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Thermal battery cells using molten nitrate electrolytes and hquid 
lithium anodes have been evaluated using several silver salts with low solubil- 
ity m molten nitrates as sohd cathode materials. These cathode materials 
do not readily diffuse mto the anolyte and, thus, do not have parasitic reac- 
tions with the hthmm anode. Furthermore, the solid cathode materials have 
voltammetric characteristics as favorable as many soluble silver salt cathodes 
This paper presents the effects of temperature, current density, and cathode 
material on cell discharge characteristics 

Introduction 

Low melting mixtures of alkah metal nitrate salts show promise as elec- 
trolytes for intermediate temperature (150 - 400 “C) thermal battery systems 
[ 1 - 61. The LiNOs-KNOs euteetic composition has a melting point of 
124 “C and is stable at temperatures above 400 “C. An mtermediate-tempera- 
ture thermal battery system usmg molten LiNOs-KNOs eutectlc could func- 
tion efficiently at temperatures 200 “C cooler than conventional thermal 
batteries that use the LiCl-KC1 eutectic electrolyte which melts at 352 “C. 
The resultant heat loading of an enclosed space by the nitrate electrolyte 
thermal battery would be far lower than that produced by conventional 
thermal batteries durmg comparable discharge lifetunes. 

The liquid hthmm anode m molten nitrates allows extremely high dis- 
charge rates at temperatures above the 180 “C meltmg point of hthmm A 
separate study has shown the dramatic effect of the temperature on the 
discharge of hthmm anodes m molten mtrate electrolytes [ 31. Below 180 “C, 
the hthmm anode performs much like the calcium anode The discharge 
current density of the sohd lithium anode is limited by a passivatmg Liz0 
film. Above 180 “C, the hthmm anode is molten and the passive film forms 
on an unstable liquid anode surface. The physical integrity of the film is 
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easily breached and the passage of hthmm ions across the anode-electrolyte 
interface proceeds essentially unimpeded As a result, cells using the liquid 
hthmm anode may be discharged at extremely hrgh rates m a molten nitrate 
electrolyte [ 3 - 51. Current den&es over 1000 mA cmM2 have been reported 
for optimized cell designs usmg a silver nitrate cathode and the hquid lithium 
anode m molten lithium nitrate [ 51 

Unfortunately, soluble cathode materials such as silver nitrate tend to 
diffuse throughout the electrolyte durmg the cell discharge. Silver ions that 
reach the anolyte are chemrcally reduced onto the anode surface as they 
react with the elemental hthmm. The elemental silver thus formed on the 
anode surface degrades cell performance The vigorous chemical reaction of 
hqurd hthmm and silver Ions m molten srlver nitrate may also lead to anode 
deflagratlon [ 61 

This paper will focus on the discharge charactenstlcs of thermal battery 
cells using four cathode mater& based on silver salts with a relatrvely low 
solublhty m molten rutrates. Ag$‘04, Ag2Cr04, Ag2Mo04 and Ag2WOI, Our 
ObJectwe is to improve the characterrstlcs of thermal battery cells using these 
cathodes 

Experimental 

All of the chemicals used m this study were reagent grade or hrgher 
purity. Lithium nitrate and potassmm mtrate were dried at 120 - 140 “C 
for several days under vacuum before use The LrNOs-KNOs eutectlc was 
formed by prefusmg the mrxture m a quartz tube at 300 “C and cooling m 
an dried to less than 0.5% relative humidity 

The thermal battery cells consisted of a hthmm anode attached to an 
non backing, two electrolyte-saturated glass fiber filter discs 47 mm m dram- 
eter (Gehnan, type A), and a cathode consrstmg of the silver salt pressed 
onto a disc of stamless steel screen (SS304,60 mesh) having the same diam- 
eter as the anode. Experiments using no active cathode material have shown 
that the reduction of the rutrate melt on the steel mesh and cathode backing 
rapidly passrvates the steel surface at hrgh current densrtles. Thus, we can 
safely conclude that nitrate reduction on the cathode backmg does not 
substantmlly contnbute to the total cathodrc currents during high rate 
discharge. 

