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High-Temperature Batteri 

Research in high-temperature electrochemis 
reveals compact, powerful energy-storage cc 

E. J. Cairns and H. Shimot 

In our technologically oriented soci- 
ety, there is an increasing need for an 
array of compact, convenient, pollution- 
free electrical power sources and energy- 
storage devices. A large number of 
power-source needs, both civilian and 
military, have remained unfulfilled be- 
cause of the limited capabilities of pres- 
ently available batteries and engine gen- 
erators. In an attempt to satisfy these 
needs, a great deal of effort has been 
expended in the last decade in the de- 
velopment of devices for energy con- 
version and energy storage. A large por- 
tion of the effort has been devoted to 
electrochemical devices such as fuel 
cells (1), metallair cells (2), secondary 
(electrically rechargeable) cells with 
both aqueous (3, 4) and nonaqueous 
(5) electrolytes, and thermally regener- 
ative cells (6). 

Because of the proliferation in types 
and names of electrochemical cells, we 
have summarized in Table 1 the types 
of cells presently receiving attention, 
their commonly accepted names, and 
examples of each type. The classifica- 
tion of electrochemical cells is simplified 
if it is remembered that the cell is mere- 
ly a converter of energy; the type of 
cell can be designated according to the 
source of the energy that is being con- 
verted. 
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cell is called a thermally regenerative 
cell. This type of cell is generally com- 
posed of a simple evaporator (or boiler), 
which continuously separates the prod- 
ucts of the cell reaction at a relatively 
high temperature, and an electrochemi- 

eS cal cell, which operates at a lower tem- 
perature. This system is a heat engine 
in the thermodynamic sense; therefore 

stry its efficiency is limited by the efficiency 
6-11 Sof the Carnot cycle. 

Although a wide variety of electro- 
chemical cells is available, none of these 

take can deliver enough power per unit 
weight (specific power in watt/kg) and 
store enough energy per unit weight 
(specific energy in watt-hour/kg) to 
make them useful in such demanding 
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Table 1. Types of electrochemical cells. Fuel cells use conventional fuel and oxygen as the 
energy source; primary cells use energy supplied by the anode and cathode reactants; 
secondary cells use electricity; thermally regenerative cells use thermal energy. 

Name System 

N,H4[KOH(aq) air 

Zn|NH4Cl(aq) IMnO2 
ZnIKOH(aq) I02 
LiILiCl(liq) [Cl2 

Pb|H,2SO,(aq) [PbO2 
Cd|KOH(aq) INi203 
ZnlKOH(aq) IAgO 
ZnlKOH(aq) lair 
Li[KPF,(nonaq) ICuF2 

Li[LiX(liq) ISn 

negativity makes them most suitable 
for use as anode materials because they 
surrender their electrons more easily 
than other elements. Conversely, the 
elements with the highest electronega- 
tivities are most suitable as cathode 
materials because they have the greatest 
affinity for electrons; these elements are 
found in groups VI A and VII A, the 
chalcogens and halogens. The large dif- 
ference of electronegativities between 
anode and cathode materials provides a 
relatively large cell voltage (in the range 
of 2 to 4 volts). Selection of the anode 

Fuel cell 
Hydrazine fuel cell (28) 

Primary cell 
Leclanch6 cell (dry cell) (7) 
Zincloxygen primary cell (29) 
Lithiumlchlorine primary cell (8) 

Secondary cell 
Lead-acid cell (3) 
Nickel-cadmium cell (30) 
Silver-zinc cell (31) 
Zinclair secondary cell (9) 
Lithiumlcopper fluoride cell (32) 

Thermally regenerative cell 
Lithium tin thermally regenerative cell (6) 

(groups IA and II A) and cathode 
(groups VI A and VII A) materials 
from those elements of lowest equiva- 
lent weight (those high up on the peri- 
odic table) yields the lightest-weight 
combination of reactants, correspond- 
ing to a high specific energy. 

