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.. 
I PURPOSE 

It is the purpose of the research and development work under this con­
tract to develop a. practical electrochemical device which converts thermal 
energy intf) electrical energy by means of formation of suitable compounds 
followed by the electrochemical recombInation of the decomposition products 
on a cyclic and continuous basis. Special consideration is to be given to the 
ionic hydrides. 

As was pointed out in MSA Research Technical Proposal 7P-1138, sub­
mitted to the U. S. Army Signal Research and Development Laboratory pre­
liminary to award of the subject contract, MSA Research has developed a 
thermally regenerative galvanic cell based on the ele.ctrochemical formation 
of the ionic hydrides on a batch basisS • In general, hydrides of the alkali and 
alkaline ea.rth metals are formed in fused halides from a metal electrode and 

1 

a hydrogen electrode. Reactants have been regenerated on a batch basis by 
heating the product. This cell will be the basis of part, at least, of a program 
directed to a cyclic system. 
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1I ABSTRACT 

cycle system previously bllilt ~iith MS.<\:R 
.-f.u.w;l..'oi was operated regeneratively. A:ll emf of 30 mv 
was obtained regeneratively although regenerator tf'mp­
erature was held to about 7900 C and although an emf of 
only 0.27 V waf:> obtained in the cell just prior to rt'grn­
eration with a pressure of one atmosphere of hydrogen. 
On the basis of experience on the first unit, an irnpr(lVf!d 
system was designed and built. 

A batch-type CE'll was put into operation Vv,t)-, tr,p 

eutectic of KCI-LiCI a,c3 solvent and with a potassIum 
electrode. A peak emf of O. 33 V was obtained Just be­
fore accidental overheating caused a structural fai.lure. 

Differential thermal ;tna lYSIS during tcmpl'rature 
changes ~hows promi Sf' of a low('r mel ting ("ute c t1(' for 
halides of lithium with addition of LiI to th(~ former 
eutectIc of LiF-LiCl. 

Background datl : s prcs(,nted ill this report to 

show the basis of Z;iITlcnt<d approachL>' 1.<11«'.1 111 the 

subject <o"troct. ~ 
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III CONFERENCES 

On Auguat 13. 1959 Messrs. C. B. Jackson. J. W. Mausteller. R. E. 
Shearer and R. C. Werner visited the U. S. Army Signal Research and De­
velopment Laboratory to discuss the proposed work plan under the subject 
contract. Me.srs. C. Clar~. ,A. Daniel. H. Hunger and J. Lyons represented 

3 

the Signal Corps. It was agreed that operation of a closed cycle system should 
be attempted on the basis of the limited available present knowledge. that studies 
of alternate solvents and anode material should be made. and that studies of 
single electrode potentials should be.considered. especially when lower tempera­
ture operation is possible. 
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IV FACTUAL DATA 

A. Background Data 

COHsiderable background information has been developtd both from MSAR-:­
supported work and from the literature prior to the exp(~ri.mf:ntal program under 
the subject contract. 

Decomposition Pr~~~~. While there is considerable deviaticm from Raoult's 
Law at lower temperatures with the lithium hydride-lithium systf'm as is shown 
in Fig 11, such deviations may not exist at the higher regeneration temperatures. 
The deviation is associated with the plateaus i.n the composition-pressure iso­
therms as is explained by Gibb and Messerl: 

"The dissociation pressure of the hypothetic~.J c.ompl~tply pure stio·· 
chiometric lithium hydride is very high. The removal of small 
amounts of hydrogen produces a large dec.rease lTl pn-'ssurr:. the 
liberated lithi.um metal going into solution in the hydri.de, which 
remains a single phase. When enough hydr.ogen ha s bp~n win,.-· 
drawn to satura.te the lithium hydride with lithium meta.l, the 
pressure be.:-.omes independent of further change of composition, 
a second/ phase, lithium rich, separating out. The cnnstaht pres­
sure in this two-phase region of varying composJ.ti.on is the so·· 
called "plateau" pressure. When enough hydrogf.n j-·a~ [.t':f'n with­
drawn. the hydr.ide phase disappears, and further hydrogf'rJ 10s8 
produces a decrease i.n pressure due to loss of hydrc.gf'n h·om 
solution in lithium meta.l in the remaini.ng slngll~ phas,..... Th.., 
pressure finally diminshes to zero at zero hydrog.~n ((Intent (pllT'C' 
lithium). " 