The hthmm anodes were a hthmm-non composrte material consisting of 
approxrmately 9 wt.% hthmm The preparation of this material has been 
described m earlier commumcatlons [5, 61. During discharge, the uon m 
the composrte 1s mert and the anode 1s essentmlly a hquld hthmm anode 
on an rron matrrx. The anodes were prepared and attached to a 47 mm iron 
backing m a hehum filled glove box (02 and H20 content below 10 ppm) 
The anodes were transported m a pentane filled flask to an inert atmosphere 
cell testmg device 
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The inert atmosphere cell testing device has been described 1n detail 1n 
a separate communication [6] Briefly, the device consists of two heated 
platens m a furnace with a flowing argon atmosphere The anode 1s brought 
to thermal equ111bnum at the upper platen, the cathode and electrolyte are 
brought to temperature on the lower platen and the two halves of the cell 
are brought together 1n the center of the furnace The cell 1s then subJected 
to a constant current discharge using a PAR (model 371) potentlostat/ 
galvanostat The discharge 1s monitored using several Hewlett-Packard multi- 
meters (model 3438A) and a Hewlett-Packard thermal printer (model 
5051A) 

The silver salts used for the cathode materials were synthesized fol- 
lowmg classical procedures using M1111-Q water as the solvent. Sliver 
chromate was produced from potassium chromate and silver nitrate as 
described 1n the literature [ 71 Silver molybdate [8] and silver tungstate [9] 
were prepared 1n a like manner by the simple metathesis reaction of aqueous 
sliver nitrate and aqueous solutions of the appropriate sodium salts Silver 
orthophosphate was prepared from NasP04 or NazHP04 1n M1111-Q water 
following a classical procedure [lo]. All of the silver salts were washed 
repeatedly with Milli-Q water and dned 1n the dark under vacuum. The 
Ag,Cr04 was blood red, Ag,Mo04 was white or very faintly yellow, Ag,W04 
was a cream-colored matenal, and the AgsP04 was yellow It should be noted 
that all four salts are photosensltlve. 

Results 

The discharge characterlstlcs of representative 0 5 1n dia. thermal 
battery cells based on the systems L1/L1NOs-KN03/AgsP04 and L1/L1N03- 
KN0s/Ag,Cr04 are shown 1n Figs 1 and 2 as a function of temperature and 
current density. All discharges were performed at constant current and 
constant temperature 

Cells using sliver orthophosphate cathodes show some performance 
degradation after 30 - 60 s at open cucu1t at 400 “C The cells discharged for 
Figs 1 and 2 were activated mto the load and discharged to 0 V After 
discharge and several seconds at open circuit, the cell voltage would rise 
above 2 V Further discharge at 100 - 250 mA cme2 could then be performed 
to anode depletion Forced overdischarge of these cells at high rates would 
simply plate lithium onto the cathode. This 11th1um deposit could then be 
discharged by changing the galvanostat polarity. In a like manner, elemental 
lithium may be plated onto the battery anode when the cell 1s charged at 
high rates. Durmg chargmg and forced overd1scharges, large quantltles of 
NO2 were evolved from the nitrate oxidation reaction. Furthermore, the 
fiberglass (S10,) binder 1s severely degraded 1n the vicinity of the electrode 
where the lithium 1s plated. The reaction of elemental lithium with S102 
has been discussed elsewhere [ 51 
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Fig 1 The effect of temperature on the discharge of L~/LINO~KNO~/A~~O~ and 
~/L~NO~-KN03/Ag,CrO~ thermal battery cells 0 5 In m diameter (1 26 cm*) at 500 mA 
cmP2 

TIME SEC 

Fig 2 The effect of current density on the discharge profile of 0 5 m dla LI/LINO~ 
KN03/Ag$04 and Ll/LlN03-KN03/Ag#r04 thermal battery cells at 400 “C + 10 “C 

Also shown m Figs. 1 and 2 are comparable discharges of cells usmg the 
Ll/LlN03-KN03/Ag&r04 system These discharges were performed at 
constant current and constant temperature. The sliver chromate cathode 
cells show similar performance to cells using sliver orthophosphate cathodes 
under conditions of forced overdlscharge and chargmg. 
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Figure 3 illustrates the extremely high discharge rate capability of 
lithmm/molten nitrate thermal battery cells The discharges shown are 
representative of the 0.5 m. dia. cells using the Li/LiNOs-KNOj/Ag2CrOa 
and the Li/LiNOsKN0s/AgsP04 systems. Comparable rate capablhty has 
been demonstrated m cells over 1 m. m diameter 