The effect of electronegativity differ- 
ence (as reflected by the cell voltage) 
and equivalent weight (of anode ma- 
terial plus cathode material) on the 
maximum theoretical specific energy is 
shown in Fig. 1 for several systems of 
interest. Alkali metallfluorine cells are 

40 60 80 100 200 

EQUIVALENT WEIGHT, g/equivalent 

Fig. 1. Effect of electronegativity difference between anode and cathode (as reflected 
by the cell voltage) and of equivalent weight (of anode plus cathode materials) on 
the maximum theoretical specific energy of various electrochemical cells. 
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not shown because no work has been 
reported and because they would prob- 
ably have to operate at unattractively 
high temperatures (at least 850?C for 
LijF2 and 1000?C for Na F2). Because 
of the high electronegativity of fluorine, 
the LilF2 cell has an electromotive force 
of 5.2 volts; the NalF2 cell has an elec- 
tromotive force of 4.5 volts. The inter- 
halogens may be interesting cathode 
reactants, but they have not yet been 
investigated. In Fig. 1 the specific en- 

ergy has been calculated on the basis 
of the weights of reactants only. It is 
not possible to realize these specific 
energy values in practice because the 
weights of electrolyte, cell housing, and 
terminals must be included in the cal- 
culation of the specific energy of a 

practical cell. When this is done, the 
specific energy values are lowered by a 
factor of three to six, depending on the 
cell design. There are thus several sys- 
tems in Fig. 1 that may reasonably be 

expected to yield over 220 watt-hour/ 
kg, such as LilS, LilC12, LilSe, and 

NalS. 
In order to maximize the specific 

power of an electrochemical cell, the 
electronic and electrolytic resistances of 
the cell must be minimized. This can 
be done by selecting materials of high 
conductivity and by optimizing the cell 
design (by use of short conduction 
paths and small interelectrode distances). 
The largest contribution to the internal 
resistance of electrochemical cells is 
usually made by the electrolyte, and it 
is necessary to minimize the electrolyte 
resistance. Fused-salt electrolytes have 
far lower resistivities than electrolytes 
that use aqueous or organic solvents 
(5). In order to use fused-salt electro- 
lytes, one must suffer the inconvenience 
of operating the cell at temperatures 
above the melting point of the salts 
(usually well above 100?C and some- 
times as high as 650?C). The elevated 
temperatures required for the use of 
fused-salt electrolytes have the advan- 
tages of increasing the exchange-current 
densities (rates of the electrode re- 
actions) and allowing the use of liquid- 
metal electrodes. Many liquid-metal 
electrodes have exchange-current den- 
sities of several amperes per square cen- 
timeter of electrode area, as compared 
to 10-3 ampere/cm2 for hydrogen and 
10-9 ampere/cm2 for oxygen electrodes 
at room temperature. Therefore, the 
combination of fused-salt electrolytes 
and liquid electrodes at elevated tem- 
peratures is expected to yield high spe- 
cific power. 

Within the last few years, several 

SCIENCE, VOL. 164 

t 

(9 >- 

w 

o 

z 
LI 

Li 
ac 

O 
I) 

-i' 

0 
w 



laboratories have reported research on 

prototype cells with fused-salt electro- 

lytes that are expected to have specific 
energies above 220 watt-hour/kg when 
produced in practical configurations. 
These systems are still in the research- 
and-development stages; some of their 
characteristics are summarized in Table 
3. All of the cells listed operate above 
100?C and use liquid lithium or liquid 
sodium as the anode. All of the cells 
except one (NalS) have fused-salt elec- 
trolytes. The specific energies expected 
for these systems when reasonable bat- 

tery designs are used are all above 220 
watt-hour/kg and the specific powers 
are above 220 watt/kg, except for the 

specific power of the Nalair cell. These 
values are in sharp contrast to the 
specific-energy values of 20 to 120 watt- 
hour/kg for all of the cells of Table 1, 
except for lithiumlmetal halide cells, 
which have a specific energy of 200 
watt-hour/kg but a specific power of 
only 40 to 45 watt/kg. 

There have been several novel ap- 
proaches in the development of the new 
high-temperature cells listed in Table 
3, each of which is discussed below. 
The strong points and problem areas 
of each will be noted before possible 
applications are considered. 

Lithium I Chlorine Cell 

The lithiumlchlorine cell, the first of 
these new cells reported (8), has re- 
ceived the largest expenditure for re- 
search and development. It has the 
highest cell voltage (3.46 volts) and the 

Table 2. Characteristics for high-performance 
electrochemical cells. 

