy 
density at the lower cost, is more appropriate for use in load-levelling battery 
design, whereas Fess, providing the higher energy and power densities, albeit 
at higher cost, is more appropriate for use in transportation battery designs. 

3.1. Ferrous sulphide (FeS) 
The ferrous sulphide cathode discharges at a voltage of approximately 

1.6 V us. Li/Li+. Lithium is transported on discharge to the cathode where it 
reacts to form insoluble LisS. The phase diagram for ferrous sulphide/lithium 
sulphide, Fig. 5, shows that actually a compound LisS:FeS is formed and by 
extrapolating to temperatures of interest (400 - 450 “C!), that two two-phase 
regions exist [ 241. If the ferrous sulphide electrode is cycled in an electrolyte 
containing only lithium cations good reversibility is obtained [ 291, so that 
the formation of LisS:FeS (the so called “X phase”) is not detrimental. The 
volume of the cathode in the discharged state is, theoretically, 1.9 times that 
in the charged state [ 261 and sufficient pore volume must be provided to 
allow for this. However, in the normal potassium ion-containing electrolytes 
there is a reaction between K+ and the cathode to form a compound (the so- 
called “J-phase”) with a composition approximating to LiKsFea4SssC1 [ 301. 

Using a combination of spectroscopic and electrochemical techniques it 
has been proposed recently [31] that for cells operated at low charge/ 
discharge rates (such that the electrode/electrolyte phases are near to their 
thermodynamic equilibrium), the predominant reaction sequence is as 
follows: 

Li,S + X + J + FeS + J + LisS. 

charge discharge 



334 

LD A‘ 

o J J 
I 

TIME ,h 

Fig. 6. Charge/discharge cycle for a pelletized LiAl-FeS (i = 12.5 mA cm-‘, ‘I’ = 450 “C), 
individual electrode potentials monitored w.r.t. LiAl reference. 

Indeed, we have shown that for pelletized LiAl-FeS cells cycled 5n an LiCl- 
KC1 eutectic mixture at 450 “C (Fig. 6), three distinct potential plateaux are 
apparent on the charging curve (though the discharge process appears less 
complex). The relative non-reversibility of the J-phase [ 32) and the’ un- 
acceptable degree of cathode swelling that accompanies its formation make 
its suppression very desirable. Methods said to prevent or at least inhibit its 
formation include the addition of cuprous sulphide [ 71, operation at higher 
temperature, and exclusive use of lithium salts as electrolyte [29] . The 
preferred method, addition of cuprous sulphide, is not problem-free since 
Cu,S is noticeably soluble in the electrolyte, reduces at the anode on dis- 
charge and may cause cell failure by metallic copper short-circuiting [33] . 

The conductivity of ferrous sulphide is rather low and even though 
conductivity additives (notably carbon or graphite) are usually added, high 
utilization can be achieved only at relatively low current densities (e.g., 70% 
at 50 mA cme2). In consequence, practicable electrode thicknesses range 
from 0.5 to 1.0 cm [27] . This means that relatively large areas of separator 
materials are required. These are expensive materials in most current cell 
designs. On the other hand, ferrous sulphide is not nearly as corrosive as iron 
disulphide (FeS2) towards metals and the cell recharging voltage is much 
lower (viz., approximately 1.6 V). Consequently ferrous sulphide cathodes 
can be utilized with iron current collectors and iron or stainless steel con- 
tainers, although some corrosion still occurs [ 341. 

3.2. Iron disulphide (FeS,) 
The iron disulphide cathode exhibits a characteristic two-level voltage 

curve, the lower level at approximately 1.6 V and the upper at approximately 
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2.0 V [ 351. Cyclic voltammetric studies show that the lower level plateau 
(corresponding broadly to FeS) is electrochemically reversible whereas the 
upper level is not, indicating that whereas reduction of iron disulphide 
occurs readily enough, re-oxidation is difficult [ 341. Solid-state studies show 
that in addition to Li,S:FeS (the “X-phase” as found in FeS cathodes) a 
possible compound LisFe,S4 (“Z-phase”) is formed, as well as traces of the 
“J-phase” more generally associated with FeS cathodes [ 361. For no clear 
reason the J-phase does not form so readily, or at least is easily avoided, in 
iron disulphide cathodes. It appears that the X-phase is formed at voltages 
below 1.95 V us. Li/Li+, the Z-phase, together with ferrous sulphide 
(pyrrhotite, Fe,_,S) at 1.95 - 2.15 V, and the Z-phase plus ferrous sulphide 
and iron disulphide at between 2.15 and 2.25 V. It is generally difficult to 
return to the fully charged state [37]. Only above 2.5 V will iron disulphide 
be reformed completely. The recharge voltage is critical because any over- 
charge voltage will result in the formation of ferrous chloride and free 
sulphur by reaction of iron disulphide with chloride ion from the electrolyte. 
The commonly stated opinion that cathode swelling is more controllable in 
iron disulphide than in ferrous sulphide electrodes [38] is associated with 
the absence of the J-phase, although the theoretical volumetric ratio of the 
discharged/charged electrode is 2.6/l [ 261 and at the very least this change 
must be allowed for in electrode design. The addition of cobalt sulphide, 
Co&, to iron disulphide electrodes, although said to alleviate swelling pro- 
blems, is primarily made to improve the specific conductivity and the 
lithium diffusion rate within the solid and so promote better utilization [ 38, 
391. 

