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FOREWORD 

ADVANCES I N CHEMISTRY SERIES was founded in 1949 by the 
American Chemical Society as an outlet for symposia and col
lections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented, 
their papers distributed among several journals or not pub
lished at all. Papers are refereed critically according to ACS 
editorial standards and receive the careful attention and proc
essing characteristic of ACS publications. Papers published 
in ADVANCES I N CHEMISTRY SERIES are original contributions 
not published elsewhere in whole or major part and include 
reports of research as well as reviews since symposia may em
brace both types of presentation. 
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PREFACE 

In our highly complex technical world, electricity is by far the most useful 
and clean form of energy. Yet, we have not been able fully to utilize 

electrical energy for our varied needs because of limitations in storing and 
generating it. Now the added spector of mass air pollution is an additional 
reason to find better ways of storing and generating electrical energy. The 
spontaneous combustion of coal and petroleum products is the major source 
of air pollution. 

In the regenerative emf systems reviewed in this volume, emphasis is 
placed on the conversion of heat into electrical energy. These are the 
thermally regenerative systems. However, there are photochemical, chem
ical, and electrical regenerative emf systems of great interest. The latter 
are simply secondary batteries which could be used in electrical propulsion. 
The emf systems suitable to thermal regeneration are much more restricted 
in number than systems suitable to electrical regeneration. The bimetallic 
cells which occupy the largest number of pages in this volume show promise 
for both thermal and electrical regeneration. 

Energy conversion systems which have received the most research 
and development attention in the past ten years are metal vapor turbines, 
thermionic diodes, magnetohydrodynamic generators, and thermoelectric 
devices. B y comparison with any one of these four systems, regenerative 
electrochemical systems have received less support by several orders of 
magnitude. Nevertheless, conservative estimates of the practical cyclic 
efficiencies for several bimetallic systems and the lithium hydride system 
have been made in Chapter G, and these efficiencies compare favorably 
with values estimated for the other systems. One outstanding difference 
exists, however, between the regenerative electrochemical converter and 
all the other systems—namely, the ability of the former to operate at 
high power densities in the temperature region below 1500°C. This is po
tentially an important advantage because a larger number of heat sources 
are available in this temperature region and also because the problems 
with materials of construction are markedly reduced. 

The regenerative electrochemical converter can be virtually free of 
mechanical parts and, by comparison with the other systems, the flowing 
liquids or gases are low velocity streams. Nevertheless, liquid metal-fused 
salt static and dynamic corrosion data are needed; information in the 
literature is both poor and limited. In Chapter 10 the survey on corrosion 
of container materials by the liquid metals, bismuth, lead, and tin, and by 

vii 
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fused alkali and alkaline earth fluorides, chlorides, and hydroxides indi
cates two major problems with this type of data. The first problem is 
that a great deal of the work was done with impure metals, wet salts, or 
under poorly controlled experimental conditions, so that the results do not 
represent the actual situation for clean systems and pure liquid salts or 
liquid metals. The second problem is that the scope of the data is too lim
ited in many of the systems. This is especially true for the temperature 
variable; few results above a temperature of about 800°C. are known. 
Also, relatively few dynamic corrosion data obtained under temperature 
gradients such as would exist in a cyclic electrochemical converter have 
been published. Probably the most severe and limiting materials problem 
in these systems will be caused by mass transport of materials between 
the two temperature regions. 

However, for the systems under study promising materials have been 
found which are not subject to corrosion in a dynamic system. The recent 
development of refractory metal vapor deposition techniques opens the 
door to relatively cheap fabrication of complex components—e.g., heat 
exchangers and boilers, which can be lined with metals such as tantalum, 
niobium, and tungsten. 

Argonne, Ill. 
March, 1967 

C. E. CROUTHAMEL 
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1 

Regenerative Electrochemical Systems: 

An Introduction 

HERMAN A. LIEBHAFSKY 

General Electric Research and Development Center, Schenectady, Ν. Y. 

Among the increasingly complex and sophisticated methods of 
energy conversion needed today, regenerative electrochemical 
systems occupy an important place. In this introduction, the 
author attempts to mitigate the confusion that exists in the 
naming of these systems, to discuss their thermodynamics on the 
basis of simple examples, and to show that these systems may be 
regarded as foreshadowed by the work of Grove (1839). If ex
perience with fuel batteries is a valid guide, the development of 
practical regenerative electrochemical systems will encounter 
many difficult engineering problems, and the difficulty of de
veloping such systems will increase with the complexity of the 
transport problems involved. 

'Tphe systems, terrestrial and extra-terrestrial, we need for energy conver-
sion today grow increasingly complex and sophisticated. Describing 

these systems is difficult and entails a growing risk of confusion. Consider 
a patent {10) for fuel cells to fit between the axles of automobiles: these 
cells happen to be plastic fuel containers, and the story goes that electro
chemical fuel cells benefited from mistaken identity when newspapers 
carried notices of a large contract for the fuel containers. Figure 1 shows 
the names used for some of the systems in the ACS symposium held on 
regenerative cells in 1965. 

A short, general, and reasonably precise name for the systems under 
discussion is regenerative electrochemical system. Al l our complete systems 
seem to contain at least one electrochemical cell, a class in which "fuel 
cell" is included. The system regenerates a working substance to make a 
regenerated working substance; here we stretch a term associated with 
steam engines to include the two components fed separately to the anode 
and to the cathode of the fuel cell. For example, if A B is the working 
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2 REGENERATIVE EMF CELLS 

Regenerative emf cells 
Regenerative fuel cell system 

Regenerative emf system 
Thermally regenerative system 

Regenerative bimetallic cell 
Thermally regenerative galvanic system 
Thermally regenerative emf cell systems 

Figure 1. Partial list of names in symposium 
programs 

The term, Regenerative Electrochemical Systems, is 
suggested to replace the above names 

substance for a regenerative electrochemical system, then A and Β make 
up the regenerated working substance. 

The regenerative electrochemical system is thus a "black box" (Fig
ure 2) into which only energy enters and from which only energy departs; 
it is an energy conversion system closed with respect to mass. Of course, 
the three-word name is too short to be completely descriptive and may 
need occasional amplification; for example, it might be taken to include 
black boxes (Figure 3), not closed with respect to mass—important in the 
field of fuel cells (7). 

Thermodynamics, having no curiosity, finds black boxes to its liking. 
Given the input and the net useful output for a regenerative electrochem
ical system, one can calculate its efficiency without knowing what the 
black box contains. One must distinguish here between net useful output 
and total output, for the latter includes rejected energy that is degraded 
and heat attributable to irreversibility. The first two laws of thermo
dynamics must both be considered. To simplify this discussion, it will be 
assumed that the other energy inputs are converted either into heat or 
into electrical energy before they enter the black box. This simplification 
will include most systems near practical realization; it excludes, for 
example, the direct photochemical regeneration of the working substance. 

Electrical energy (direct current) as input is the simpler case. As the 
output is energy of the same kind, one is entitled to ask what purpose the 

REPRESENTATIVE 
INPUTS 

ATOMIC ENERGY 
HEAT ENERGY 
LIGHT ENERGY 
ELECTRICAL ENERGY 

OUTPUTS 

ELECTRICAL ENERGY(USEFUL OUTPUT) 
REJECTED ENERGY (USUALLY HEAT) 
[FROM REVERSIBLE OPERATION 
I ADD LOSSES CAUSED BY 
[IRREVERSIBILITY 

Figure 2. Outputs of a regenerative electrochemical system with representative 
inputs 
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1. LiEBHAFSKY Introduction 3 

ΛΜΛΛ ΛΛΛΛΛ 

CA)2 CELL 
F HEAT 

- Ί 

ÇQJ C0/02 

CELL 
Γ 

I02 

WATER 
GAS 

REACTOR 
CO 
H 2 

HEAT 

ΝΛΛΛΛ 

l l i x 
FUEL 
CELL 

I d 

WAT ΕI 
GAS 

REACTOR 

CO; 

Η, 
FUEL 
CELL 

F H E A T 

>C02 ANO TAS 

-CO, AND TAS 

>C02 AND TAS 

Figure 3. Black boxés containing fuel cells (7) 

All boxes have the same ideal efficiency. Note that two of the 
boxes are regenerative with respect to water 

system serves. The answer is that it stores energy. If the regenerated 
working substance is A and Β (dissociated AB), one may regenerate it 
from A B during time h; one may withdraw electrical energy during time 
U by allowing A and Β to be consumed in the electrochemical cell. Time ti 
could be night, the time of off-peak load in a terrestrial power plant; U 
might then be the time of peak load. For a power plant on a satellite, 
h could be orbital day with a silicon converter of solar energy in operation, 
and h could be orbital night. In either case, the advantage gained by 
storing energy needs to be great enough to outweigh the disadvantages 
associated with the black box. To simplify further discussion, we shall take 
A B to be water and the electrochemical reactions to be as shown at the 
top of the following page. 

This kind of regeneration was uppermost in Grove's mind when he 
invented the fuel cell. In a postscript dated January 1839 to his paper of 
a month earlier (5), Grove says of an experiment with a hydrogen/oxygen 
cell: "I hope by repeating this experiment in series to effect decomposition 
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4 REGENERATIVE EMF CELLS 

Electrochemical Reactions 

Anode: H 2 » 2H+ + 2 electrons (1) 
Cathode: *0 2 + 2H+ + 2 electrons - H 2 0 (2) 
Sum: H 2 + *0 2 = H 2 0 (3) 

Regenerative Reaction 
Reverse of (3) : H 2 0 = H 2 + *0 2 (4) 

of water by means of its composition"—i.e., to electrolyze water with 
electrical energy from a hydrogen/oxygen battery (italics supplied). He 
did this with a battery of 26 cells in series; four of these cells are shown 
in Figure 4. 

ox Ay 

Figure 4. An approach to regenerative electrochemical systems; the work of Grove 
(1839)—showing only four cells of fuel battery 

To change Grove's system into our black box, we supply electrical 
energy for electrolysis from the outside, remove from the box the electrical 
energy produced, and arrange for the necessary mass transport within. 
We then have a regenerative electrochemical system (Figure 5) with water 
as the working substance. It is easy to imagine a simplification (Figure 6) 
in which the same device functions part-time as an electrolysis cell or 
battery, and part-time as a fuel cell or battery. Hereafter we shall use 
"cell" to include "battery," unless a distinction must be made. 
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1. LiEBHÀFSKY Introduction 5 

In principle, the cell of Figure 6 could be operated reversibly and 
isothermally without having heat rejected by the system. There would, 
of course, have to be provision for storing and exchanging within the 
system the small amounts of heat TdS associated with reversible iso
thermal operation. The ideal cycle efficiency would be unity: the fuel cell 
and the electrolyzer would each operate at E° = 1.23 volts under standard 
conditions and 298.1°K, and the current efficiency would be 100%. A 
current efficiency of less than 100% means that side reactions are occur
ring. These will almost never be reversible. When they are not, the system 
cannot be returned to its original state; the state of the system then 
depends upon its history so that the system cannot qualify as an invariant 
regenerative system. Side reactions include corrosion reactions, and these 
are often the greatest threat to invariance. 

The cycle efficiency includes the efficiency of the fuel cell and of the 
electrolyzers, and each of these individual efficiencies is the product of a 
voltage efficiency and a current efficiency. With water as working fluid, 
it is usually possible to find conditions where the current efficiencies are 
virtually 100%. Consequently, we shall use only the voltage efficiencies 
here. At useful current densities optimistic values for these voltage effi
ciencies are: 

0 8 123 
Fuel Cell: »?TC "= ^ 3 Electrolyzer: i j E - (5) 

whence the cycle efficiency (the product) is: 

vc - re m °·5 ( 6 ) 

Actual efficiencies will be lower—partly because actual systems will con
tain auxiliary equipment with parasitic power requirements. 

An account of early work (1) on the system of Figure 6 with an ion-
exchange membrane as electrolyte contains the opinion: "it is likely that 
a more stable membrane can be found that will be suitable for regenerative 
operation." At the Direct Energy Conversion Operation, General Electric 
Co., Lynn, Mass., new membranes have been found that appear suitable. 

EC « ELECTROLYSIS CELL 
FC • FUEL CELL 

C * CATHODE 
A « ANODE 

(23 8 ELECTROLYTE 

DC. OUTPUT 

Figure δ. Grove's system (Figure 4) rearranged to make a regenerative 
electrochemical system 
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6 REGENERATIVE EMF CELLS 

H2 

STORAGE ^^STORAGE 

ELECTROLYZER OVER 
TIME t, 

FUEL CELL OVER 
TIME t2 

ELECTROLYTE 

I J POROUS ELECTRODES 

Figure 6. A regenerative electrochemical system in which the anode (cathode) 
during electrolysis (overtime h) becomes the cathode (anode) over the fuel-

cell period (overtime h) 

Note: More than a year after this manuscript was prepared, M. Klein, Xerox 
Corp., described the substantial progress that has been made on a system identical 

in principle with that of Figure 6 (9). 