Anode Cathode Elec- 
Characteristics reac- reac- tro- 

tant tant lyte 

Electronegativity Low High 
Equivalent weight Low Low Low 
Conductivity High High High 
Electrochemical 

reaction rate 
(exchange-cur- 
rent density High High High 

Solubility in 
electrolyte Low Low 

highest operating temperature (650?C). 
The cell, shown schematically in Fig. 
2a, consists of a porous, stainless steel, 
fiber metal wick designed to contain 
and transport the liquid lithium (by 
capillary action), a molten lithium chlo- 
ride electrolyte (melting point 609?C), 
and a porous carbon cathode at which 
chlorine reacts. The lithium reactant 
and the lithium chloride reaction prod- 
uct are stored within the cell, whereas 
the chlorine is fed to the cell from ex- 
ternal storage. The reaction at the 
anode is 

Li ---> Li+ e- (la) 

and at the cathode is 

/2 Cl2+ e- - Cl- (lb) 

The liquid lithium anode is capable 
of very high current densities and shows 
no measurable overvoltage up to 40 
ampere/cm2 (8). The LiCl electrolyte 
is the product of the cell reaction, thus 
eliminating the possibility of any diffu- 
sion limitation caused by migration of 
reaction products away from the re- 

action sites. The resistivity of the elec- 
trolyte is only 0.17 ohm-cm (11), but 
a major portion of the cell resistance 
is due to the electrolyte. The electrode 
reaction at the chlorine cathode is not 
as fast as that at the lithium anode. 
The exchange-current density is about 
0.2 ampere/cm2, which indicates that a 
voltage loss of about 0.2 volt, attribu- 
table to the cathode reaction, may be 
expected at current densities near 3 

ampere/cm2 (12, 13). In addition, there 
is a resistive loss in the porous carbon. 
Perhaps the most bothersome source 
of voltage loss in this cell is that caused 
by the accumulation of inert impurities 
from the chlorine in the pores of the 
cathode. These impurities (for example, 
CO2 and N2) present a diffusion barrier 
to the incoming chlorine and cause a 
diffusion limitation that shows up as a 
limiting current density that cannot be 
exceeded. The magnitude of the limit- 
ing current density is a function of the 
purity of the chlorine and the structure 
of the porous carbon electrode (14). 
With optimum pore sizes (average di- 
ameter is 0.6 micron) and thin elec- 
trodes (0.1 cm), a limiting current den- 
sity of about 10 ampere/cm2 can be 
achieved at a chlorine pressure of 3 
atm (12). It is helpful to "sweep out" 
the cathode with an excess flow of C12 
(5 or 10 percent) to minimize the ac- 
cumulation of impurities. 

Even with the limitations just dis- 
cussed, a maximum power density of 
40 watt/cm2 has been achieved for pe- 
riods of 20 minutes when the cell de- 
sign has been optimized for discharge 
operation only (12). This probably 
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Fig. 2. (a) Schematic diagram of a lithium [chlorine cell. (b) Typical voltage-current density curves for a lithium | chlorine 
primary cell (12). Cell temperature is 680 C; interelectrode distance is 0.1 cm. 
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represents the highest power density 
ever reported for an electrochemical 
device. Two typical voltage-current den- 

sity curves for a LiCI12 primary cell are 
shown in Fig. 2b (12). The modest de- 
viation from linearity shown by the 
curves in Fig. 2b is an indication of the 
small magnitude of the voltage losses 
due to diffusion or to slow electrochem- 
ical reactions in the current-density 
range shown. The important losses of 

voltage are resistive in nature, primarily 
assignable to the electrolyte and the 
carbon cathode. 

The admirable performance of the 

LilCI2 cell is accompanied by some dis- 

advantages associated with the necessi- 
ties of recharge and long life. During 
recharge, the electrolysis products (liq- 

Air N+ (a) NoHgx 
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Fig. 3. (a) Schematic diagram of a 
sodium sulfur cell. (b) Voltage-current 
density curves for charge and discharge 
for a sodium Isulfur cell (18). Cell tem- 
perature is 300?C; interelectrode distance 
is 0.07 cm. 

uid lithium and gaseous chlorine) must 
be liberated in such a manner that they 
are easily separated and stored. This 
can be accomplished at some cost of 
performance (as a result of increased 
internal resistance) by the use of spe- 
cial electrodes which have porous, elec- 
tronically insulating layers on the sides 
facing the electrolyte; where these lay- 
ers are wetted by the electrolyte, they 
form a seal that prevents the escape of 
electrolysis products from the porous 
electrodes. This type of structure, called 
a valve electrode, has been tested in 
the LilCo1 cell (15). 