According to Heumann and Salmon2 , lithium hyddde and I i.thlum art~ completely 
miscible at 997°C so that the plateau will not appear and Ri'JoI1l1;5 La\,\, should 
apply more closely. At a slightly lr,wcl" temperatl1re than tJois. (Tlbb a.nd ME's­
serl show pure hydride to have a chssociation pr~ssurl'" of 10,000 rnm. Appli­
cation of Raoult's Law for a solution of 5 wt% LiB In Li would sllgg"st a dis­
sociation pressure of about 500 nlln. 

Data are not available on decomposition pressures of li.thium hydride 
dissolved in halide eutectics; but Gibb and Messer 1 cite earli" r work showing 

o 
pressure of 85 mm, 345 mm, and 2477 mm at 800, 900 and 1000 C respectivr:'ly 
for a mixture of 85.4 mol % of LiH and 14.6 of LiF. This is (.onsidE'!rably lower 
than would be obtained by application of Raoult's Law and suggests one possible 
advantage to regenE'!rating from the metal phase. Since thel'P js no information 
available on the distribution coefficients of ionic hydrides b~tw~en 1 i.quid meta.l 
phase and halide solvent phase, compositions of thes!" phasE'S under ac tual op­
erating conditions remain unknown and can be learned only f'xpt>rimcntally. With 
compositions unknown, decomposition studies can bE'st bf' carried out in the 
closed cycle system directly and car. be measured by emfts developed as well 
as by sampling of the gas stream. 
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'Alternate Hydrides. In event that excessively high decomposition temperatures 
are require~ for Lithium hydride in metal or halide so lu.tion , alternates might 
be considered in hydrides having smaller standard free energies of formation 
than has lithium hydride. 

Potassium hydride is such a compound; and a low melting halide eutectic, 
that of the chlorides of lithium and potassium, show promise as the solvent. It 
has a melting point of 352°C 3 and a lower potassium ion concentration (59 mol 
0/0) than solvents having the potassium ion as the mdy cation. An unk,nown factor 
in this system is solubility of metallic potassium in the solvent. This might 
probe a serious problem if there is a parallel situation in KX-K binary systems, 
where X is F, Cl, Br and L Here there is complete miscibility as close as 
+47, +48, -7 and +22 degrees, respectively. to the meltin(l points of the salts4. 
An experimental approach is needed since there appeal" to be no data on the pro­
posed system in the literature. 

Other hydrides of posl'lible USE:' are shown in. Tablf" 1 which also includes 
some physical properties. 

Table 1 - Representative Thermally Regenerativt> lonic 
Hydride Electrochemical Systems 

I EO from 
• t1Fo at 

Temperature 1 .?9S
o
K - ._--, 

C 
Hydride (oC) (volts) -

BaHZ 730 0.70 7 Ba 

NaH 425 0.36 34.5N aF-6C;. C; NaCl 

KH I 432 0.28 40 KF ·1)0 KBr 

SrHz 84(; 0.71 11 Sr 

LiH 850 0.72 89 Li BI" 11 LiF 

CaITz 1000 0.78 81 Ca el2 019 C<\FZ 

- -

680 

681) 

'iRO 

740 

h44 

1 Tcmperatul't' for dissociation pressure of 1 atmosphtore for the 
pure hydride. 



.Alternate t:ulVl.!atb. 01llCC th(;rrnodynarrl~.c COYl:'L;c1.<.;r3tions I'll,ow t.ht; adva.nta.ge of a 

'low temperature -;;ell. lower melting solvents drt! ,:lttra.ct~vc fot' nnproved cell per­
formance. Unanswered quetltiolls in thih j:cid inclurle: 

1. Eutectic compositions having lower melting points. 

2. Effect of these lower melting eutet.;t.it::s on ce.l1 volt"l.ge and stability of the 
metal electrode from the standpo:i.nt of solubiHty in the melt:. 