A successful, regenerative, electrochemical storage system with water 
as the working substance can probably be built for a specialty application. 
A useful classification of devices to produce electrical energy can be based 
upon an arbitrary separation of expected advantages into "low energy 
cost" and "convenience," the latter term including such attributes as low 
weight, small vol./kw., and silent and clean operation. We then have the 
following: 

Type Device 
Specialty 
Industrial 
Central Station 

Importance of 
Low Energy Cost 

Minor 
Comparable 
Overriding 

Importance of 
Convenience 
Overriding 
Comparable 
Minor 

In the development of specialty devices, reduced emphasis on cost 
enlarges freedom of choice, and this advantage will usually outweigh the 
effect of the stringent requirements these devices must meet. 

Can devices modeled on Figure 6 compete in the storage of electrical 
energy on a central-station scale? Not under ordinary conditions. Low 
cost of the output energy is overriding here, and this cost includes such 
items as fixed, operating, and maintenance charges. 

Pumped Storage 

Until about ten years ago, the central station generating alternating 
current seemed the most difficult converter for electrochemical devices 
(fuel batteries) to displace. But it now appears that systems modeled on 
Figure 6 have even less chance against pumped storage, which relies on 
pumping water uphill. Friedlander (4) points out that pumped storage in 
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1. LiEBHAFSKY Introduction 7 

the United States has grown rapidly from a small beginning in 1950, and 
that about 10,000 Mw. of pumped-storage capacity is projected or being 
constructed. 

Originally, in our language, pumped storage was envisioned as a way 
of storing low-cost, off-peak energy during time t\ and releasing it as 
higher-cost peak energy during time fe. Now it is expected (4) that this 
method of storage will be even more valuable as a "spinning reserve"—a 
reserve from which energy can be drawn instantly and at low cost to 
satisfy at any time an increase in demand beyond the capacity of the 
stations then operating. Friedlander cites convincing data to show that 
pumped storage can provide stored energy at lower cost than even a 
conventional steam reheat plant. The better steam plants offer formidable 
competition to fuel batteries because they achieve comparative thermal 
efficiencies of about 40%, are highly reliable, and call for capital invest
ment as low as $100/kw. installed. Pumped storage has higher efficiency 
than such a central station, reliability at least equal, and a capital invest
ment requirement that can be lower even when the cost of transmission 
line is included {4). (According to a rough but reliable guideline, pumped 
storage delivers 2 kwh. for each 3 kwh. input. This actual efficiency of § 
significantly exceeds the 0.5 of Equation 6.) 

The coming-of-age of the nuclear reactor is sometimes believed to 
offer an unusual opportunity to fuel batteries and to regenerative electro
chemical systems. The argument advanced is that such reactors will pro
vide off-peak electrical energy in large amounts at low cost, and that 
this energy can be used profitably to generate hydrogen and oxygen for 
fuel batteries or stored profitably by an electrochemical system. It seems 
more realistic to assume that there will be keen competition for this energy 
and that competing alternatives, such as pumped storage, will not lose 
their advantages. The generation of potential energy by pumping water 
uphill seems inherently more attractive on a large scale than the electro
chemical regeneration of a working substance. 

The principal problem discussed in the papers to follow is the electro
chemical conversion of heat into electrical energy. The thermodynamics 
of these systems is conveniently approached on the basis of the rearranged 
Grove system (Figure 5). We have seen that this system can store energy 
isothermally, provided it operates reversibly. It becomes a heat engine if 
the working substance absorbs heat during reversible regeneration at the 
temperature, Th and rejects heat during the reversible generation of 
electrical energy at the lower temperature, TV As thermodynamic conclu
sions are independent of the means for carrying out a reversible process, 
electrochemical regeneration of the working substance, as in Figure 5, may 
properly serve for a general discussion of all methods for reversible regen
eration. This kind of system has the great advantage of providing the 
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8 REGENERATIVE EMF CELLS 

regenerated working substance as separated components: here, hydrogen 
and oxygen. It is thus unnecessary to envision and discuss separation 
processes. 

To emphasise that a regenerative electrochemical system of this kind 
is subject to the Carnot-cycle limitation, the following cycle was pos
tulated for A B as working substance (2, 6, 8). 

Dissociation in Reactor: A B =* A + Β at Tx (I) 
Recombination in Fuel Cell: A + Β » A B at T% (II) 
Heat Exchange (connecting link) between A and Β 

initially at Tx and A B initially at Tt (III) 

Figure 7 shows that Grove's system can be further changed to accom
modate this cycle. Note that dissociation has been assumed to occur at Tx 

and recombination only at T%. 
As the following quotation shows, the possibility of dissociation was 

considered in the earlier treatment and dismissed: "Instead of behaving 
like water, A B might be stable in State 2 but unstable in State 1. One 
might then assume that A B does not dissociate until it is passed over a 
catalyst at Th when it dissociates spontaneously to regenerate A and 
B " (0). 

INPUT 
EC « ELECTROLYSIS CELL 

FC •FUEL CELL 

C > CATHODE 
A · A N O D E 

HE » HEAT EXCHANGER 
E2 .ELECTROLYTE 

OUTPUT 
ELECTRICAL ENERGY9 Δ 6 | 
HEAT REJECTEE) · T ^ S J 

Figure 7. Grove1* system made thermally regenerative (6) 

The ideal efficiency for the postulated cycle is and the system has become 

an electrochemical heat engine. 

To make Reference 6 realistic, calculations were made for water as A B . 
At Τι = 2000°K, water vapor at 1 atm. is in equilibrium with about 
0.0056 atm. hydrogen and half that of oxygen. Within the framework of 
Reference 6, it seemed logical to ignore the possibility that water might 
dissociate in the heat exchanger (3). 

With Ti « 2000°K., and Γ 2 « 500°K., the Carnot efficiency Of this 
cycle is 75%. With water as working substance, it was shbwn that only 
71.7% could be realized in the system of Figure 7 (see Equation 11). The 
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1. LiEBHAFSKY Introduction 9 

reason for this decrease of 3.3% is that the heat transfer process (III) 
necessarily had to be irreversible under the conditions assumed because 
the combined heat capacities of the hydrogen and oxygen regenerated at 
Τι exceeded the heat capacity of the water consumed in the regeneration. 

It seems worthwhile to establish whether or not the 3.3% can be 
easily accounted for by driving reversible heat engines with the rejected 
heat that gave rise to the 3.3% deficit. This heat is rejected from A and Β 
to A B during heat transfer, the transfer beginning at T\ and stopping at 
TV The total heat rejected is: 

AH2 - àHi ~ f£ ACpdT (for 1 mole of A B through the cycle) (7) 
If the entire heat transfer is to be reversible, the heat must be rejected 
at a temperature, Γ, that decreases continuously from T\ to TV We pos
tulate an infinite number of reversible heat engines operating on this 
rejected heat, the inlet temperature of each engine differing by dT from 
that of its neighbor, and the outlet temperature being T% for all engines. 
We make the unrealistic assumption that ACp is constant, and we continue 
to neglect the changing dissociation of water between T\ and TV 

The reversible work then available from these engines is: 

w 
which becomes 

w 
or 

w 

(8) 

- f* ACpdT + J* ACpT* d In Τ (9) 

- [AHt - AHi] + I » X Tt X In fj] (10) 

= -1990 + X 1.379l], (Γ, = 2000°K.; T% = «ΧΤΚ.) 

= -1075 cal. 
From Reference 6, the efficiency with everything but heat transfer 

reversible was: 
. Δ<?§-Δ(?? -20,050 Λ _ 1 1 7 

E f f i c l ency - ^ - ^27^950 = ° ' 7 1 7 

The work done by the system with the reversible heat engines added 
is larger than —20,050 by —1075 calories; therefore, with the system 
completely reversible (III reversible, as well as I and II), 

Efficiency = Zl\f^ = 0756 <12> 
The approximations made in the calculation are probably responsible for 
the difference between 0.756 and 0.750, the Carnot efficiency. An exact 
calculation, which it does not seem worthwhile to make, would have to 
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10 REGENERATIVE E M F CELLS 

consider both the variation in ACp and the changing dissociation of water 
between 500°K. and 2000°K. 

To end this introduction, let us look briefly at the recent history of 
fuel batteries. Although the field is active, programs going toward success
ful batteries have been moving more slowly than most of us would have 
predicted a decade ago. Among the reasons for slow progress have been 
the difficulty of going from cell to battery and the further difficulty of 
going from battery to complete system. The electrochemist in his lab
oratory is likely to be optimistic in evaluating how much he has done when 
he has found a fuel cell in which the proper reactions occur under condi
tions that make for good performance. Consider as just one example that 
difficult transport problems remain to be solved before the transport of 
mass, electricity, and heat can proceed so as to maintain the uniformity 
required in a system for satisfactory performance and long life. 

In regenerative electrochemical systems, the problems wi l l surely be 
no simpler. A black box is simple only on the outside, and long life is 
needed for energy converters on satellites. Bu t it does seem certain that 
satisfactory regenerative electrochemical systems can be developed for 
specialty applications if the need is great enough. 
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Continuous Gas Concentration Cells as 

Thermally Regenerative, Galvanic Cells 

JOHN C. ANGUS 

Case Institute of Technology, Cleveland, Ohio 

The use of a gas concentration cell as a means of converting 
thermal to electrical energy is described. This cell, which is in 
the early stages of development, shows promise because of the 
absence of any chemical regeneration and separation steps. 
Initial results on cells using I2 vapor and a PbI2 electrolyte 
are given, as well as estimated characteristics of more advanced 
cells using alkali metal vapors and alkali metal halide elec
trolytes. 

'T'hermal energy may be converted into electrical energy by means of a 
continuous gas concentration cell (hereafter denoted CGCC). This 

device has received very little attention but offers some unique advantages 
compared with other schemes. 

Principle of Operation 

The electrochemical nature of the CGCC is identical to that of the 
well-known gas concentration cell. In the CGCC, however, the pressure 
difference across the isothermal electrolyte is maintained by using the 
change in vapor pressure with temperature of the electrochemically active, 
gas phase species (working fluid). As in all gas concentration cells, work 
is done by electrochemical expansion of the working fluid through the 
electrolyte. After the expansion, the working fluid is condensed in a cold 
reservoir and, if desired, can be recycled to the high temperature-high 
pressure side of the cell by means of a pump. 

The system is thermodynamically very similar to a conventional 
power cycle in which a working fluid is vaporized at a high temperature 
and pressure, expanded through a turbine, condensed at a low temperature 
and pressure, and then pumped back to the high pressure side. In the 
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12 REGENEBATTVB BMP CELLS 

CGCC, expansion is through the electrolyte rather than through the 
turbine. 

Nomenclature 

The abbreviations used in this paper are: J? « cell potential; F m 
Faraday's constant; / « fugacity of working fluid at high pressure elec
trode;/! » fugacity of working fluid at low pressure electrode, taken as a 
constant; AH — enthalpy of gaseous working fluid minus enthalpy of con
densed working fluid; η — electron number of electrode reaction; Ρ = 
vapor pressure of working fluid at high pressure electrode; Pi « vapor 
pressure of working fluid at low pressure electrode, taken as a constant; 
R = universal gas constant; Τ « vaporization temperature; and Tx -
condensation temperature, taken aô a constant. 

Operating Characteristics 

The theoretical operating voltage is given by the Nernst equation: 

The fugacities of the working fluid may be approximated by the partial 
pressures which may be estimated from the Clausius-Clapeyron equation: 

d(lnP) AH m 

dT ™ RT* w 

Differentiating Equation 1 and using Equations 1 and 2, one has: 
d Ε Ε AH /«χ 

d Τ " Τ nFT w 

If AH is constant with T, Equation 2 may be integrated: 

>•(£)--¥[*-*] 
Combining Equations 1, 3, and 4, we have the simplified expression: 

dE AH(l\ 
dT--^F\Tj ( 5 ) 

Using Equation 2, this becomes: 
dE _ RTl m 

d(lnP)" nFTx w 

Numerous, small-scale laboratory versions of the CGCC have been 
constructed and operated (see Figure 1). Two different, working fluid/elec
trolyte combinations were used—one with It as the working fluid and Pbli 
as the electrolyte, and another with Hg as the working fluid and an 
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2. ANGUS Concentration Cells 13 

ELECTROOESI 

PYREX-

LOW PRESSURE-
RESERVOIR 

\3 

THS SECTION 

A TUBE FURNACE 

-AUXILIARY HEATER 
FOR ΗΒΗ PRESSURE 
RESERVOIR 

1 >e 
Figure Î. Early Pyrex cell 

HgjClt/HgCU electrolyte. Both N i and Pt wire electrodes were used with 
the I2 cell; W and Pt wire electrodes were used with the Hg cell. 