The stability of the materials of con- 
struction, especially insulators, toward 
lithium, chlorine, and lithium chloride, 
is the main factor which determines the 
life of this cell. Molten lithium attacks 
almost all known insulators. Beryllium 
oxide has been used successfully but 
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integrate (16). It may be possible to 
use lithium aluminate as an insulator 
(16). It is absolutely necessary to keep 
the lithium away from the carbon cath- 
ode (an interlamellar attack takes place) 
and the chlorine away from the stain- 
less steel cell parts, because these com- 
binations are reactive. The high tem- 
perature and elevated chlorine pressure 
promote self-discharge by diffusion of 
reactants (particularly lithium) through 
the electrolyte. 

Much effort has been devoted to de- 
sign calculations and performance esti- 
mations for fully engineered Li[C12 bat- 
teries. For short-discharge applications 
in the primary mode (no electrical re- 
charge), these batteries are expected to 
deliver about 1000 watt/kg and 400 
watt-hour/kg of system (including re- 
actant storage). For longer-term opera- 
tion, it may be more desirable to operate 
at somewhat lower specific power (600 
watt/kg), which permits the use of 

lower-purity C12 and is conducive to 
longer cell life. 

A second version of the LijlCl cell 
(17) stores the chlorine within the cell 
by adsorption on the carbon cathode 
which has a high specific area (about 
1000 m2/g); the lithium is stored in 
the form of a solid lithium-aluminum 
alloy. Electrodes of this type allow the 
cell to be completely sealed. The C12 
adsorption capacity of the carbon cath- 
ode presently limits the specific energy 
of this cell to about 70 watt-hour/kg. 

Sodium I Sulfur Cell 

for about an hour; the binding The sodiumlsulfur cell is the only 
t used in sintering the BeO is at- one discussed here that does not have a 

ed, causing the insulators to dis- fused-salt electrolyte; it has instead a 
solid sodium-ion conductor called beta 
aluminum oxide (Na2O llAlO23) (18). 
This electrolyte has the mechanical 

properties of a ceramic, and its crystals 
(b) can conduct sodium ions along planes 

in its lamellar structure. It is therefore 
desirable to orient the crystals of beta 
aluminum oxide so that the conducting 
direction is perpendicular to the inter- 
face between the electrode and electro- 

lyte. The resistivity of the modified beta 
aluminum oxide used as the electrolyte 
in this cell is about 5 ohm-cm at 300?C 

- - I ---- - L_ (18). 0 .01 .02 .03 .04 .06 
The laboratory version of the sodiumi 

CURRENT DENSITY(ampere/cm2) URRENT DEIY ampere/cm) sulfur cell is shown schematically in 

Fig. 3a. The pool of liquid sodium in- 

m4. (a) Schematic 
diagraml 

of 
l a side the tubular electrolyte is the anode. um air cell. (b) Typical voltage- . 

ent density curve for a sodium air Since sulfur is not electronically con- 

(19). Cell temperature is 135?C. ducting, it is necessary to provide cur- 
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rent collection at the cathode in the 
form of carbon felt placed around the 
electrolyte. The liquid sulfur is held 
in the carbon felt by capillary forces. 
The reaction of the anode is 

xNa -> xNa+ + xe- (2a) 

and at the cathode is 

xNa+ + xe- + yS -> NaxS, (2b) 

The sodium polysulfides (Na2,S, Na2S4, 
Na2S2) formed at the cathode are not 
miscible with sulfur at the temperature 
of cell operation (about 300?C) but 
they are semiconducting; thus the cath- 
ode reaction can proceed as the prod- 
ucts accumulate. 

The voltage-current density curves 
for charge and discharge are shown in 
Fig. 3b (18). The fact that these curves 

are essentially straight lines may be 
taken as evidence that no significant 
overvoltages caused by electrochemical 
reactions or slow mass transport occur 
at current densities up to 0.68 ampere/ 
cm2 (18). The slope of the curves is 
equal to the internal resistance of the cell 
corresponding to 1 cm2 of electrolyte. 

The materials problems for sodium 
and sulfur at 300?C are much less 
severe than those for the LiICl2 cell. 
The electrolyte consisting of beta alu- 
minum oxide is not attacked by sodium 
or sulfur, and there is almost no chance 
for a significant rate of self-discharge 
by diffusion of reactants through the 
electrolyte. It must be acknowledged, 
however, that ceramic materials are 
sensitive to mechanical shock and some- 
times to thermal shock and thermal 

cycling. Stainless steels will probably 
be appropriate as metals of construc- 
tion, and carbon will probably be 
stable as the cathode current collector. 
The relatively high resistivity of beta 
aluminum oxide limits this cell to mod- 
est current densities (less than 1 am- 
pere/cm2). 