3. Similar stability of the meta.l electrode in the solution of product hydride 
in the melt. 

The purpose of one phase of the experiment.a:L program is to find answer,; to 
questions 2 and 3 with respect to the eutectic of LiBJ.lt·-KBHf: which is reported 6 

to melt at 102°C and to contain about 46 wt % KBHt and with respect to the low melting 
eutectic of the chlorides of K, Rb. Cs and Li which is reported 7 to melt at Z70oC. As 
to the borohydride eutectic, it is thermally unstable, requiring that ~generation be 
done from the liquid metal phase. As to stability of a lithium electrode in the qua­
te!'~::':,y :::~tc.:tic. th';;uuodynamic considerations are reassuring a.s is shown by the 
following standard free energies of formation in KCa l/mole at lOOO·K al:t calculat.ed 
from Quill': 

LiCl - SO.2 
KCl - S1. 6 

RbCl - S2.4 
CsCl - 83.2. 

With respect to the hydride oJ~ potassium, howevl;:.'. i.t. is unstable in contact with 
lithium metal as is indicated by standard free energies of formation at Z980 K which. 
are -16. 7 KCal/mole for LiH9 and -7.46 for KH':'. An expp.r.imenta1 approacfl WlU 

indicate whether there is stability of KH in solutio1" .. 
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Single Electrode Potentials. Information on single el.ectr.)de potep.tials is of value 
in determining thn degree of reversibility of individua.l electrodes and whh,,:h electrod~ 
needs the greatest degree of optimization. Con.siderable work has befln done in 
the field of electrode potentials in fused salts using a variety of referenl";e electrodes. 
Delimarakii and KoltiiUused a glass-tin-sodium reference electrode in fUled salts 
containing lO-'M or up to 600·C. Liu discusses this and other reference electrodes 
in his 1957 thesis". The glass-tin-s"odium electrode and asbestos diaphra.gms show 
promise of stability in the media in. question. As lower melting 80lvents are used, 
irreversib~e behavior of electrodes may create problems and require attention. 
In event problems arise in ~lectTode behavIor, it is planned to make a gla8s-tin­
sodium t~lectrode according to Delimarskii and Kolotti and use it a& reference 
against the hydrogen el~ctrode in a sodium hydride cell. Platanex III platinum 
plating solution has bf"en ubtai ned for possible use in studying hydrogen electrode 
matE"rials. 
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. Materials .of Construction. Un~tressed types 304 and 316 stainless steel have 
been used ~atisfactori1y in earlier work on the lithium hydride cell over a per­
iod of many months. The reducing atmosphere associated with hydride c.eU 
operation eliminates corrosive lithium oxide. presumably minimizing cOfrosioQ 
by this factor. Where stresses arli' introduced, such as by bending, such stres .. 
ses should be eliminated by annealing and quenching. or ope'ration should be con­
.ducted outside the range where grai.n-boundary precipitation of carbon occurs. -
Cell operation below 480°C 'and tegenerator operation at 980°C is thus possible 
for types 304 and 316 stain1e.ss steel for reasonable perious vi time. For op­
eration in the range .which is critical for types 304 and 316, stabilized types 321 
and 347.and the low-carbon type 304L are more suitable. Scaling is a problem 
in the high temperature operation of ordinary carbon steel. 