Typical results for the I2/PM2 cell are shown in Table I. The voltage 
agrees with Equation 1 ; however, the agreement was not always this good. 
For example, when the Pbl* electrolyte was held just above its melting 
point (402°C), the voltage was approximately double the predicted value. 
This may be caused by a change in the electron number for the electrode 
reaction. The predicted voltages were calculated with π = 2 in accordance 
with the simple electrode reaction It + 2e — 2I~. 

Regeneration of the cells was accomplished by cooling the original 
hot end and vaporizing the I* from the original cold end. The cell voltage 
reversed as expected. 

It was not possible to reduce the internal resistance to acceptable 

Table I. Voltage Characteristics of I 2/Pbl 2 CGCC 
with N i Electrodes 

Vaporization temperature, T 2 , °C. 177 193 
Condensation temperature, T\t °C. 24 24 
Electrolyte temperature, °C. 538 538 
Voltage (low pressure side is negative) 0.22 0.28 
Predicted voltage from Equation 1 0.207 0.22 
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14 REGENERATIVE EMP CELLS 

levels using the small glass cells. For this reason, several more advanced 
types of cells have been constructed. The most successful configuration 
is shown in Figure 2. The contacts to the electrodes are made secure by 
screwing the inner, graphite cylinder in until the entire electrode assembly 
is in compression. The porous electrodes and thin electrolyte cavity are 
completely filled with electrolyte in another apparatus. I 2 was used as the 
working fluid and Pb l 2 as the electrolyte. The electrodes were porous N i 
with a relative density of 40% and a mean pore diameter of 22 μ. 

In the initial running of this cell, 6.2 ma. were obtained through an 
external load of 24.5 ohms. The open-circuit potential of the cell was 
0.17 volt, which corresponds to an internal cell resistance of 2.9 ohms. 
The cell resistance increased markedly with continued running of the cell. 
Inspection of the electrode-electrolyte assembly indicated the pressure 
difference had forced most of the Pb l 2 through the porous N i electrodes. 
Corrosion of the Ni electrodes by the I 2 may have been responsible for 
part of the internal resistance increase. In these runs, the full vapor 
pressure of I 2 was not used; instead, only enough I 2 was placed in the cell 
to produce a total pressure of one atmosphere. Work is under way on 
similar cells, with Na as the working fluid and NaCl as the electrolyte. 

THREADED BORON 
NITRIOE SLEEVE 

QUARTZ INSULATOR 

BORON NITRIOE 
SEPARATOR RING 

POROUS METAL ELECTRODES 

ELECTROLYTE CAVITY 

CONDENSED WORKING 
FLUIO 

Figure 2. Latest cell configuration 
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2. A N G U S Concentration Cells 15 

Comparison with Existing Methods 

The principal advantage of the CGCC is the absence of any chemical 
regeneration step. Because the working fluid undergoes no chemical change, 
no regeneration and separation steps are necessary. The ultimate values 
of power/mass and power/volume for the CGCC would therefore appear 
to be quite favorable. 

The CGCC appears similar to the thermocell—which is simply a 
thermocouple in which one leg of the couple is an electrolyte (1, 4, £)· 
In the CGCC, however, the temperature gradient does not appear across 
the electrolyte, thus minimizing one major source of irreversibility (heat 
leak). There will, however, still be an unavoidable heat loss down the 
current-carrying leads which go from the electrolyte to the load. This 
irreversibility cannot be eliminated because the thermal conductivity of 
these current conductors cannot be reduced below the value given by the 
Wiedemann-Franz Law. This type of irreversibility (or its equivalent) is 
inherent in all regenerative galvanic cell schemes. 

Because there are no irreversibilities within the CGCC when no cur
rent is drawn, the open-circuit potential can be computed using the methods 
of classical equilibrium thermodynamics. These methods cannot be rigor
ously applied to the thermocell because even under open-circuit conditions 
there is an irreversible heat flux through the cell (1). Nevertheless, the 
potentials of an I 2 /Ag l / I 2 thermocell have been found to agree with the 
results of approximate equilibrium thermodynamic calculations (5). The 
potentials are also close to those of the I 2 /PbI 2 / l2 CGCC. 

The principal difficulty associated with the CGCC is the necessity 
of maintaining the integrity of a liquid electrolyte subjected to a pressure 
gradient. Another difficulty for some systems is the low, open-circuit 
potential. In Table II, the computed operating characteristics for several 
working fluid/electrolyte combinations are summarized. The Na/NaCl 
and K / K C 1 systems have open-circuit potentials of 0.88 and 0.71 volt, 
respectively, which are of the same order as conventional regenerative 
galvanic cells. The pressure difference for these systems is not excessive 
and is of the order that may be contained with surface tension effects. 

Table II. Characteristics of the CGCC with Several 
Working Fluid/Electrolyte Systems 

Fluid/Electrolyte ρ Ohm-Cm.a 

Working 
Vaporization Condensation 

Temp. Temp. 
(T, °C.) (Γι, °C.) 

Open-Circuit 
Voltage Ρ mm.b Pi mm.b 

h/Fbh 2.1 
H g / H g î C h 2.0 
Na/NaCl .273 
K/KC1 .44 

410 
305 
827 
827 

119 
100 
327 
327 

0.3 
.22 
.88 
.71 

31,900 
246.8 
433 
1408 

93.4 
.27 
.0394 
.635 

β Values of resistivity are taken from Smithells (S) and are given for the vaporization temperature, Γ. 
6 Vapor pressures and fugacities for calculation of the open-circuit voltage were taken from 

Hultgren {#). 
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16 REGENERATIVE EMF CELLS 

The pressures at the low pressure electrode are not so small that intolerable 
gas phase concentration polarization will occur. 

Values of current density and power density referred to unit elec
trolyte cross sectional area have been calculated for matched load condi
tions. They are .394 amp./sq. cm. and .13 watt/sq. cm. for the Na/NaCl 
cell, and ,202 amp./sq. cm. and .0537 watt/sq. cm. for the K/KC1 system. 
For these calculations, a voltage efficiency of 0.75 was assumed. The elec
trolyte was taken to be 1 cm. thick and to have a resistance three times 
the value calculated from the resistivity of the pure electrolyte. These 
predicted characteristics compare favorably with other, more complex, 
regenerative, galvanic cell systems. 

Summary 

A new, thermally regenerative, galvanic cell based on the principle 
of continuous gas concentration cell is described. Results obtained with 
cells using I* as the working fluid and Pbli as electrolyte are given. The 
estimated operating characteristics of cells using Na/NaCl and K/KC1 
appear favorable in comparison with existing devices. 
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Solid Inorganic Electrolyte Regenerative 

Fuel Cell System 

C. B E R G E R and M. P. STRIER 

Astropower Laboratory, Douglas Aircraft Co., Inc., Missile and Space Systems 
Division, Newport Beach, Calif. 

Sintered zirconium phosphate membranes containing zeolites 
have significant water absorptive capacities over a temperature 
range of from ambient to 150°C. This feature makes them suffi
ciently conductive for fuel cell applications over this temperature 
range. Such membranes have transverse strengths of 5000 to 
6000 psi. They readily gain and lose water vapor in a reversible 
manner while maintaining good stability. This accounts for 
promising results obtained to date for regenerative hydrogen
-oxygen fuel cells using this membrane. In addition to presenting 
regenerative hydrogen-oxygen fuel cell data, water absorptivity 
and conductivity data are given and interpreted in terms of mem
brane composition and structure. 

' "phe earliest reported use of zirconium phosphate membranes as a solid 
A electrolyte for hydrogen-oxygen fuel cells dates back to 1961 (9,10, IS). 

Astropower Laboratory has been investigating the electrochemical behav
ior of modified zirconium phosphate structures from both a fundamental 
as well as a developmental aspect. Significantly, a comprehensive inves
tigation of composition and fabrication techniques, as they are related to 
membrane strength, conductivity, and hydrolytic stability, has led to 
deriving useful solid electrolyte structures. This is evidenced by successful 
hydrogen-oxygen fuel cell tests over the temperature range of 25° to 
148°C. (6). 

Most characteristic of these membranes is an incorporated zeolite 
component serving a water-balancing function by virtue of its high affinity 
for water and low rate of desorption. In this manner, the conductivity of 
the membrane is maintained at a suitable level over wide temperature 
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18 REGENERATIVE EMF CELLS 

limits. Therefore, it was our belief that such membranes were ideally 
suited for regenerative hydrogen-oxygen fuel cells. 

Hydrogen-oxygen fuel cells employing such membranes have per
formed continuously for over 1000 hrs. in the 60° to 75°C. temperature 
range at current densities of at least 25 ma./sq. cm. at 0.5 volt. Tests 
have run at 50 ma./sq. cm. and 0.65 volt and at 30 ma./sq. cm. and 0.73 
volt for over 300 hrs., as shown in Figure 1. Constant performance level 
prevails over the temperature range of 65° to 120°C. owing to the fact 
that the membrane tends to maintain a constant level of conductance over 
this temperature range. Current densities as high as 118 ma./sq. cm. at 
2.5 volts have been obtained in electrolysis experiments. 

This presentation is concerned with a description of the pertinent 
properties of the Astropower Laboratory zirconium phosphate-zeolite mem
brane system as they are related to independent electrolysis and fuel cell 
operation and subsequently regenerative fuel cell cycle. 

Historical 

The principal advantages to be gained from using solid electrolytes 
in fuel cells are compactness, simplicity of design, and few zero gravity 

800 - , , . , 

0 100 200 300 

Time (Hrs) 

Figure 1. Synopsis of fuel cell life test at 65 =b 1°C; Astropower 
zirconium phosphate-Zeolon-H membrane voltage vs. time at current 

density of SO ma./sq. cm. 
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3. BERGER AND STRIER Solid Inorganic Electrolytes 19 

limitations. The first ion membrane fuel cell involving hydrogen and oxy
gen was described in 1959 (22), and its capability in a regenerative fuel 
cell was described initially in 1960 (8). The device used an organic cation-
exchange membrane derived from sulfonated phenol formaldehyde poly
mers. This membrane system lacked strength and was unstable at slightly 
elevated temperatures. The temperature limitation characteristic of or
ganic polymeric ion exchange membrane systems remains up to the present 
time. Efforts have been made to alleviate such shortcomings by such 
innovations as the Hydrogen-Bromine Fuel Cell (HBFC) and the Dual 
Membrane Fuel Cell (DMFC) (7, 21). In the fdrmer, a sulfonated poly
styrene cation-exchange membrane separates the anode from the catholyte 
compartment (liquid phase) comprised of an aqueous solution of bromine 
and HBr. 

In the Dual Membrane Fuel Cell, two of the same type sulfonated 
polystyrene cation-exchange membranes separate the anode from the 
cathode with an intervening 6N H 2 S0 4 solution between the membranes. 
The various advantages and disadvantages of both the H B F C and D M F C 
systems have been discussed by Berger et al., previously (7, 20, 21). 

Some progress has also been recorded in another kind of regenerative 
fuel cell in applying aqueous K O H absorbed in asbestos in a solid elec
trolyte (11, 12). 

Pioneering work on zirconium phosphate used as cation-exchange 
material has been performed by Kraus (14,16,16,17), Amphlett (1, 2, S), 
and Larsen and Vissers (19). Hamlen has made a study of the conductivity 
of. zirconium phosphate under various conditions of hydration and found, 
that at the highest level of hydration, the mechanism of conductance 
corresponded to that in an aqueous phase. Both Hamlen (18) and Drav-
nieks and Bregman (9, 10) in 1961-2 reported on hydrogen-oxygen fuel 
cell studies with solid zirconium phosphate membranes at ambient tem
perature. The performances were promising although the membranes were 
weak. 