Frgures 4 and 5 show the effect of temperature and current den&y on 
the discharge charactenstlcs of representative 0.5 m. dla thermal battery 
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Fig 3 The high rate discharge of L1/L1N05-KN03/Ag$‘04 and LI/LINO~KNO~/ 
Ag&!rOh cells 0 5 m m diameter at 400 “C 
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Fig 4 The effect of temperature on the discharge of LI/LINOrKNOa/AgzMoO4 and 
Ll/LlN03-KN03/Ag,W04 thermal battery cells 0 5 m m diameter (1 26 cm2) at 250 k 
10 mA cmv2 
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F1g 5 The effect of current density on the discharge profile of 0 5 1n d1a L1/L1NO3- 
KN03/AgzMo04 and LI/L~NO~-KNO~/A~,WO~ thermal battery cells at 395 “C f 10 “C 

cells based on the systems Lr/LrNOs-KN03/Ag2Mo04 and LI/LINO,-KNO,/ 
Ag2W04 The most slgmflcant feature of cell discharges usmg either of these 
two cathode materials 1s the presence of several dlstmct and well-defined 
potential plateaux. Previous studies have shown that Lr(Fe) composrte 
anodes (hke those used m this study) have a single anode potential plateau 
during galvanostatlc discharge [ 5 1. 

Like the cells using Ag$04 cathodes, cells using Ag2Mo04 or Ag2W04 
cathodes show a slgnrficant loss m cell voltage and high rate discharge 
capabrhty after 30 - 60 s at 400 “C m the LrNOs-KNO, eutectlc at open 
clrcu1t 

Discussion 

The fundamental srmllarlty m the primary cathode reactions of elec- 
trochemlcal cells using any of the four solid cathode materials drscussed 
here 1s best illustrated by the fact that cells usmg the hqurd hthmm anode 
and any one of the cathode materrals show open crrcurt cell voltages of 3 4 - 
3 5 V at 300 “C! m molten LrNOs-KNOs eutectlc electrolytes These cell 
potentials are well withm expenmental error of the values calculated for the 
cell Lr/LrNOs-KNOs/AgNOs at 300 “C (3 475 V) assuming unit activity of 
srlver nitrate [ 31. 

The srlver orthophosphate cathode appears to function prlmarlly 
through the reduction of the sliver salt to silver metal (evidenced by silver 
deposits) and free orthophosphate anions. 
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Ag$04 + 3e- - 3Ag0 + POe3- (1) 

Some cell discharge performance degradation is noted on prolonged 
periods at open circuit (30 - 45 s at open circuit at 400 “C). This degrada- 
tion is probably due to the dissolution of small amounts of Ag$04 with the 
concomitant migration of silver ions to the anode where they are reduced 
chemically by the anode as described previously [6] 

Molten mtrate electrolyte thermal battery cells usmg silver chromate 
cathodes often show more than one potential plateau during galvanostatic 
discharge (Figs 1 and 2) However, at the extremely high current densities 
used m this study, those plateaux tend to be somewhat ill-defined 

The reduction of silver chromate proceeds with the formation of 
dendritic silver and Cr04*- ions. 

Ag2Cr04 + 2e- - 2Ag0 + Cr04*- (2) 

The Cr04*- ions impart the brilliant yellow color to the melt that is 
characteristic of chromate solutions. The high solubihty of lithium chromate 
m molten mtrates prevents the products of the silver chromate reduction 
reaction from blocking the cathode surface durmg discharge [ 111 

Traces of a green discoloration are frequently observed m the elec- 
trolyte wafers after cell discharge The green discoloration is quite intense 
and IS found most frequently m the vicmity of the anode as determined 
durmg post-discharge analysis The green color apparently IS produced by 
the direct chemical reduction of Cr(V1) to Cr(III) by the elemental lithium 
present m the anode. 