As for electrical insulating materials, cell desi.gn ha.s bl the past provided 
for insulation to be accomplished in re·gions remote from the hot liquids in the 
cell. This has permitted relatively low temperature operation of fiber and neo­
prene o-rings in liquid level probe-type assemblies for insulating electrodes. 
These probe assemblies permit adjustment of the depth of immersion of the 
electrodes while pro'tiding electrical in1:lulation. Wlere higher tpmperaturf'. 
operation of insulation is desired, porcelain spark plug components may be 
used in conjunction with a bellows-type adjustment for depth of immersion of 
the electrodes_ 

Mass transfer has been a phellomenon encountered in liquid lithium systems 
giving rise to rapid corrosion of stainless steel when there is a temperature dif­
ferential and the lithium is flowing. This phenomenon is due to dissolution of 
nickel in high temperature regions and deposition of this metal in low tempera­
ture regions. This calls for use of other liquid metals with stainless s'teel. of 
carbon steel with moving liquid lithium, with temperature gradients, or of re­
generating from the solution of hydride in fused salt solvent. In the case of the 
hydride cell, the reducing atmosphere present in the cell eliminates the corro­
sive nitride and oxide of lithium. possibly permitting use of flowing lithium 
with even sta~nle8s steel. 
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B. Experiment;)l Dz.'.~~ 'i'h~ experimental pr·.)gram h.as consi st.ed of: 

1, opf!ration on a dosed cycle bas!.s, a unit previously built W"J.tr,. MSAR 
funds 

2. construction of a second unit. df!signed on the basis of experience with the 
older one 

3. operation of a batch-type ceU with a metal electrode of potassium and as 
solvent the eutectic of the chlorides of potassium and lithium 

4. differential thermal analysis of a ternary solution of halides of lithium 

5. design and construction of two new batch-type cells. 

Each of these phases will be discussed in turn. 

1 .. Differential Thermal Analysis. One phase of thp. experimental program has as its 
purpose the determination of the composition of lower mdIting eutectics. This will 
be accomplished first by screening a number of possjble systems for low melting 
points by thermal differential analys~.s, then analyzing th(~ eutectic mixture by 
chemical analysis. Thermal djfferential analysis, in differentials between sample 
and inert reference as they ar"! heated or cooled. Liquid residue remaining just 
before complete freezing is the f!utectic, which can be analyzed chemically. As 
an example. the ternary eutectIc involving halides of lit.hium might be determined 
by adding lithium iodide to the binary eutectic of the fluoride and chloride of lithium. 

The apparatus used is shown ~.n Fig. 2. It is sealed off to permit vacuum 
drying of the salts at elevated tem.peratures and to prevent absorption of moisture 
from the air. In one series of tests, sand wa.s placed. in the reference well and a 
mixture of 10% by weight. of lit.hium iodide and 90% eutectic of the fluoride and the 
chloride of lithium. Compl ete rep~oducibility was not obtained, possibly because 
of segrl'!gation of components; but in a number of runs a break. was shown in the 
range of about 395 to 430·'C as is shown in the typical curves given in Figs. 3 and 4, 
the latter being 20'10 LiI. In effort to sharpen the break, sand will be eliminat.ed as 
the reference to improve thennal conductivity to the reference thermocouple; and 
in effort to obtain better rep.-oducibility, provision wil1 be made t.o stir the sample 
while freezing. 
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2. Batch-type Cell. In order to determine ~he feasibility of a potassium hydride 
cell with the eUTCCCc of the chlorides of lithium'and potausium (41 mole % Li~l., 
59 mole % KCl) meltmg at 35;('C. a cor.tainer made earlier with MSAR funds and 
shown in Fig'. 5 was charged with the above eutectic and a potassium electrode 
holding 20 ml of liquid potassium. The usual spurious em! was found and persisted 
for a period of about 50 hour s , lneluding,!7 hours with a hydrogen atmosphere and 
5 hours with the tenninals short-circuited through a Model 931 Weston Ammeter 
to reduce Or electrochemically react out metal oxides probably causing spurious' 
voltages. During this time, the micrometallic filter element on the bottom of the 
gas electrode had become clogged and was opened only by r;:.ising the cell temp­
erature from 3'"'n" C to ,,21) 'c and t.he gas pressure raised to a value of the order 
of 30 psi. Later it wa,s possible to operate at 377o C" After this interval, the emf 
with argon was down to 0.01 V as measured on a Model 931 Weston Voltmeter. 
Whei1. hydrogen was ir.troduced into t'he gas electrode, the emf rose to O. Z3 V in 
12 minutes. then declined to 0.00 V in two hours, It was suspeded that the first 
charge of potas sium had been consumed; and a new charge of 22 ml was added. 
The emf promptly rose to 0.20 V, then to 0.26 V after about 90 minutes when argon 
was substituted for the hydrogen overnight. Apparently adding the fresh charge of 
potassium introduced a new spurious emf; for the following morning an emf of 
0.21 V was measured with argon in the gas electrode. When hydrogen was intro­
duced, the emf started to rise, reaching ~ value of 0.33 V after six hours, At· 
this point, a load was put on the terminals taking only 55 A/ft1- of gas electrode 
area at 0.06 V. On the following morning it was found that the cell had opened 
up because of excessive I,p.lTlperature arising from a malfunctioning controller. 