The addition of cobalt sulphide to the iron disulphide cathode is not 
sufficient to provide adequate conductivity by itself, and a conducting com- 
ponent such as graphite or a metal is always added. Unfortunately, iron di- 
sulphide is itself very corrosive towards metals, and near the end of recharge 
high-activity sulphur species can form which aggravate the situation. To-date, 
only graphite, molybdenum and tungsten have been shown to have acceptable 
corrosion resistance [ 261. Stainless steel, nickel and other such materials, 
although often used experimentally, are quite unsatisfactory. Hastelloy B (a 
Ni/Mo/Fe/Cr alloy) is said to be marginally resistant [ 261. Current collectors 
and containers based on “cheap” iron or stainless steel, plated with the 
borides, nitrides or carbides of titanium, tantalum, niobium or vanadium, are 
being evaluated. Best results have been achieved with TiN [ 401. Nevertheless, 
a report from Argonne [41] states that the protection afforded by such 
coatings in their present forms is insufficient to warrant the large effort that 
would be required to remedy their defects. 

4. Electrolytes 

The eutectic mixture of lithium chloride (58 mol.%) and potassium 
chloride (42 mol.%) melting at 352°C (Fig. 7) is commonly used, and sets the 
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Fig. 7. Phase diagram of the lithium chloride/potassium chloride system. 

lower practical cell temperature at approximately 400 “C. The passage of 
current via lithium ions will inevitably lead to the establishment of com- 
position gradients within the electrolyte which, depending on current 
density and temperature, can lead to the separation as a solid phase of the 
locally excess component. Such conditions have been analysed theoretically 
[42 - 441 and recently shown to limit the capacity of pelletized LiAl-FeS 
cells operated at high current density [ 451. Enrichment of electrolyte by 
potassium chloride in the neighbourhood of the cathode, which occurs on 
discharge, is also a primary cause of the formation of the undesirable J-phase. 
The use of lithium-rich electrolytes can alleviate this particular problem, 
enabling higher utilization and current densities to be achieved by reducing 
local electrolyte freezing and the formation of J-phase [42, 46, 471. From 
the performance point of view an electrolyte containing exclusively lithium 
cations would be advantageous. Cells based on lithium fluoride, lithium 
chloride and lithium iodide/lithium bromide have been tested and said to 
yield higher performance. However, the cost of iodide and bromide electro- 
lytes is apparently unacceptably high [ 381. 

5. Separators 

The active materials in present designs of lithium-sulphur cells although 
solid, are in particulate form and must be separated by an electrolyte- 
permeable barrier. The requirements of suitable porosity, stability, thickness, 
etc., are more difficult to meet in these cells because of the high temperature 
and more corrosive environment. 

The only ceramic materials that are compatible with molten lithium (or 
LiAl alloy) are those which are more stable than the corresponding lithium 
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compounds, and their corrosion resistance is an extremely sensitive function 
of the amount and distribution of impurities. A useful review of the pro- 
perties of a range of ceramic materials of potential use in fused salt cells has 
been published by Battelle [ 481. The following materials have been identified 
as suitable insulator and separator materials: Y zOs, BeO, MgO, BN and AlN. 

In pursuit of the desired goal two quite different approaches have been 
adopted. The first is by the use of woven cloth separators (usually of boron 
nitride). These materials although satisfactory in themselves are too costly in 
woven form for commercial batteries and attempts are being made, with 
some degree of success, to develop cheaper forms such as felts and papers 
[49 - 511. 

The second method is by the use of paste electrolytes which provide 
electrolyte immobilization and mechanical strength [ 51, 521. The paste is 
formed simply by adding the appropriate amount of fine particle inert filler 
to the electrolyte mixture. Cells fabricated in this way have exhibited 
remarkable cycle lifetimes (> 2000 charge/discharge cycles) [ 531. Magnesia 
is particularly attractive [ 54, 551 because of its low cost, and appears to 
have adequate stability if sufficiently pure [ 361. 

6. Conclusions 

Most of the work to-date concerning lithium-sulphur batteries has con- 
centrated on the aluminium and silicon alloys of lithium in conjunction with 
iron sulphide. 

Lithium-silicon alloys enable cells of higher energy and power density 
to be constructed but the potential profile on discharge is multi-stepped in 
contrast to that of Li-Al. Likewise, Fe& offers an advantage with respect 
to sulphur activity, but is far more corrosive than FeS and has a two-plateau 
discharge characteristic. 

Most of the data have been collected in lithium chloride-potassium 
chloride electrolytes which are susceptible to phase separation phenomena at 
high rates of discharge and which may encourage the formation of undesirable 
phases within the FeS electrode leading to considerable shape changes. These 
effects appear less significant in flooded systems and may be overcome if all- 
lithium-salt-electrolytes were adopted but a high cost penalty would be 
incurred. 

For many years electrode separation has been achieved by the employ- 
ment of woven ceramic fabrics but owing to their relatively high cost and the 
inherent complexity of cell construction, there is increasingly a trend towards 
the adoption of powder separators. 
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