Astropower Zirconium Phosphate'Zeolite Membrane Studies 

General Considerations. The fuel cell investigation has been in 
effect at Astropower for three years under NASA sponsorship (5). The 
impetus behind the selection of inorganic membranes as a route to achiev
ing improved fuel cell performance can be outlined as follows. First, a 
strong skeleton network is required to provide necessary physical strength 
and ionizing functions for establishing an electrolytically conducting sys
tem. Second, an incorporated water-balancing agent is required to retain 
sufficient water in the membrane for appropriately high electrolytic con
duction. 
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20 REGENERATIVE EMF CELLS 

Membrane Composition and Fabrication Studies. After eval
uating the strength of a number of membrane systems during the early 
stages of the program, it was found that the best results were achieved by 
the sintering of zirconium dioxide with phosphoric acid and "Zeolon H , " 
a Norton Co. synthetic alumino-silicate zeolite. Other potential bonding 
materials, such as various silicate-based proprietary mixtures, yielded 
relatively fragile systems (δ). 

An explanation for the bonding characteristics of phosphate mate
rials is as follows: Acid phosphate groups such as HP04

2~~ have strong 
ligand properties which allow them to coordinate with cations of periodic 
groups II and III, as well as the transition elements. Cations already 
incorporated in the coordination compounds may still react with acid 
phosphate groups if the ion concentration is sufficiently high to shift the 
reaction equilibrium appreciably in favor of phosphate combinations. 
Thus, when finally divided metal oxides are treated with concentrated 
phosphoric acid, oxygen atoms are partly displaced by the phosphate 
group. On heating, the phosphorylated oxides dehydrate and condense the 
acid phosphate groups into linkages between the phosphate tetrahedra. 
The mixture then becomes fused into a solid mass. 

Such techniques for producing inorganic membranes as hot pressing, 
cold pressing and sintering, or by casting and sintering have been inves
tigated. Optimum properties such as high transverse strength and low 
resistivity were obtained by either cold pressing and sintering or by cast
ing and sintering. Our extensive study of the system of zirconia-phos-
phoric acid and "Zeolon H , " based on its having shown early promise, 
has led to developing membranes having suitable properties for fuel cell 
application. Maximum transverse strengths of 5000 to 6000 psi can be 
obtained by using stabilized zirconia. Moreover, reactivity with phosphoric 
acid, and thus higher transverse strength, is enhanced by smaller crystal
line size. In addition, a strong bond developed between zirconia and phos
phoric acid during sintering rather than during material drying and mixing 
stages. Sintering temperatures in the 300° to 800°C. range have produced 
strong membranes, having resistivities as low as 20 ohm-cm. measured at 
73% relative humidity and 105°C. 

Water Vapor Adsorption Capability and Relationship to Con
ductivity. Water vapor adsorption characteristics were determined by 
means of a controlled atmosphere thermobalance. This device consisted of 
a McBain balance employing a quartz spring. Water pickup was measured 
by suspending the sample membrane in a furnace tube adjusted to the 
desired temperature and relative humidity. The extension of the spring 
was followed by a cathetometer to measure changes in weight due to mois
ture pickup (4). 

Figure 2 shows curves depicting the water vapor adsorption charac
teristics at 12S°C. of three different zirconium phosphate membranes pre-
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3. BERGER AND STRIER Solid Inorganic Electrolyte* 21 
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Figure &. Water adsorption of typical membranes 

pared in our laboratory at different relative humidities and partial pres
sures of water. The membrane made of only Z1O2 and H8PO4 (Curve C) 
showed no water adsorption. However, for the composite membranes in
cluding the zeolites, either "Zeolon H " or " A W 500" with zirconium 
phosphate, appreciable water adsorption occurs. The amount of water 
adsorbed is much greater than can be accounted for by the presence of 
the one-third by-weight quantities of the respective zeolite in the mem
brane structure. 

Water adsorption isotherms for a composite membrane system of 
zirconia, phosphoric acid, and "Zeolon H , " prepared in equal weight 
ratios, are given in Figure 3. Measurements were taken at 71°C, 90°C, 
125°C, and 158°C. at various partial pressures of water vapor. Lines of 
constant relative humidities are shown at the lower temperatures. At 

28 

100 200 300 400 500 600 

p H z O (mm Hg) 

Figure 8. Water adsorption isotherms t ZrOrHiPOi-'Zeolon-H" membrane 
(1:1:1 composition) 
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22 REGENERATIVE EMP CELLS 

constant partial pressures of water vapor the ability of the membrane to 
adsorb water decreases with increasing temperature. On a constant relative 
humidity basis, the trend is still evident. What is most significant in these 
measurements, however, is the fact that this membrane system has an 
affinity for water even at temperatures as high as 158°C. 

Employing a related membrane system in the same conditioning 
apparatus, resistance measurements were performed at temperatures of 
70°C, 90°C, and 105°C. at relative humidities ranging from 26 to 83%. 
Test membranes were held between platinized electrodes having approx
imately 1.0 sq. cm. surface area. Resistivities were calculated from the 
membrane resistance measured by means of an alternating current bridge 
circuit at 1000 cps. A plot of logarithm of the resistivity vs. % relative 
humidity is given in Figure 4. Resistivities decrease with increasing relative 
humidities, which is consistent with a gain in water content. However, 
this trend diminishes drastically with decreasing temperature. From Fig
ure 3, at 71°C, the moisture content is somewhat higher than at 90°C. 
and apparently at 105°C. as well, for the same relative humidity. There

's 

9 9 
70UC 

90°C 

105°C 

20 30 40 50 60 70 80 90 100 

% Relative Humidity 

Figure 4. Log resistivity vs. % relative humidity for the 
membrane at 7CPC, 90°C.f and 105°C. 
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3. B E R G E R A N D S T R I E R Solid Inorganic Electrolytes 23 

fore, the increase in conductivity with rising temperature is apparently not 
related to the change in water content of the membrane. According to the 
data in Figure 3, membrane resistivities at 90°C. and 105°C. approach 
the resistivity level at 70°C. as the environmental humidity decreases. 
This means that despite the tendencies of these membranes to dehydrate 
at higher temperatures their conductivities do not decrease to levels lower 
than those of lower temperatures. Fuel cell performance is invariant over 
the temperature range of 65°C. to 120°C, which could be related to the 
tendency of the conductance of the membrane to remain constant over 
this temperature range. 

Arrhenius plots of the resistivity data at constant relative humidity 
over the 70° to 90°C. temperature range give activation energies ranging 
from 3 kcal./mole at 50% relative humidity to 16 kcal./mole at 90% 
relative humidity. This means that the rate of decrease in resistivity with 
rising temperature increases directly with higher relative humidity; this 
may be due to an increase in the amount of current-carrying ions resulting 
from the increased humidity. 

On the basis of such studies, it must be concluded that the zirconium 
dioxide-phosphoric acid-"Zeolon H , " membrane system offers promise in 
regenerative fuel cell operations as high as 100°C. 

In the sections which follow the results of electrolytic fuel cell and 
regenerative fuel studies with this membrane are described. 

Electrolysis Studies. Electrolysis studies were conducted on a 
zirconia-phosphoric acid-"Zeolon H " membrane. This material had a 
resistivity at 110°C. of 10.3 ohm-cm. and 4.0 ohm-cm. at 50% and 100% 
relative humidity, respectively. 

The two-inch membrane was sandwiched between a Teflon-bonded 
platinum black-tantalum electrode screen. A small amount of platinum 
black was added to the screen electrodes. Then, the assembly was clamped 
between one sq. cm. platinized electrodes and placed in a test chamber 
maintained at 60% relative humidity at 25°C. The configuration is shown 
in Figure 5. Current-voltage characteristics as a function of time are 
given in Figure 6. Figure 7 shows the variation in current density for this 
membrane maintained continuously at 2.5 volts for 400 min. at 25°C. 
and 60% relative humidity. There is a relatively slow decline in current 
density with time at each voltage level in Figure 6. That the cell could 
operate for almost 7 hrs. at 2.5 volts (Figure 7) indicates that a continuous 
process of water vapor adsorption is possible for these membrane systems. 
Water vapor is continuously being adsorbed by the membrane and moves 
through the membrane to the electrodes, where it is electrolyzed, forming 
oxygen and hydrogen. 

Under the proper design conditions, adsorption and electrolysis rates 
could be properly balanced at the desired voltage and current operating 
levels so that the unit would operate as a continuous water vapor electrol-
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Figure 5. Experimental electrolysis cell 

Figure 0. Current density at various voltages (membrane 
191-047) ateô ± 1°C. and 60% relative humidity 
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80 

Relative Humidity 60% 
Temperature 2 5 ° C 

100 200 300 400 

Time (Min) 

Figure 7. Variation of current density with time at 2.5 volts for an electrolysis 
cell using inorganic membrane electrolyte No. 191-047 (continuous operation) 

Figure 8. Astropower analytical fuel cell 

ysis unit. These data show that such solid membrane electrolytes can be 
effectively and efficiently used in regenerative fuel cells. 

Fuel Cell Studies. The zirconium phosphate-"Zeolon H " mem
brane systems have been evaluated in laboratory type fuel cells at tem
peratures ranging from ambient up to 148°C. A schematic diagram of one 
type of Astropower Laboratory fuel cell designed to accommodate a 2-in. 
diameter membrane is given in Figure 8. 
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26 REGENERATIVE EMF CELLS 

The electrodes were of a Teflon-platinum black, tantalum screen 
configuration obtained from American Cyanamid. About 0.3 gram pow
dered, platinum black was sprinkled on each side of the membrane prior 
to assembling the membrane-electrode-backup plate wafer. 

The membrane used in the results to be described was prepared in 
the following manner. An initial mixture of Zr0 2 and 85% H 3 P 0 4 was 
prepared in 1:1 weight ratio and sintered at 200°C. Then, the sintered 
material was crushed and ground to minus 80 mesh and mixed with equal 
parts of 85% phosphoric acid and "Zeolon H . " After drying and pressing 
into 2-in. diameter membranes having a thickness of approximately 0.7 
mm., it was sintered at 500°C. for 2 hrs. This membrane had a transverse 
strength of 5200 psi. 

Figure 9 summarizes the fuel cell operational characteristics—i.e., 
current densities plotted against time, for this membrane in separate life 
tests performed at 25°C, 64°C, and 75°C, respectively, all at 0.5 volt. 
(Electrolysis experiments were performed at the conclusion of each test 
and will be described below. Actually, the fuel cells were all still 
functioning at the moment of termination of the discharge cycle. 
At 25°C, current densities of 20 to 28 ma./sq. cm. for 624 hrs. operation 
were recorded. They ranged from 20 to 52 ma./sq. cm. for 1174 hrs. at 
64°C. and at 75°C; the range was 22 to 32 ma./sq. cm. for 912 hrs. This 
is not considered the optimum performance capability for such membranes 
because we do not consider that membrane properties or catalyst config
urations have been optimized. For example, by improving the mode of 
platinum catalyst application such as impregnating it into the membrane 

60 

1 0 H 

100 200 J00 4Ô0 500 600 700 800 900 1000 

Figure 9. Inorganic membrane fuel cell operating data at 0.5 volt for zirconium 
dioxide-phosphoric-'Zeolon H" membranes at 26°C, 64°C., and 75°C. 
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C h a r g e C u r r e n t D e n s i t y m a / c m 2 D i s c h a r g e 

Figure 10. Zirconium phosphate-"Zeolon H" membrane fuel cell charge and 
discharge operational characteristics 

system by a sintering procedure, it has been possible to improve perform
ance by as much as 20% (6). 

Regenerative Fuel Cell Study. The fuel cells performing for the 
indicated number of hours in Figure 9 were utilized as regenerative fuel 
cells at these three temperature levels. Electrode polarity was reversed 
and voltages ranging from 3.0 to 0.8 were applied across the cell. The 
corresponding currents were recorded as generated hydrogen and oxygen. 
The results obtained are plotted in Figure 10 as charge-discharge curves. 
According to these curves, the highest current densities for electrolysis 
are obtained at 25°C, with the results at 64°C. and 75°C. being essentially 
the same. This is consistent with the results of the prior electrolysis studies 
described above which indicated that the absorptive capacity of these 
membranes for water was inversely related to temperature. At 25°C. the 
decomposition potential for water appears to be approximately 1.9 volts 
at a current density of 30 ma./sq. cm. 

These data show that such zirconium phosphate-"Zeolon H " mem
brane systems are applicable to regenerative hydrogen-oxygen fuel cells. 
They are physically strong, thermally stable, have low resistivity, and 
absorb water efficiently. Therefore, by appropriate design consideration, 
a unit capable of electrolyzing water to hydrogen and oxygen on the 
charging cycle can be constructed, and the stored gases on discharge can be 
utilized. The membrane will have absorbed sufficient H 2 0 during this 
discharge process to regain its initial equilibrium moisture content. 
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Summary and Conclusions 

(1) Zirconium phosphate membranes œntamingincorporated zeolites 
serving as water-balancing agents do have significant water absorptive 
capacities. 