Sodium I Air Cell 

The sodiumjair cell (19) is actually 
two cells connected electrically and 
electrochemically in series; the arrange- 
ment may be represented as 

Na]Na+ fused saltlNaHg lNaOHaqj(Pt) air 
(3) 

In the first cell, the reaction at the 
anode is 

Na -4 Na4 + e- 

and at the cathode is 

Na+ + e- + xHg -> NaHg2 
-. ANODE 

CURRENT LEAD 

ALUMINUM OXIDE 
CRUCIBLE 

SPIRAL 
CURRENT COLLECTOR 

--LITHIUM 

-- Li-Se ALLOY 

EXPANDED IRON MESH 
CURRENT COLLECTOR 

ARMCO IRON 
CATHODE CUP 

Fig. 5. (a) Schematic diagram of a 
typical lithium I chalcogen cell for use 
with a liquid LiF-LiCI-LiI eutectic 
electrolyte. (b) Two voltage- 
current density curves for a lithium 
tellurium cell. 
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Proceeding at the same rate, the re- 
action in the second cell at the anode is 

NaHgx -> Na*+ + e- + xHg (5a) 

and at the cathode is 

/4 02 (air) + 1/2 H2 0+ e- -- OH- (5b) 

The overall cell reaction is the produc- 
tion of aqueous sodium hydroxide from 
sodium, water (in the aqueous electro- 
lyte), and oxygen from air. It is not 
possible to carry out the direct electro- 
chemical combination of pure sodium 
with water and oxygen because the 
sodium would react chemically with 
the water, producing little or no elec- 
tricity. 

The most recently reported sodiumI 
air cell (19) consists of two liquid 
sodium electrodes contained in porous 
tubes that are penetrated by the sodium- 
ion fused-salt electrolyte. The cell is 
shown schematically in Fig. 4a. The 
amalgam electrode is supported on a 
fine-mesh metal screen with the amal- 
gam held in place by capillary forces. 
The amalgam electrode also keeps the 
fused-salt electrolyte and the aqueous 
NaOH electrolyte [50 to 70 percent (by 
weight) NaOH] separated. The air cath- 
odes are polytetrafluoroethylene-bonded 
porous electrodes containing platinum 
black at a loading of 9 mg/cm2. 

The current density-voltage curve for 
this cell is shown in Fig. 4b. The oper- 
ating temperature is 135?C, just above 
the melting point of the fused-salt elec- 
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trolyte of proprietary composition. The 
current densities available from this cell 
are much lower than those of any other 
cell discussed here. The process that is 
responsible for limiting the current den- 
sity is the diffusion of sodium through 
the sodium amalgam electrode. The 
overvoltage is highest on the fused-salt 
side of this electrode, and a limiting 
current density of slightly more than 
0.04 ampere/cm2 is observed (19). Re- 
cently, a flowing amalgam electrode has 
been used in this cell which results in 
an increase of the limiting current den- 
sity to about 0.160 ampere/cm2; the 
slow step is still at the interface be- 
tween the fused salt and the amalgam. 
The voltage loss at the nonflowing 

amalgam electrode is about 0.40 volt 
at 0.040 ampere/cm2. The air electrode 
has an overvoltage of about 0.25 volt 
at the same current density. The life 
of the air cathode at 135?C is short. 

In order to avoid the difficulties as- 
sociated with operating the air cathode 
at an elevated temperature and the rela- 
tively low limiting current densities at 
the interface between the fused salt 
and the amalgam, it may be worthwhile 
to eliminate the portion of the dual cell 
consisting of NalNa+ fused saltJNaHg, 
at a loss of only about 0.7 volt. The re- 
sulting sodium amalgamlair cell would 
then compete with other low-tempera- 
ture secondary cells such as CdlNi203, 
ZnlAg9O, and Znlair. 