In order to test :',n batch operat.ion sy.steIIls involving more expensive salt. 
such as the borohydrides and t.he halides of cesium and rubidium, a more compact 
batch-type cell was de,;lgned and constructed. 



3. Closed Cycle OperatlOn. To determine operational characteristics of a 
Closed cycle system des~gnfd and constructed with MSAR funds on the basis 
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of data already collected. prior to this contract in our work, operation was 
undertaken of the system shown in Fig. 6. Not shown are additional external 
calrod heaters and 3 in. thick Unibestos pipe insulation on a11 heated cells, 
and pipes. Two 1500 watt calrod heaters were wrapped around "'he cell, and-
one 1000 watt heater around the bottom of the regenerator. One 1000 watt 
c(!.lrod was str:;tpped to the top connecting pipe and two similar ones to the 
bottom connecting pipe. Container material was carbon steel as were initial 
connecting pipe material and electrode cup, which was packed with stainless 
steel mesh. The drawing shows 1/2 in. connecting pipes, which are of stainless 
steel and which replaced the initial 1/4 in. carbon steel pipes. 

On charging the cell with solvent, eutectic proportions of the fluoride and 
the chloride of lithium (20 mole % Li F • 80%' Li CI), it was necessary to 
vacuum dry, then melt two charges before the liquid salt level cam~ to the 
desired height. 

After charging with lithillm, initial operation was conducted with the re,­
generator at room temperature and only the cell at operating temperature of 
480(1:C. A small spurious emf of opposite sign to the hydride emf was observed; 
but after passage of hydrogen for two hours a positive emf was obtained and 
reached a peak value of O. 55 V in another three hours with hydrogen pressure 
at one atmosphere. At this point, the voltage fell suddenly to zero and a vacuum 
developed in the cell. On cooling the cell, it was found that lithium had dropped 
from the top of the cell onto the hydrogen electrode and shorted it out. It was 
apparent that some lithium had held on the entry tl1be- on charging and sprea,d 
over the top of the cell. Subsequent. charges of lithium were made ul inserting 
the delivery tube further into the cell. On washing out the cell, it was fo~nd 
that the salt phase had cracked during the rapid cooling, permitting flow of 
lithiulll under the hydrogen electrode. One inch hexagonal blocks of steel 6 inches 
long were consequently placed below the weir to prevent such flow subsequently. 

After recharging and heating, the 1/4 in. carbon steel connecting pip~s 
between the cell and the regenerator developed leaks through overheating and 
were replaced with more heat resistant 1/2 in. stainless steel pipes. Lithium 
hyd~ide was added to both the regenerator and the cell to give a hydride concen­
tration of 5 mole '0 to the solvent in both sides of the system. This was done so 
as to obtain regene ration data as quickly as possible from the system which 
appeared to be deteriorating rapidly under operating temperatures. 

Upon operation again, spurious voltages as high as one volt were observed 
and required over nine hours to be eliminated with passage of hydrogen and 
drawing u'f electrical energy. When the true hydride emf had developed, there 
was a fluctuation in emf, the speed of which varied with rate of flow of hydrogen. 
It was further noted a vacuum developed unless a rninimum flow of hydrogen was 
maintained, indicating chemical consumption of hydl oclen by the lithium. During 
this operation, a peak value of only 0.27 volt was obtained with one atmosphere 
of hydrogen. 