(2) By virtue of extensive composition and fabrication studies, it 
has been possible to prepare zirconium phosphate-"Zeolon H " membranes 
having transverse strengths in the 5000 to 6000 psi range and higher, 
while simultaneously possessing low enough resistivities to be suitable for 
hydrogen-oxygen regenerative fuel cell application. 

(3) Electrolysis studies on these membranes at 2 5 ° C . have indicated 
that current densities as high as 125 ma./sq. cm. at 2.5 volts can be 
achieved. 

(4) Because such membrane systems gain and lose water vapor 
readily in a reversible manner while maintaining good stability, their 
potential as the solid electrolyte in regenerative hydrogen-oxygen fuel 
cells appears favorable. 
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4 

Development of a Thermally Regenerative 
Sodium-Mercury Galvanic System 

Part I. Electrochemical and Chemical Behavior of 

Sodium-Mercury Galvanic Cells1 

L. A. H E R É D Y , M . L . IVERSON, G. D. U L R I C H , 2 and H . L . R E C H T 

Research and Technology Division, Atomics International, A Division of North 
American Aviation, Inc., P. O. Box 309, Canoga Park, Calif. 

The chemical and electrochemical characteristics of sodium 
amalgam galvanic cells were studied. A static electrode cell, 
contained in a stainless steel pressure vessel, was operated at 
temperatures from 477 to 510°C. under 140 to 180 psig argon 
cover gas pressure. A molten eutectic mixture of sodium salts 
was used as the electrolyte. Current densities as high as 200 
ma./sq. cm. were achieved without appreciable electrode polar
ization. A flowing electrode cell with a tubular electrode matrix 
was designed, built, and tested. In this cell the anode and the 
cathode compartments were supplied with continuous streams 
of concentrated and dilute amalgam, respectively. A complete 
thermally regenerative system (a flowing electrode cell coupled 
with a regeneration loop) was successfully operated for a period 
of 1200 hrs. at a cell temperature of about 490°C. 

'T'he application of thermally regenerative fuel cells for the conversion 
A of heat into electrical energy has been discussed recently (9). Ther

mally regenerative systems using liquid metal electrodes and fused salt 
electrolytes appear to be particularly promising because energy losses 
through electrode polarization and electrolyte resistance can be much 

1 Work performed under company-sponsored, independent research and develop
ment program. 

2 Present address: Billerica Research Center, Cabot Corp., Billerica, Mass. 
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4. HERÉDY E T A L . Behavior of Na-Hg System 31 

lower than in any other system. Experimental studies on several systems 
with liquid metal electrodes have been reported (1, 7). The aim of the 
present work was to investigate the feasibility of this concept for applica
tion in a space-power plant to convert heat from a compact nuclear 
reactor into electricity. The system consists of two major parts. One is a 
regeneration section in which the constituents of an alloy (in the present 
system, mercury and sodium) are separated from each other by distillation. 
The other part is the galvanic cell-battery in which the alloy is reconsti
tuted electrochemically at a lower temperature with the production of 
useful electrical energy. The operation of the complete Atomics Inter
national system (called T R A C for Thermally Regenerative Alloy Cell 
system) is discussed elsewhere (4). Work on the development of the alloy 
cell for the T R A C system is discussed in this paper. 

Cell Component Studies 

High specific output for space systems often requires a heat reject 
(i.e., radiator) temperature of about fths the (absolute) temperature of 
the heat source. With a reactor source (t = 700°C), a radiator tempera
ture of about 460°C. is desired. A battery operating temperature somewhat 
above 460°C. is therefore desirable for this application. Alkali metal-
mercury systems appear to be the most promising for use at this tempera
ture. The sodium-mercury system was selected for these studies because 
sodium has several advantages over the other alkali metals. Lithium had 
to be excluded because of the high melting temperatures of its amalgams 
(up to 600°C). Among the other alkali metals sodium has the lowest 
vapor pressure and, therefore, it can be separated from mercury by 
distilling more efficiently at the expected boiler temperature (~ 700°C). 
Another advantage of using sodium is that the mutual solubilities of 
several sodium-sodium salt systems are lower than those of the correspond
ing higher atomic weight alkali metal systems (2). 

E M F of Sodium/Sodium Amalgam Galvanic Cells. High tem
perature emf measurements with sodium-sodium amalgam systems have 
been carried out previously only with amalgams of high sodium content 
(J). Since emf values for dilute sodium amalgams could be calculated only 
crudely from mercury vapor pressure data using the Gibbs-Duhem equa
tion, experimental verification was desired. Therefore, it was decided to 
carry out experimental emf measurements on dilute sodium amalgams at 
elevated temperatures. 

The measurements were carried out with galvanic cells of the type 
Na(l)/Na+(glass)/Na-Hg(l) in the temperature range of 350-400°C. The 
emf vs. composition curve determined at 375°C. is shown in Figure 1. 
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The curve in the low sodium mole fraction region (0-20 mole% Na) 
represents new data (6) ; additional measurements in the high sodium mole 
fraction region agree well with the results obtained by Hauffe (5). Details 
of this investigation will be published elsewhere (6). Complete emf meas
urements with this system have not been extended to temperatures above 
400°C. However, open-circuit voltages were determined between 480 and 
500°C. in static cell experiments (described below) using a molten salt 
electrolyte with amalgams of known composition. The values obtained 
agreed within 10-15 mv. with corresponding cell voltage values calculated 
from the emf vs. composition measurements made between 350 and 400°C. 
This indicates that only minor changes may be expected in the emf vs. 
composition curve at temperatures near 500°C. 

SODIUM CONTENT 
(MOLE FRACTION) 

Figure 1. EMF vs. composition for so
dium-sodium amalgam galvanic cells 

Selection and Testing of the Electrolyte. In order to function 
properly in the T R A C cell, the electrolyte is required to satisfy the follow
ing conditions: 

a) It must melt below 500°C. 
b) It must be thermally stable at 500°C. 
c) The resistivity of the electrolyte should be low, preferably less 

than 1.0 ohm-cm. 
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d) It should contain Na+ as the only cation, and oxidation and 
reduction at the electrodes should involve only this ionic species. 

e) The mutual solubility of the electrolyte-sodium amalgam system 
must be low. 

f) It must not react chemically with other cell components (e.g., 
ceramic seals or matrices, sodium amalgam, etc.). 

Ternary or quaternary mixtures composed of sodium halides and a 
few other sodium salts were found to satisfy these requirements. The 
composition of the sodium salt mixture, which was selected as electrolyte, 
is proprietary. The electrolyte melts in the temperature range of 475-479°C. 
It was heated for extended periods at 550°C. and found to be thermally 
stable at that temperature. 

The conductivity of the electrolyte was measured over the temperature 
range of 515-630°C. in a sealed quartz conductivity cell. The cell wall 
appeared to be etched slightly during the measurement, but the conduc
tivity of the electrolyte did not change within experimental error (d= 2%) 
over a period of 6 hrs. The logarithm of conductivity, κ, varied linearly 
with the reciprocal of the absolute temperature (J) and fit the equation 
as follows: 

log* = 1.074 - ^ · 

The resistivity of the electrolyte at 500°C. was calculated from this equa
tion to be 0.50 ohm-cm. 

A preliminary experimental study of the mutual solubility of the 
electrolyte and sodium amalgams of various compositions was carried out. 
The electrolyte and amalgam were equilibrated and then isolated by dé
cantation or by using ball check-valves (S). The tests were made in sealed 
stainless steel (Type 304) tubes in the temperature range of 500-600°C, 
using sodium amalgams of 40-80 atom% sodium content. It was found 
that the solubility of the liquid metals in the electrolyte was very low. 
The solubility of sodium was less than 0.2 weight% in every sample; no 
mercury at all could be detected. The results on determining the solubility 
of electrolyte in amalgams were widely scattered. This was probably a 
result of salt dispersions forming. However, values as low as 0.1 and 0.3 
weight% salt were obtained at 550 and 650°C, respectively. Chemical 
interaction between the electrolyte and sodium amalgam was not indicated 
either in the compatibility tests or in the cell experiments. 

Ceramic matrices of 40-55% apparent porosity were used to contain 
the electrolyte. The ceramic was found to be compatible with the elec
trolyte. The ceramic material also resisted attack by sodium amalgam. 
No significant damage to the ceramic matrix was observed after a cell 
operation at 480-530°C. for a period of 1200 hrs. 
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Experiments with a Static Electrode Cell 

The aim of these experiments was to study the general electrochemical 
behavior of the system and to obtain information necessary for the design 
of a continuously fed (flowing electrode) cell. A schematic drawing of a 
flowing electrode cell, with the cell processes, is shown in Figure 2. The 
cell is supplied with a sodium-rich amalgam (anode) and essentially pure 
mercury (cathode). The cell process involves oxidation of Na to N a + at 
the anode, transport of Na+ through the electrolyte, and reduction of N a + 

to Na at the cathode. At both electrodes, a series of sodium-mercury com
pounds is formed. Products of the cell reaction are sodium-poor amalgams. 

CERAMIC MATRIX 

Figure 2. Schematic diagram of the TRAC cell and processes 

The main emphasis in the static cell experiments was placed on 
determining cell resistance and electrode polarization as a function of 
current density, at various temperatures, electrode compositions, and 
electrolyte-matrix configurations. Because at the temperature of opera
tion the vapor pressure of mercury is 100-140 psia, the cell was contained 
in a stainless steel pressure vessel and operated under an argon atmosphere 
at 140-175 psig total pressure. Figure 3 is a drawing of the cell. The 
mercury cathode is contained in a type 410 stainless steel crucible located 
at the bottom of the pressure vessel. The electrolyte matrix is fastened by 
a spring loaded stainless steel supporting frame to the bottom of a dense 
ceramic cylinder which is immersed in the mercury pool. The sodium 
amalgam is contained in the inner part of the cylinder-matrix assembly. 
Two stainless steel rods passing through the top of the cell dip into each 
of the liquid metal electrodes and serve as electrode terminals. The lower 
part of the cell was heated in an electric pot furnace; the upper half was 
cooled to permit the use of silicone rubber and Teflon gaskets. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

7 
| d

oi
: 1

0.
10

21
/b

a-
19

67
-0

06
4.

ch
00

4

In Regenerative EMF Cells; Crouthamel, C., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1967. 



4. H E R É D Y E T A L . Behavior of Na-Hg System 35 

Figure 8. Static electrode TRAC cell (cross-section) 

The amalgam electrodes were prepared, and the cell was assembled 
in a controlled atmosphere box under argon. The results of some typical 
experiments are discussed below. These serve to illustrate the operation 
of the static electrode cell. In one of these experiments, the cell was oper
ated for a period of 176 hrs. and was shut down voluntarily. A ceramic 
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disc (effective surface area: 11.4 sq. cm., thickness: 0.254 cm.) of 41% 
apparent porosity was used as electrolyte matrix. It was impregnated 
with the molten salt at 500°C, first in vacuum then under 15 psig argon 
pressure, for a total period of 2 hrs. 

The starting composition of the two liquid metal electrodes was 37.6 
atom% sodium in the anode and 2.9 atom% sodium in the cathode. The 
cell was operated in the temperature range of 470-510°C. under 150-175 
psig argon pressure. After a discharge period of 5-15 hrs., the cell was 
recharged electrically to about the starting electrode composition. Several 
such discharge-recharge cycles were carried out. Figure 4 shows a typical 
example of the change of cell voltage with time during discharge at various 
current densities. There was no appreciable polarization of the electrodes 
up to current densities close to 200 ma./sq. cm., as indicated by the 
nearly constant value of the apparent resistivity of the electrolyte-matrix 
combination during most of this experimental period. The last two resis
tivity values may indicate the onset of appreciable concentration polariza
tion caused by the low rate of sodium diffusion in the amalgam electrodes 
at a current density of about 200 ma./sq. cm. It appears, however, that 
the magnitude of the concentration polarization also depends on the 
composition of the electrodes and therefore on the cell voltage. This was 

TIME (min) 
Figure 4- Discharge characteristics of a static TRAC cell 

Figures above curve are current densities (ma./sq, cm.); those below are calculated 
resistivities (ohm-cm.) 
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4. HERÉDY E T A L . Behavior of Na-Hg System 37 

shown during another experimental period, when the open-circuit voltage 
of the cell was 0.48 volts, corresponding to a higher sodium content in the 
anode. At that time, a current density of 200 ma./sq. cm. could be main
tained without any appreciable polarization of the electrodes. At higher 
current densities, in the range of 300 to 360 ma./sq. cm., considerable 
polarization was observed. 