LithiumlChalcogen Cells 

Lithiumlchalcogen cells with fused- 
salt (lithium halide) electrolytes which 
use tellurium (20), selenium (21), and 
sulfur (22) have been investigated 
as the cathode materials. Since the elec- 
tronegativity increases in the order Te, 
Se, S, the cell voltages increase in the 
same order. Typical open-circuit volt- 
ages for these cells in the charged con- 
dition are 1.75, 2.2, and 2.4 volts, re- 
spectively. The specific energies of these 
cells increase in the order listed to a 
larger extent than the cell voltages be- 
cause the atomic weights of the cathode 
materials decrease in the order 127.6, 
78.96, and 32.06. The specific powers 

Table 3. Characteristics of some high-temperature batteries. 

Theoretical Expected Expected Demonstrated 

Sys Voltage enery Temp. se specific Power Charge 
System~(volts) energy energy Life 

(volts) ((watt-hour/ () (watt-hour/ power density rate (h 
kg) k(wakg) (watt/cm2) (hour) our) 

Li|LiClI|CI (12) 3.5 2180 680 330-400 1000-1200 20 - <1 
LilLiCl|Cl2 (17) 3.4 2120 500* 110-165 330-440 4 < 0.17 2200 
NalNaO0- 11Al2OaIS (18) 2.1 1030 300 180-330 330 0.85 - 1 ? 

Na|NaXINa + HglNaOHlair (19) 2.6 1940 135 180-275 100 .28 > 10 200 
LiILiF-LiCl-LiI[Te (20) 1.7 612 470 185-265 550-800 5 < 0.25 160 
LiLiF-LiC1-LiIlSe (21) 2.1 1210 365 220-330 600-1000 6 < .25 160 
LilLiCl-LiI-KI[S (22) 2.3 2680 347 250-360 550-800 4 < .5 8 
* For some LilCl2 cells, operating temperatures below 500?C have been reported (17). 

0 1 2 3 4 5 6 7 8 
CURRENT DENSITY (ampere/cm2) CURRENT DENSITY (ampere/cm2) 

Fig. 6 (left). Voltage-current density curves for a lithium I selenium cell with a LiF-LiCl-LiI eutectic electrolyte, a stainless steel 
spiral anode, and an expanded iron mesh cathode current collect r. Anode area is 10 cm2; cathode area is 10 cm2; interelectrode 
distance is 0.5 cm; capacity , 6 ampere hours; temperature is 375?C; 0, short-time data; A, steady-state data. Fig. 7 (right). 
Short-term voltage-current density curve for charge and discharge for a lithium | sulfur cell with a LiCI-LiI-KI electrolyte. Anode 
area is 10 cm2; cathode area is 10 cm2; interelectrode distance is 0.5 cm; temperature is 347?C. 
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of these cells do not necessarily follow 
the same order because the electronic 
resistivities of the chalcogens and their 

alloys with lithium increase in the order 
Te, Se, S. This means that the current 
collection (or electron distribution) at 
the cathode becomes more difficult in 
the order Te, Se, S. The higher resist- 
ance of the cathode causes the internal 
resistance of the cell to increase (for a 

given design), resulting in lower power 
output. The melting points of the chal- 

cogens are: tellurium, 449.8?C; sele- 
nium, 220?C; sulfur, 118?C; thus cell 

operating temperatures of at least these 
values are required. 

A typical lithiumlchalcogen labora- 

tory cell for use with a liquid electro- 

lyte is shown in Fig. 5a. Two voltage- 
current density curves for this cell op- 
erating at 470?C with a tellurium 
cathode utilizing a simple current col- 
lector with a single annular fin are 
shown in Fig. 5b. The "short-term" 
curve represents the performance that 
can be obtained at nearly full charge 
(about 5 atom percent Li in Te), where- 
as the "steady-state" curve corresponds 
to the voltage plateau that appears when 
cell voltage is plotted against percent 
discharge (20 to 30 atom percent Li in 
Te). The maximum power density at 

steady state is 3.5 watt/cm2; at short 
term the maximum power density is 5 
watt/cm2. The charging portions of the 

voltage-current density curves show that 
the LiiTe cell can be recharged at very 
high current densities. 

When selenium was substituted for 
tellurium in this cell, the performance 
was rather poor, only 1 ampere/cm2 at 
short circuit, because of the relatively 
high resistivity of liquid selenium. After 
a network of expanded iron mesh was 
added to the cathode to improve the 
current collection, the cell performance 
improved, yielding the curves shown in 
Fig. 6. The maximum steady-state pow- 
er density was 6 watt/cm2, achieved at 
365?C rather than 470?C and with a 
lower cell weight (the weight of iron 
mesh added to the cathode was about 
20 percent of the weight of the sele- 
nium). 