It was then decided to attempt to run the cell regenerative]y. Argon gas 
purled all free hydrogen, the system was closed off and the regenerat.or tem­
perature raised. With argon purge gas flowing, the emf was less than 0.1 mv. 
The cell was run for seven days regeneratively: and voltages g~nerally in the 
range of 5 to 7 mv were observed, on one occasion as high as .'\0 mv. At such 
small voltages, current densities were consldered to be of n.o pract:ical int.erest 
and therefore were not measured. Cell'tempe]~atures were maintained gf';n­
erally around 495 to SOS·C and regeneration temperatures 705 to 760·C. On 
one occasion, the cell was evacuated with a WE!lch Duo Sf;al vacuum. pump t.o 
see if the longer mean free path of the hydrogen evolved from the regenerator 
would help improve the emf by permitting faste:r transfer from the regener ator 
to the cell. No significant improvement was observed. 

During regenerative operation, two samples of ga.s were withdra.WD. from 
the regenerator while voltage readings of 2..4 mv and 5. 0 mv were being obtained. 
Hydrogen content of the argon cover gas was determined to be O. 008~ and 
O. 009~ respectively by use of a ConsoHdafed Engineering Corporation Model 
2.1-62.0 Mal. Spectrometer. 

After the above-mentioned period of closed cycle operation, a leak 
developed in ~ bend in the stainless steel connecting pipe. and operation had to 
be discontinued. Metallographic examination showed the defE'ct to be due pro­
bably to a combination of stresses in a bend vldth operatiOI.l at a temperature of 
480·C,causing precipitation of carbon at grain boundaries. As was diacussed 
under Materials of Cu~structio~ (p8) design to permit operation outside this 
critical temperature causing carbon precipitation '.I .. ill reB eve this situation 
in stressed region.s. 
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4. Redesign of Closed Cycle System. As a result of experience with the first 
closed cycle system, a new unit was des igned and constructed. This is shown in 
Fig. 7. 

Changes in design include use of stainless steel in all high temperature 
regions. a decrease in size of the larger components. use of a larger weir between 
the gas electrode and the metal electrode to minimize possibility of pa.ssage of 
liquid metal through cracks in cooled salt, use of a Kanthal external heater for the 
regenerator to obtain higher temperatures. sealing the top of the weir to the top 
flange to permit maintenance of an inert atmosphere over the lithium, and use of 
1/ Z in. stainless steel connecting pipe instead of 1/4 in. pipe to improvp liquid 
circulation. 
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VI. CONCLUSIONS 

A lithium hydride cell ha. been made to operate re,eneratively. 

A potallium hydride cell ha. been made to operate witb a peak open circuit 
voltase of O. 33 V havin, been obtained in a ilnt attempt. 

Differential tbermal awy.i. ha •• hoWll promi .. of obtainin, a lower 
me1tinslithium halide eutectic by adiUtlon of LlI to the LiCl-LiF binary eutectic. 

A relenerative .y.tem will be de.i,ned .0 that reseneration from the metal 
pha .. can be .tudied. 



VII. PROGRAM FOR NEXT QUARTER 

An attempt will be made to operate a hydride cell on the low-melting 
eutectic of the borohydrides of lithium and potassium as solvent. 

16 

The quarternary eutectic of the chlorides of rubidium, cesiWJl, potassium 
and lithium will be used as solvent in a lithium hydride cell. 

The newly constructed unit will be operated regeneratively at higher tem­
peratures to obtain operational and life data using at first the lithium hydride 
system. 

Work will continue to screen lower - melting eutectics. first by thermal 
differential analysis. then by chemical analysis. 

Further studies on alternate anode materials will be made, with sodium 
and with potassium in other solvents such as halides of the metal con&tituting the 
anode material. 
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