During recharge, strong concentration polarization was observed 
above a current density of about 100 ma./sq. cm. in a cell with an open-
circuit voltage of 0.32 volts. When the current density was decreased to 
70 ma./sq. cm., continuous recharging could be maintained without ap
preciable concentration polarization. 

It should be pointed out that the above results indicate that, at the 
same bulk electrode compositions, concentration polarization begins at a 
lower current density during recharging than during discharge. These 
results agree generally with the conclusions reached by Wright (8) in his 
studies on concentration polarization of potassium amalgam electrodes. 
In that work, the diffusion coefficient of potassium was reported to be 
lower in dilute amalgams than in concentrated ones. Assuming that this 
holds true for sodium amalgams, at a given bulk concentration and cur
rent density, the differential sodium concentration (surface to bulk) in 
the amalgam will be lower on discharge than on charge. This will then 
correspond to a lower concentration polarization on discharge. The above 
results suggest that convection streams (due to density differences) do not 
play a significant role in adjusting the amalgam concentration at the 
amalgam-electrolyte interface. If the surface concentrations in the amalgam 
were determined by convection, the onset of appreciable concentration 
polarization would occur at higher current densities during charging 
because convection streams would tend to replenish the sodium content 
of the amalgam in the surface layer. 

The value of the current density at which concentration polarization 
begins also seems to depend on the quality of the matrix. In another 
static cell experiment when a ceramic disc was used which had the same 
apparent porosity (41%), but had been prepared under different condi
tions, appreciable concentration polarization on discharge was observed 
at a current density as low as 120 ma./sq. cm. under otherwise similar 
experimental conditions. 

The measured resistivity of the electrolyte-matrix combination was 
as low as 3.0 ohm-cm. in most of the static electrode cell experiments. 
This resistivity value is six times greater than the resistivity of the molten 
electrolyte itself. If one assumes that the effective area of contact between 
the liquid metal electrodes and the fused salt electrolyte is directly pro
portional to the porosity of the matrix (41%), and that all the pores are 
open straight channels perpendicular to the surface, one obtains a calcu
lated optimum value of 1.23 ohm-cm. for the resistivity of the molten 
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electrolyte. The experimental electrolyte resistivity value is 0.5 ohm-cm., 
T% as great as this, indicating an effective tortuosity factor of this mag
nitude. A systematic investigation of porous ceramic matrices should 
bring about improvements in their structural characteristics related to the 
tortuosity factor. 

Experiments with a Flowing Electrode Cell 

The basic features of the flowing electrode cell design were developed 
on the basis of the experience gained with the static electrode cell. Addi
tional laboratory experiments (corrosion tests, study of various seal de
signs) were carried out as required by the progress of the work. 

A cross-sectional sketch of the continuous cell is shown in Figure 5. 
A photograph of the assembled cell is shown in Figure 6. The main cell 
components are a cylindrical ceramic assembly and a tubular stainless 
steel structure which holds the ceramic parts. The electrolyte is contained 
in a porous ceramic tube which is supported by two dense ceramic end 
pieces. The dense-to-porous ceramic seal is pressurized by spring-loaded 
bellows which also serve to compensate for the difference in thermal 
expansion of the porous ceramic tube and the stainless steel cylinder. On 
the basis of corrosion tests, 410 stainless steel was selected for this design. 
High purity iron or tantalum gaskets were found to provide a satisfactory 
seal between the dense ceramic end pieces and the stainless steel flanges. 
The two liquid metal streams are pumped through the cell countercur-
rently, the mercury flowing upwards in the annulus and the amalgam 
flowing downward inside the porous tube. The presently used model has 
only one porous tube. An advanced design would have several porous tube 
matrices connected in parallel. 

The use of tubular matrices has the following advantages over discs 
or rectangular plates: 

1) The inherent structural strength of a tube is greater than that of 
a disc of the same surface area and wall thickness. 

2) The size of the porous ceramic-to-dense ceramic and dense ce
ramic-to-stainless steel seal surface per effective electrolyte matrix surface 
area is smaller in the case of the tubular design than for a cell of the same 
capacity equipped with disc matrices. 

3) The tubular construction lends itself better to countercurrent 
operation than a design utilizing disc matrices. 

4) The use of tubular matrices makes the construction of very com
pact cell units possible. Preliminary designs of cell units with a capacity of 
several hundred watts indicate a "specific weight" of about 3 grams/sq. cm. 
of active electrolyte surface for a cell unit filled with liquid metal elec
trodes. 
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AMALGAM FEED — . 

Figure 5. Flowing electrode TRAC cell (cross-section) 

In the first experiments the regeneration of the amalgam was carried 
out electrically. In this case, two feed tanks and two receiver tanks were 
connected to the cell. After filling up the feed tanks with amalgams and 
electrolyte the whole assembly was placed in an electrically heated oven. 
The exit lines of the four tanks were connected to a control panel which 
served to regulate the flow of the liquid metals by argon pressure. In 
these experiments current densities of 50-100 ma./sq. cm. were main
tained, and a power of 35 mw./sq. cm. was achieved at electrode flow 
velocities of 0.5-2.5 cm./min. The resistivity of the electrolyte-matrix 
varied from 6.0-12.0 ohm-cm. These resistivity values are 2-4 X greater 
than the resistivity of the porous disc electrolyte-matrices used in the 
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Figure 6. Flowing electrode TRAC cell 

static cell experiments and indicate a requirement for modified fabrication 
methods for achieving a favorable pore structure in producing tubular 
porous ceramic matrices. 

Two experiments were carried out with a complete cell incorporated 
in a regeneration loop system. In these experiments the amalgam exit 
streams were connected to the feed line of a continuous distillation unit 
(4) y and the cell was supplied with mercury and concentrated amalgam 
from the distillate and distillation residue streams, respectively. 

In the first experiment the complete system was operated for a period 
of 118 hrs., after which the run was terminated voluntarily. In the second 
experiment, operation was maintained at a temperature of about 490°C. 
for a total period of nearly 1200 hrs. During this test, after the complete 
system had run for 625 hrs., the loop portion was shut down for about 
440 hrs. to replace two leaking valves (the cell remained in operation in 
an electrically rechargeable mode). The regeneration loop was then re
started and was operated together with the cell for an additional 130 hrs. 
The test was terminated when a bottom iron gasket of the cell began to 
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leak. Later examination indicated that this leak was caused by air oxida
tion of the iron gasket, following failure of the external nitrogen purge 
system—not by corrosion caused by the T R A C materials. 

Because of difficulties in the experimental production of porous 
ceramic tubes of proper porosity and pore size distribution, a low-porosity 
ceramic tube was used as matrix in these experiments. The apparent 
porosity of these tubes was only 15%, and this resulted in high electrolyte-
matrix resistivity (50 to 55 ohm-cm.). These tubes held up very well 
during both experiments. The electrical resistivity of the electrolyte-
matrix did not change during the experiment, indicating that both the 
fused salt electrolyte and the ceramic matrix were very stable under the 
operating conditions. 

Conclusions 

A mercury-sodium amalgam cell has been developed for a thermally 
regenerative, fuel cell system. The molten salt electrolyte has a low resis
tivity (0.5 ohm-cm. at 500°C.) and is chemically compatible with both 
the amalgam and the ceramic. The electrolyte-matrix showed resistivities 
as low as 3 ohm-cm. 

A static electrode cell was constructed for electrochemical measure
ments with the system. Current densities as high as 200 ma./sq. cm. were 
achieved without appreciable electrode polarization at an operating tem
perature of 480-510°C. A flowing electrode cell with a tubular electrolyte-
matrix was constructed. This cell, coupled with a regeneration loop, was 
successfully operated for a period of 1200 hrs. at a temperature of about 
490°C. No deterioration of the electrolyte matrix occurred during the 
experiment. 

The results of the chemical compatibility studies and the electro
chemical measurements with the static and flowing electrode cells indicate 
that the described system is applicable for developing a reliable high-
power density, thermally regenerative power unit. 
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5 
Development of a Thermally Regenerative 
Sodium-Mercury Galvanic System 

Part II. Design, Construction, and Testing of a 

Thermally Regenerative Sodium-Mercury Galvanic 

System1 

I. J. GROCE and R. D. OLDENKAMP 

Research and Technology Division, Atomics International, A Division of North 
American Aviation, Inc., Canoga Park, Calif. 

In operating Atomics International's Thermally Regenerative 
Alloy Cell (TRAC) system, the sodium amalgam stream from 
the cell battery must be converted to a sodium-rich amalgam and 
mercury. This is done in the regenerator which distills and 
separates a mercury fraction, condenses the mercury vapor, 
cools both streams, and then recirculates them to the cells. A test 
loop was built and operated to study these regeneration processes. 
Two tests were made with the regeneration loop connected to 
single-matrix TRAC cells—one for 116 hours, and another 
for 1197 hours. The cell internal resistance did not change dur
ing either test, indicating that the cell materials are compatible 
with the working fluids under flow conditions. The tests also 
demonstrated the long-term operability of the TRAC system. 

Hphe thermally-regenerative energy conversion system under develop-
ment at Atomics International has been named the " T R A C System," 

from the initials of the words "thermally-regenerative alloy cell." The 
T R A C system uses galvanic cells, in which liquid metal streams of sodium 
and mercury are allowed to combine electrochemically to produce an 
alloy plus electrical energy. The alloy produced by the cells is regenerated 

1 Work performed under company-sponsored, independent research and develop
ment program. 
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with heat, yielding the two liquid metal streams which are recirculated 
to the cells to continue the process. 

The T R A C system can be considered in two parts—the galvanic cell 
battery and the regeneration system. The T R A C cell and the cell develop
ment program are described elsewhere (4). This paper summarizes the 
regeneration system development and describes the test program carried 
out to study first the regeneration system alone, and then a complete T R A C 
system. 

The T R A C system flow diagram is shown in Figure 1. The regenera
tion system includes all components except the cell battery. Each cell in 
the battery consists of an anode chamber and a cathode chamber, separated 
by the electrolyte matrix. Continuous streams of sodium-rich amalgam 
and nearly pure mercury flow through these chambers, and sodium is 
transferred from anode to cathode in each cell, causing an electrical cur
rent to flow through an external circuit connecting the electrodes. This 
mass transfer reduces the anode sodium concentration and increases the 
cathode sodium concentration, so that both of these streams leave the 
cells as dilute amalgams. They then go to the regeneration system. 

In the regeneration system, the two dilute amalgam streams are com
bined and pumped to a boiler, where heat from an external heat source is 
used to boil the mixture. This produces a vapor phase of nearly pure 
mercury and a liquid phase of sodium-rich amalgam. The liquid and vapor 
phases are then separated, both are cooled to the cell temperature, and the 
vapor phase is condensed. The two liquid streams are then returned to the 
cells to repeat the process. 

The regenerator consists of a pump, boiler, heat source, vapor-liquid 
separator, cooler, condenser, and associated tubing, valves, and controls. 

M PUMP 

HEAT 
SOURCE 

CELL 
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ι 
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Figure 1. Basic TRAC flow diagram 
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5. GROCE AND OLDENKAMP Design of Na-Hg System 45 

For a space power system, the vapor-liquid separator will have to perform 
well under zero-gravity conditions, where there is no weight difference 
between the two phases. Also, the heat rejected in the cooler and condenser 
will have to be transferred to space through a radiator. The thermal effi
ciency of the system can be improved by heat exchange between the rela
tively cool material leaving the cells and the hot material leaving the sepa
rator. Further, if the pump is electromagnetic and powered by the T R A C 
cells, the system will have no moving parts. This will eliminate bearing wear 
and rotating seal problems and add to the inherent dependability of the 
power plant. A space T R A C system would then have the flow diagram 
shown as Figure 2. 
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^ ^ ^ ^ ^ h f c l 

Γ -1 | — | Γ* BATTI 

I ^ 
ι 1 ι — 1 ! · 
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Q L E R ! 1 PUMP 

PUMP 

en 
! REGENERATIVE j 
HEAT EXCHANGER 

* — * 

HEAT 
SOURCE 

• 

SEPARATOR 

BOILER 

Figure Flow diagram for a space system 

None of these components is unique in concept; all are required, for 
example, in a mercury Rankine-cycle power plant. However, the condi
tions of high sodium concentration and low flow rate under which they 
must operate are unique to T R A C . Because of this, existing liquid metal 
loop technology for mercury Rankine-cycle plants cannot be used directly 
in designing T R A C components. For this, additional data for boiling, 
cooling, condensing, separating, and pumping sodium-mercury amalgams 
under T R A C conditions were needed. Further, T R A C has other unique 
features to be studied. It was necessary to know the extent of any chem
ical and/or physical reactions between the molten salt electrolyte, the 
ceramic matrix, and the flowing amalgam streams and the effect of any 
such reactions on the regeneration system performance. To study these 
problems experimentally requires an actual regeneration test loop, built 
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to be operated under different conditions with various component designs. 
Such a loop has been designed, built, and operated at Atomics Interna
tional. It is described below, along with the results of the first tests. 