The encouraging results with the 

LilSe cell prompted experiments with a 
LifS cell of the same design. The per- 
formance of the LilS cell was not as 

steady as that of the LilTe or LilSe 
cells, and the internal resistance of the 
cell increased with the accumulation 
of lithium sulfides in the cathode. The 
short-term voltage-current density data 
are shown in Fig. 7. The maximum 
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power density was 4 watt/cm2 at 
347?C. Efficient current collection at 
the sulfur cathode is presently being 
studied. 

The three-liquid cell of Fig. 5a is not 

practical for portable or transportable 
applications, where the cell will be 

jostled and tipped. It is necessary to 
immobilize at least one of the liquid 
phases to make the cell position-insensi- 
tive. We have chosen to immobilize the 
fused-salt electrolyte in the form of a 
stiff paste by mixing it with a finely 
divided (0.1 micron in diameter) pow- 
der such as lithium aluminate in a 1:1 

weight ratio. The paste electrolyte can 
be hot-pressed in molds to form the de- 
sired shapes, which are mechanically 

stable under the normal stresses en- 
countered in these cells. The paste elec- 

trolyte has a continuous molten-salt 

phase, and the strength of the paste is 
due to the surface tension of the elec- 
trolyte in the fine-pore network formed 

by the inert ceramic powder. The force 
of surface tension per unit area ', 
which holds the paste together, is 

Ap = 2y cos o/r (6) 

where y is the surface tension of the 

electrolyte, 0 is the contact angle be- 
tween electrolyte and the inert ceramic 

powder (nearly 0? for good wetting), 
and r is the equivalent radius of the 

pores formed by the powder. The value 
of I is commonly in the range of tens 

Fig. 8. (a) A small-scale lith- 
ium I chalcogen cell with a 
paste electrolyte (paste elec- 
trolyte is at center). (b) 
Voltage-current density curve 
for a lithium tellurium cell 
with a paste electrolyte. Anode 
area is 3.25 cm2; cathode area 
is 3.25 cm2; interelectrode dis- 
tance is 0.32 cm; capacity is 
2.91 ampere-hours; tempera- 
ture is 475 C. Paste electro- 
lyte is 50 percent (by weight) 
filler, cold pressed. 

(a) 

0 I1 

CURRENT DENSITY (ampere/cm ) 
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Table 4. Comparison of various electric power sources for an urban automobile; vehicle 
weight: 900 kg; power source weight: 180 kg. According to a typical urban driving profile, 
15 percent of the energy is used for acceleration and 85 percent for cruising. The required 
specific power of the system under peak load is 128 watt/kg, and the required specific 
power for cruising is 37.4 watt/kg. 

Specific energy Specific energy Total energy Ra * Recharging 
System at peak load at normal load (kilowatt- nge time 

(watt-hour/kg) (watt-hour/kg) hour) (mie) (hour) 

PblPbO2 5.3 17.3 2.3 9 > 8 
CdlNi2O3 44 53 5.0 19 >8 
Zn[AgO 124 144 25 95 >8 
Nalair 420 450 80 294 >8 
NalS 254 330 54 205 1 
LiI C12 420 440 78 290 ? 
LilTe 242 308 54 202 < 0.25 
LilSe 440 485 86 324 < 0.25 
LilS 340 345 62 229 < 0.25 
* Under typical urban driving conditions, the energy requirement is 0.27 kilowatt-hour/mile. 

of atmospheres. Minimization of the 
equivalent pore radius maximizes the 
strength of the paste. These paste elec- 
trolytes are similar to those introduced 
by Broers (23) and used in molten 
carbonate fuel cells (24). 

A typical small-scale laboratory cell 
with a paste electrolyte is shown in 
Fig. 8a (25). The paste has some of 
the physical properties of a ceramic, 
but it also is capable of changing shape 

slightly under stress when the tempera- 
ture is above the melting point of the 
electrolyte. The resistivity of the paste 
electrolyte depends upon the volume 
fraction of the filler and the conditions 
of preparation, but a representative 
value is two to four times the resistivity 
of the pure electrolyte (6, 25). The 
voltage-current density curve for a 

lithiumltellurium cell with a paste elec- 
trolyte is shown in Fig. 8b. Comparison 

SPECIFIC ENERGY 

Fig. 9. Specific power-specific energy curves for commercial and high-temperature 
batteries used in the performance calculations for an electric auto. 