In a separate study [ 111, we described the reactions that occur m half 
cell discharges of Ag2CrOQ, Ag2MoOe, and Ag2WOa cathodes in molten 
nitrates Other researchers have investigated these materials m various 
organic-solvent-based electrolytes [ 12 - 171. One dutmctive discharge charac- 
teristic of cells usmg the silver chromate, molybdate, or tungstate cathodes 
m organic based electrolytes is the presence of multiple discharge plateaux 
These have been attributed to the two (or more) step reduction of the 
cathode material via an intercalation reaction [ 14 - 171 In all three cases, 
the evidence supports the reduction of the silver salt to silver metal Al- 
though the Ag2Cr04 cathode has been the subJect of several mvestigations 
[14 - 161, the Ag2Mo04 and Ag2W04 cathodes have not been as thoroughly 
studied [ 171 

Molten nitrate electrolyte thermal battery cells using either the silver 
molybdate or silver tungstate cathode show two more distmct discharge 
plateaux. These plateux are remmiscent of those observed 200 - 400 “C 
cooler m organic solvents at current densities two or more orders of magm- 
tude lower than m our experiments. Just as is observed m the orgarnc- 
solvent-based cells, the first plateau m the molten mtrate electrolyte thermal 
battery cells is most likely associated with the simple reduction of the silver 
salt to silver metal and the hthmm (or potassium or lithium-potassium) 
salt of the amon (molybdate or tungstate). This IS substantiated by the silver 
dendrites that are formed durmg the first potential plateau 
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Figures 4 and 5 show the effect of temperature and current density on 
the discharge characterrstics of representative Li/LlN03-KNO$Ag,Mo04 and 
Lr/LiNOsKNOs/Ag,W04 thermal battery cells All of the cells shown m 
Figs. 4 and 5 were 0.5 m. m diameter and were discharged at constant 
temperature and constant current. 

The second plateau during discharge has several possrble explanations 
However, we note that the discharges are quite similar to those observed 
for cells using mtercalation cathodes An mtercalation reaction of the sort 

Ag,M04 + xe- + xLi+ ---+ Li,Ag, -*MO4 + xAg” (3) 

(M=MoorW) 

1s conceivable, particularly given the relative msolubihty of LizMoO and 
Li2W04 The differences m solubllity of LizCr04 as opposed to LizMoO or 
LizW04 alone may explain the relatively small secondary potential plateaux 
that we observe durmg discharge of chromate cells as compared with the 
molybdate or tungstate cells. It is reasonable to expect that an intercalation 
reaction would be difficult for any substance that goes mto solution as 
readily as the alkali metal chromate salts dissolve in molten nitrates. 

A comparison of Figs. 1, 2, and 3 with Figs. 4 and 5 clearly shows that 
most important performance characteristics of Li/LiNOJ-KNO$AgzMo04 
and Li/LiN03-KN03/Ag,W04 thermal battery cells are clearly inferior 
to the comparable AgzCr04 and Ag$04 cells For example, the cell voltages 
observed durmg high rate discharges of cells using Ag,Mo04 or Ag,W04 are 
much lower than those observed for AgsP04 and Ag,Cr04 cathode thermal 
battery cells Furthermore, the discharge hfetime over 2 V is obviously far 
shorter for cells using either silver molybdate or silver tungstate cathodes 
than for cells usmg silver phosphate or silver chromate cathodes at com- 
parable temperatures and current densities. 

Conclusions 

The Ag&rO,, and AgaP04 show promise for intermediate temperature, 
high-rate thermal batterres using molten nitrate electrolytes Cells based on 
either the Ag&r04 or the Ag,P04 cathode can sustain current densities over 
750 mA cmm2 when used in LiNOsKNOs eutectic electrolyte with liquid 
lithium anodes. 

Cells usmg Ag2Cr04 cathodes show no slgnlfrcant performance degrada- 
tion even after 60 s at open crrcuit at 400 “C. Comparable cells using the 
soluble srlver nitrate cathode often have anode deflagrations after per-rods 
shorter than 10 s at open crrcult. Some loss m cell voltage is noted for the 
Li/LiNOrKNOs/AgsP04 cells after 30 - 45 s at open circuit at 400 “C. In 
addition, cells using either silver orthophosphate or silver chromate cathode 
may be subJected to chargmg or forced overdischarge without apparent 
adverse consequences. 
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Cells using liquid hthmm anodes and silver molybdate or silver 
tungstate cathodes degrade significantly after brief periods (30 - 45 s) at 
open circuit at 400 “C Both cells have many discharge characteristics that 
are mfenor to comparable cells usmg either Ag2Cr04 or Agsl?04 cathodes. 
Cells using either Ag2MoOe or Ag2W04 cathodes show two distmct potential 
plateaux remmiscent of those observed m orgarnc-solvent-based electrolytes 
at low rates at room temperature. Neither Ag2Mo04 nor Ag,WOa cathodes 
can sustain the extremely high current densities possible with AgsP04 
and Ag2Cr04 cathodes 
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