Design and Construction of the Test Loop 

In designing the test loop, it was decided that emphasis should be 
placed on testing and evaluating components which should work well 
under zero gravity conditions, evaluating materials of construction, and 
studying cell-loop interactions. For simplicity of operation, the heat ex
changer and radiator were omitted, cooling water was used to remove 
waste heat, and electrical heaters were used. An electromagnetic pump 
operated by a separate laboratory power supply was provided. The entire 
loop was designed to operate at the temperature of a nuclear reactor 
powered system—i.e., with a boiler temperature of up to 1300°F., and the 
boiler was designed to operate under zero gravity conditions. Also, a cen
trifugal separator of the cyclone type was included. 

The loop was designed to use 5 kw. of electrical heat. This size loop 
was chosen as being large enough for practical tests, yet small enough to 
be built and operated in the laboratory. Also, a system with this power 
input would ultimately be able to produce enough electricity to power its 
own pump and provide a good demonstration of an integrated cell-loop 
system. 

In preliminary calculations made to determine flow rates and heat 
requirements, a boiler temperature of 1280°F. and cell temperature of 
900°F. were chosen. Then, because the mercury stream entering the cell 
contains almost no sodium, the cell pressure was the vapor pressure of 
mercury at 900°F., or about 100 psia. The boiler pressure was only slightly 
higher than the cell pressure, or about 105 psia. With the boiler temperature 
and pressure known, the equilibrium compositions of the vapor and liquid 
leaving the boiler could be determined from equilibrium data for the 
sodium-mercury system. The vapor pressures of sodium-mercury amalgams 
were measured and used to calculate the equilibrium compositions of the 
liquid and vapor phases. At 1280°F. the vapor composition was 0.2 atom 
percent (a/o) sodium and the liquid was 38.5 a/o sodium. It was assumed 
that the streams entering the cell would have these compositions. It then 
remained to estimate the flow rates, cell power, and efficiency. 

The method used to estimate cell output as a function of the anode and 
cathode flow rates and inlet compositions is described elsewhere (7). For 
the case where the anode and cathode exit compositions are the same and 
the voltage is the same at both ends of the cell, mass balances indicated 
the sodium concentration in the effluent streams would be 13 a/o sodium, 
and that the molar flow rate of mercury through the cathode compartment 
would be 3.2 times that through the anode compartment. Under these 
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conditions the 5 kw. boiler could distill the cathode material (mercury) 
at the rate of about 0.8 gram mole/sec. Cells using this material would 
produce about 300 watts at 0.3 volt for a system efficiency of 6%. The 
individual components used in the test loop were then designed based on 
these calculations. 

The flow diagram for the test loop is shown in Figure 3. Because no 
cells were available at the beginning of the test program, two reservoirs 
were used in their place. The temperature range of the T R A C loop, 900 to 
1300°F., was not so high that refractory metals or other exotic materials 
were needed. However, a consideration affecting choice of materials of 
construction was the corrosion or dissolution caused by sodium and mer
cury metal and mercury vapor. Recent data (tf, 7) indicated that the 
400-series stainless steels would probably be suitable materials for com
ponents exposed to high temperature mercury, so these materials were 
used in the boiler, separator, and condenser, and in the amalgam line 
between the separator and reservoir. Other lower temperature components 
were made of type 316 stainless steel. 

COMPOSITION, ATOM PERCENT SODIUM 

Figure S. Vapor-liquid equilibrium compositions at 
100 psia 

The boiler was based on the design concept of a SNAP-2 mercury 
boiler (5). A |- in. I.D. tube of type 410 stainless steel was chosen for the 
boiler tube, and a twisted-ribbon turbulator was included to insure im-

A. C. S. Editorial Library 
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proved contact between the heat transfer surface and the working fluid, 
as would be required under zero gravity. Using the flow rates and heat 
requirements previously calculated, a heat transfer area was calculated 
which required a tube 12.6 ft. long, coiled into a helix. The pressure drop 
in the boiler was estimated at 5 psi. 

Electrical heaters were used to heat the boiler tube. This was done by 
inserting the tube inside a shell of stainless steel, with the shell filled with 
sodium metal. A 3-kw. electrical immersion heater was inserted into the 
sodium in the middle of the coil, and five 400-watt strip heaters were 
mounted around the outside of the shell. An argon blanket was provided 
above the sodium to allow room for thermal expansion. 

The separator was designed as a centrifugal cyclone. Mercury vapor 
and liquid amalgam enter the separator tangentially, where their velocities 
cause them to spin around the inside wall, forcing the vapor to the center 
and out the top. 

It should be noted that equilibrium between liquid and vapor is ap
proached in the separator. Thus, if the boiling material reaches the sepa
rator well-mixed, as it should, then a one-theoretical-plate separation 
should occur. This is the most that can be achieved with one stage separa
tion under zero gravity conditions. 

The condenser was a single straight tube made of 410 stainless steel. 
This tube had four fins on the outside parallel to the tube axis and spaced 
90° apart, which were cooled by water in copper cooling coils. The finned 
tube design was used to simulate space radiator heat transfer conditions. 

The estimated pressure drop around the complete loop, including 
pressure losses in the cells, was 8 psi. With a 2-psi safety margin a pump 
capable of developing 10 psi was needed. The pump throughput was known 
from the flow rates and compositions of the cell exit streams, and the pump 
operating temperature was taken to be 900°F. A Faraday electromagnetic 
pump was designed to these specifications (#). The pump used a permanent 
magnet of 4700 gauss field strength, and a power source of up to 600 amp., 
at 0.8 volt. This power was supplied by a high-current rectifier system, 
operated from the laboratory service A-C supply. 

The reservoirs were type 316 stainless steel cylinders, designed to 
provide a storage capacity for the liquid metals plus an argon blanket 
space above the liquid metal surfaces. This gas blanket was used to control 
the system pressure. The gas spaces at the tops of the two reservoirs were 
connected to equalize the pressure on the anode and cathode legs of the 
loop. The connecting tubing was type 316 stainless steel everywhere except 
between the separator and amalgam reservoir, where type 410 stainless 
steel was used. Stainless steel bellows valves were used to avoid contam
ination from packing and to assure leak tightness. Two of the valves were 
on sample lines which were used to sample the amalgam and mercury 
stream compositions. 
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5. GROCE AND OLDENKAMP Design of Na-Hg System 49 

Chromel-alumel thermocouples were used to measure the temperature 
at 22 different points on the outside of the loop, including the boiler tube, 
condenser tube, and separator. The system pressure was measured at the 
argon blanket above the liquid metal level in the reservoirs, using a stain
less steel Bourdon tube gage. 

Flow measurements were provided by two electromagnetic flow
meters, one in the amalgam line and one in the mercury line. These op
erated much like the pump and used identical magnets. Their output 
signal was an emf of the order of 0.1 mv. These flowmeters were positioned 
so as to avoid interference by signals from the pump. 

Al l tubing connections were welded except for those in the argon 
lines, which used "Swagelok" fittings. The loop was assembled in a vented, 
fireproof enclosure. The final assembly is shown, with the front panels of 
the enclosure removed, in Figure 4. 

Operation of the Test Loop 

The loop was filled with a 14 atom percent sodium amalgam, and then 
operated at boiler temperatures of 1000°F. and 1200°F., with the reservoirs 
maintained at 900°F. Samples of amalgam and mercury were taken to 
determine the separation obtained in the boiler (Figures 5 and 6) and to 
calibrate the flowmeters. The enriched amalgam compositions from the 
separator were found to be 35 atom percent sodium at 1200°F. and 90 psia, 
and 17 atom percent sodium at 1000°F. and 90 psia. These values are almost 
identical to the values for a one-theoretical-plate distillation under the same 
conditions. Flow rates equal to design values were obtained. 
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Figure 6. Assembled TRAC test loop 

Testing of the Complete System 

When a flowing electrode T R A C cell became available, tests of the 
combined system—cell plus regeneration loop—were carried out. Two 
such tests were performed. In both tests, the cell used was a single tube 
matrix cell of the type described by Heredy et al (4)-

Type 304 stainless steel feed and return lines were used to connect 
the cell into the loop between the reservoirs and the pump inlet. A bypass 
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5. GROCE AND OLDENKAMP Design of Na-Hg System 51 

line and bypass throttle valve were provided and used to regulate the flow 
rate of material through the cell. The cell was installed in a constant 
temperature electric oven, and electric heaters were provided for the cell 
feed and return lines. 

In the first test, the boiler temperature was kept at about 1250°F. 
and the cell at 950°F. The system was operated for 116 hrs. and then 
shut down. The regeneration loop performed satisfactorily during the test, 
but the pressure drop in the loop increased slowly as the test proceeded. 
This was evidently due to the build-up of corrosion product deposits, since 
loose corrosion products, mainly iron with traces of other stainless steel 
constituents, were found on cleaning out the loop. Excess salt from the 
cell (introduced during the matrix impregnation) was also found in the 
loop. However, no significant loss of electrolyte from the cell matrix pores 
occurred, because the cell internal resistance did not change measurably 
during the test. The performance of the cell during this test and the 
second test is described in Reference 4-

When the cell was disassembled after the first test, the iron gasket 
seals were found to be corroding externally, evidently from oxygen in the 
air. To avoid this in the second test, a system was installed in the cell 
oven to purge the gas spaces around the seals with dried, deoxygenated 
nitrogen. The regeneration loop was drained, cleaned, dried, and reloaded 
with fresh amalgam for the second test. 

The second test lasted for a total of 1197 hrs. but was interrupted by 
a repair period after 625 hrs. of continuous operation. In this test, the 
boiler temperature was kept between 1240 and 1280°F. and the cell at 
about 910°F. The loop performance was quite satisfactory at first, but 
then again a gradual increase in pressure drop was observed. Then, after 
625 hrs. of operation, the stainless steel bellows in two of the valves began 
to leak. These valves were replaced, which necessitated draining, cleaning, 
and reloading the loop. During this period, the cell was kept filled with 
amalgam and mercury and maintained at 910°F., but with no flow through 
it. After the loop was repaired, flow through the cell was reestablished and 
the test continued, with the system functioning as before. After a total of 
1197 hrs. of testing, a lower cell gasket failed due to a broken lower nitrogen 
purge line, and the test had to be terminated. 

During the test, the cell and loop had been operated together for a 
total of 750 hrs., and the cell had been in contact with the liquid metals 
for the entire 1197 hrs. The cell internal resistance had not changed during 
this time, indicating that the electrolyte was not leached out or removed 
from the matrix pores. Mercury corrosion products were again evident in 
the loop; the failure of the two valve bellows was probably due to mercury 
corrosion. Another factor which may have caused or contributed to the 
bellows failure is carbon transfer between the various steels—caused by 
the sodium. Sodium is an effective transport medium for carbon (1, S), 
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tending to carry it from regions of high activity to regions of low activity. 
The valve bellows were made of type 347 stainless steel, and there were 
also types 304, 316, and 410 present in the loop. The flowing sodium may 
have decarburized the high carbon type 410 stainless steel and carburized 
the other steels. A single alloy such as "Haynes 25" should work better 
than the mixture of steels used. For T R A C systems operating with boiler 
temperature of 1600°F. or higher, it will probably be necessary to use 
refractory metals such as tantalum to avoid the mercury and sodium 
corrosion problems. 

The system tests successfully demonstrated the operability of the 
T R A C system and showed that the T R A C cell materials will perform 
satisfactorily for long periods. 
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Development of a Thermally Regenerative 
Sodium-Mercury Galvanic System 

Part III. Performance Analysis for a Nuclear Reactor-

Powered, Thermally Regenerative Sodium-Mercury 

Galvanic System1 

R. D. OLDENKAMP and H. L. RECHT 

Research and Technology Division, Atomics International, A Division of North 
American Aviation, Inc., Canoga Park, Calif. 

The Thermal Regenerative Alloy Cell (TRAC) system is a closed
-cycle apparatus which converts thermal energy into electricity, 
with an overall efficiency limited to the Carnot-cycle value. Neces
sary irreversibilities reduce this by about one-half. For space 
application, efficiency must be considered primarily in its effect 
on the specific power of the system. In designing a TRAC system, 
component weights can be reduced at the cost of efficiency, but 
this requires a heavier heat source and radiator and increases 
pumping power requirements. A performance analysis, con
sidering component weights and pumping power requirements, 
determines the best system design for space application. Com
ponent weights estimated for many different sets of anode and 
cathode stream cell exit compositions indicate that the optimum 
system will have a specific power of about 10 watts/lb., un
shielded, and an overall efficiency of about 7%. 