1354 

of these results with those in Fig. 5b 
shows the effect of the increased resis- 
tivity of the paste on cell performance. 
It is likely that the short-circuit cur- 
rent density of the paste-electrolyte 
LilTe cell can be increased to about 
4 ampere/cm2 by modest improve- 
ments in the paste electrolyte. 

The energy storage capacity of lith- 
iumlchalcogen cells is determined by 
the amounts of lithium and chalcogen 
in the cells and their ratio. It is neces- 
sary to minimize the ratio of chalcogen 
to lithium in order to maximize the 
specific energy, but this ratio cannot 
exceed the value corresponding to the 
solidification of the cathode material at 
complete discharge. The solidification 
composition approaches that of the 
Li2Y compound (where Y represents 
a chalcogen) so that 60 atom percent 
lithium may be regarded as a practical 
upper limit for the lithium content of 
the cathode. 

The lithiumlchalcogen secondary cells 
have power densities second only to 
those of the Li Cl2 primary cell. They 
operate at temperatures between those 
of the Nalair and LiIC12 cells and have 
materials problems that are not as se- 
vere as those for the LilCl. cell but 
probably more severe than those of the 
Na air cell. 

Possible Applications and Outlook 

If and when one or more of t'e sec- 
ondary electrochemical cells discussed 
above is developed into a practical bat- 
tery, what applications might it have? 
A number of possible applications, cov- 
ering a wide range of energy and pow- 
er, include: electrical power for space- 
craft (watts to kilowatts); military 
communications and emergency power 
(kilowatts); materials-handling vehicles 
(kilowatts); military vehicles (tens to 
hundreds of kilowatts); boats and sub- 
marines (tens to hundreds of kilowatts); 
remote locations (kilowatts to tens of 
kilowatts); buses and trucks (hundreds 
of kilowatts); urban automobiles (tens 
of kilowatts); and off-peak energy stor- 
age for central stations (megawatts). 
These are arranged with applications of 
higher probability first. As one moves 
down the list, the probability of success 
decreases for both technical and eco- 
nomic reasons. Excluded from the list 
as being highly impractical are house- 
hold appliances, flashlights, and other 
applications involving low power and 
a low duty-cycle. 
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The high-temperature batteries may 
be used either alone or in combination 
with some primary energy source (such 
as a fuel cell). Some advantages and 
applications of these so-called hybrid 
systems have been discussed (26). The 
greatest benefit of a hybrid system is 
obtained when the ratio of peak power 
demand to average power is quite high 
(5 or more). 

To illustrate the potential superiority 
of high-temperature batteries in a fa- 
miliar situation, we have calculated the 
performance of a small urban electric 
automobile under the conditions of an 
urban driving profile. The automobile 
is assumed to weigh 900 kg and to con- 
tain 180 kg of batteries. The auto must 
have at least the acceleration capabili- 
ties of a 1960 Volkswagen (peak power 
23.2 kilowatts). The characteristics of 
the batteries used in these calculations 
are shown in Fig. 9. The curves for 
commercial batteries represent actual 
performance (27). The curves for the 
high-temperature batteries are estimates 
based on laboratory results and specific 
cell designs. The estimates for lithium] 
chalcogen cells were made by us, for 
NalS cells by Weber and Kummer (18), 
for LiICl2 cells by Hietbrink et al. (12), 
and for Nalair cells by Heredy et al. 
(19). 

The results of calculations for the 
urban electric auto (Table 4) indicate 
that only the high-temperature batteries 
can be expected to provide the accelera- 
tion, range, and rapid recharge charac- 
teristics desirable for an urban vehicle 
of acceptable performance and conven- 
ience. In general, a range of 150 to 200 
miles is considered to be a desirable 
objective, with longer ranges being an 
added convenience. 

High-temperature batteries are still 
in the research and early development 

stages. Many problems remain to be 
solved, most notably those associated 
with the materials and life of the bat- 
tery. Because of the limited experience 
with multicelled batteries, it can be ex- 
pected that many difficult engineering 
problems will emerge. The problems of 
maintaining operating temperature dur- 
ing standby periods and start-up pro- 
cedures must be considered. The effects 
of thermal cycling must be determined. 
We can be pleased with the results re- 
ported thus far, but we must recognize 
that a major portion of the work re- 
mains to be done before practical high- 
temperature batteries will be available. 
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