*Tphe Thermally Regenerative Alloy Cell (TRAC) system is a device 
A which uses heat to regenerate the cell products which, in turn, produce 

electricity. It is composed of two main parts: the liquid alloy galvanic 
cell battery which produces the electricity, and the regeneration system 

1 Work performed under company-sponsored independent research and develop
ment program. 

53 
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54 R E G E N E R A T I V E E M P C E L L S 

which uses primary heat and supplies the reactants to the cells. The 
experimental programs undertaken at Atomics International to develop 
these two separate parts have been described elsewhere in this volume. 

For specific application as an auxiliary power plant for spacecraft, 
the cell battery and regeneration system must not only be combined into 
a complete system but generally combined so as to produce the most 
power/lb. of total system weight—i.e., to give maximum specific power 
output. To build such an optimized system, the proper combination of 
component capacities and system operating conditions must be found. 
This was done using certain limiting assumptions, by a mathematical 
analysis, which predicted the maximum specific power obtainable and the 
conditions required for its achievement. This paper describes the analysis 
and discusses the results which were obtained. 

The T R A C systems can use heat from any source producing this 
heat at temperatures over 1100°F. (~600°C) . These sources include 
nuclear reactors, radioisotopes, solar collectors, and even fossil fuels. A 
reactor heat source was selected for this analysis. 

The system studied was one powered by a SNAP-8 nuclear reactor 
which could supply 600 kw. of thermal power at a maximum temperature 
of 1300°F. (704°C). 

When the T R A C cell battery and regeneration system are combined, 
the complete power plant, whose flow diagram is shown in Figure 1, 
results. The cell battery receives a continuous supply of nearly pure 
mercury cathode material (0.2 atom% sodium amalgam under conditions 
herein considered) and molten sodium-rich amalgam anode material (38.5 
atom% sodium) from the regeneration system. This material is allowed 
to react electrochemically in the cell battery, producing electrical power, 
and the spent streams are returned for regeneration. 

In the regeneration system, the spent streams are combined and 
pumped electromagnetically through a heat exchanger to a boiler-separa
tor. Here heat from the SNAP-8 NaK coolant stream is used to vaporize 

NaK VAPOR ^ 
k 1300°F ' 1280°F 

LIQ 

REACTOR BOILER-
SEPARATOR 

1280°F HEAT 
EXCHANGER 

\ • 

i 

1100°F LIQUID 1100°F 
1080 °F 

RADIATOR 

PUMP Κ 

LIQUID 

890°F 

LIQ CELL 

890°F BATTERY 

r 

Figure 1. TRAC flow diagram 
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6. OLDENKAMP AND RECHT Performance of Na-Hg System 55 

mercury, producing the cathode material in vapor form. The liquid re
maining becomes the enriched anode material. 

The cathode vapor phase is then separated from the liquid, and the 
two streams are passed back through the heat exchanger where they give 
up heat to the incoming boiler feed. Both cathode and anode feed streams 
then pass into a radiator, where they are cooled to the 890°F. (477°C.) 
cell temperature and where the cathode material is condensed. The streams 
are then returned to the cells to repeat the process and generate more 
electricity. 

The analysis was done to study the interactions of the individual 
components in a complete system, to determine the capacities of the 
components required to produce the maximum power per unit system 
weight, and to assess the maximum specific power obtainable. 

In performing the analysis, certain technical requirements which 
imposed limits on the range of system operating conditions had to be 
considered. These limits were fixed by the temperature requirements of the 
T R A C cells and by the reactor heat source temperature limit. The T R A C 
cells use a molten sodium salt electrolyte which has a melting point of 
890°F. (477°C). This fixes the lowest temperature at which the cells can 
operate. It also fixes the cell pressure, because the cathode stream entering 
each cell is nearly pure mercury at its own vapor pressure. This pressure 
is 100 psia at the cell temperature. With the cell pressure fixed, the pres
sures at all other points in the system are also fixed and can be estimated 
by adding calculated pressure drops to the cell pressure. In this way, the 
pressure at the boiler-separator exit was calculated to be 105 psia. 

The boiler temperature is limited by the reactor operating tempera
ture. The SNAP-8 reactor will operate with coolant inlet and exit tem
peratures of 1100°F. (593°C.) and 1300°F. (704°C), respectively. This 
puts upper limits on the boiler inlet and exit temperatures. Because the 
boiling temperature of the amalgam increases with increased sodium 
concentration, a relatively constant temperature drop between the reactor 
coolant and the boiling amalgam throughout the boiler-separator can be 
maintained with countercurrent operation. Thus, heat transfer occurs at 
a high rate over the entire temperature range between boiler inlet and 
exit. This should make it possible to achieve a small temperature difference 
between the reactor coolant and the boiler-separator stream. In this 
analysis, a 20°F. temperature drop between the reactor coolant and the 
boiler stream was assumed so that the temperature of the material leaving 
the boiler-separator was taken to be 1280°F. (693°C). 

With the temperature and pressure at the boiler-separator exit both 
fixed, the equilibrium compositions of the liquid and vapor leaving this 
component were also fixed. At 1280°F. (693°C.) and 105 psia, these 
compositions were 38.5 atom% (a/o) sodium in the liquid (anode) and 
0.2 a/o sodium in the vapor (cathode). These were then the inlet concen-
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56 REGENERATIVE Ε M F CELLS 

trations of the streams fed to the cells. Only an equilibrium separation, 
equivalent to a one-theoretical-plate distillation, was assumed here because 
a multistage distillation cannot be carried out under zero-gravity conditions 
without actual mechanical separation of the phases between each stage. 

A cell in the T R A C battery may be designed to consist of many 
parallel ceramic tubes contained within a hexagonal cylindrical shell. The 
cross-section of such a cell is shown in Figure 2. The ceramic tubes are 
porous, and the pores are filled with the molten salt electrolyte. The anode 
stream flows through the inside of each tube, and the cathode stream 
flows countercurrently outside the tubes and inside the shell. This arrange
ment was chosen so that the cathode-electrolyte interface was the larger, 
because it was felt that any concentration polarization which occurred 
would occur principally at the cathode. 

Figure 2. Cell cross section 

Figure 3 illustrates the electrochemical reactions which occur in the 
cells. Sodium from the anode stream is oxidized to sodium ions at the 
anode-electrolyte interface, and these ions pass through the molten salt 
electrolyte in the pores of the ceramic tubes. They are then reduced at the 
cathode-electrolyte interface and form sodium-mercury compounds. As 
the cell reaction takes place, with a current flowing through a load con
nected to the electrodes, a net transfer of sodium occurs. This causes the 
anode and cathode concentrations to change in the directions of the 
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CERAMIC MATRIX 
Figure 3. Cell reactions 

flowing streams. Because the concentrations, and hence the interface 
potentials, vary along the tube length, the cell voltage and power produced 
is a rather complex function of the stream flow rates and the inlet com
positions. 

In general, larger flow rates cause larger concentration gradients 
across the electrolyte throughout each cell and thus produce more power 
per cell. However, larger flow rates are also less efficient because the anode 
and cathode streams leave the battery with more unreacted material. 
Thus, more heat input per unit of cell power output is required. There is, 
then, a relationship between efficiency and weight. The optimum T R A C 
plant must be the best compromise between one with high power per cell, 
using a lighter cell battery but producing less power from a given heat 
source, and a more efficient system, which produces more power but 
which requires a heavier cell battery. 

In the cells, for a given flow rate, the concentration of sodium in the 
anode and cathode streams varies from inlet to exit. The cell potential at 
any point along a cell tube is determined by the concentration difference 
between the anode and cathode streams at that point. This dependence 
is shown in Figure 4, which gives the potential of a sodium amalgam with 
reference to a pure sodium electrode. Part of this curve was obtained at 
Atomics International. The remainder had been measured by Hauffe (5). 
Note that this curve is nonlinear. It would be desirable to determine the 
concentrations, potential, and sodium transfer rate along each tube from 
the solutions to a set of partial differential equations describing the mass 
transfer processes in each cell. These equations, however, are made non
linear by the above relationship so that it is difficult to obtain explicit 
solutions for them. As an approximation, for this analysis, the average 
of the potentials across the cell at the anode inlet and exit-was calculated 
and used to estimate the average cell current from the known cell resistance 
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and load resistance. In this, the load resistance was assumed to be equal 
to the internal cell resistance, and it was assumed that no polarization 
other than the IR drop occurred. The average voltage and current then 
gave the cell power and sodium transfer rate. The power calculated by 
this averaging method was compared with a more exact solution for one 
case, obtained by a finite difference approximation of the differential 
equations, and was found to agree within 10%. 

To estimate the cell power using the average of the inlet and exit 
voltages, it was first necessary to know the exit compositions of the anode 
and cathode streams. These could be calculated from the flow rates, but 
it was more direct to choose values for the exit concentrations and then 
calculate the flow rates required to produce them. This is what was done. 
The power per cell could thus be estimated for any pair of anode and 
cathode exit compositions, and the rate of sodium transfer per cell could 
then be calculated from the cell current. After this, mass balances were 
used to calculate the flow rates of the anode and cathode streams into, 
and out of, each cell. Thus, for a given pair of anode and cathode exit 
compositions, the power produced per cell and the anode and cathode 
feed rate requirements per cell were determined. These were then used to 
calculate the heat requirements per cell and, with a fixed total heat input, 
determine the number of cells which could be supplied. The total system 
electrical power output was then calculated. The capacities and weights 

o I I I I I I I 
0 O.I 0.2 0.3 0.4 0.5 0.6 

SODIUM CONTENT 
(MOLE FRACTION) 

Figure 4. Potential of Na.NaHg couples 
at376°C. 
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6. OLDENKAMP AND RECHT Performance of Na-Hg System 59 

of the other components were then estimated. The total system weight 
was thus obtained and used to calculate the specific power output. 

The entire set of calculations was then repeated for each paired set 
of exit compositions until the pair yielding the maximum specific power 
under the assumed conditions was found. 

In calculating the weights of components having given capacities, 
individual design optimization studies could not be performed. Instead, 
weights were estimated using the results of existing calculations for other 
systems and available design calculation guidelines. The methods used 
and parameter values assumed in treating each component will now be 
discussed briefly. 

The cells were assumed to contain 120 tubes, each £-in. OD with 
rç-in. thick walls, 12 in. long. The shell of each cell was 3Hn. ID- The 
log-mean mass transfer area per cell was 820 sq. in. (5300 sq. cm.), and 
the weight varied from 30 to 33 lb., depending on the average densities 
of the amalgams it contained. The resistivity-thickness product of the 
tubes was taken to be 0.35 ohm-sq. cm. The power produced per cell 
depended on the anode and cathode flow rates, as previously discussed. 

The pump wa3 a direct-current Faraday pump requiring low-voltage 
and high-current, which is operated with power from the cells. It was 
required to develop 10 psi and was assumed to be 5% efficient. The weight 
was taken as 1 lb./watt of output. These values were based on design 
calculations for existing pumps (4). The NaK pump in the reactor coolant 
loop was of similar type. 

The heat exchanger was assumed to have an overall heat transfer 
coefficient of 1000 Btu/hr., sq. ft., °F. (2) and to weigh 10 lb./sq. ft. of 
heat transfer area, including amalgam inventory. Its weight varied with 
the anode and cathode flow rates, which determined the temperature of 
the incoming material. The material leaving this component was assumed 
to be at 1080°F. (582°C.) in all cases. 

The boiler-separator was planned to be a heated-wall cyclone sepa
rator, with heat supplied by the reactor NaK coolant stream. The momen
tum of the liquid-vapor mixture would hold the liquid against the walls, 
enhancing heat transfer, and separate out the vapor which would be 
forced to the center. The overall heat transfer coefficient here was taken 
to be 2000 Btu./hr., sq. ft., °F., and the weight to be 10 lb./sq. ft. of heat 
transfer area (#), including inventory. With a temperature gradient of 
20°F. and a heat input of 600 thermal kw., the boiler-separator heat 
transfer area was fixed at 51.2 sq. ft. for all cases, giving a boiler weight 
of 512 lb. 

The reactor heat source was a 600-kw. (thermal) SNAP-8 reactor, 
which was taken to weigh 835 lb., including the core, case, pump, piping, 
NaK inventory, and controls (1). 
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The condenser-radiator was assumed to reject all waste heat at its 
exit temperature of 890°F. (477°C). The heat rejection rate was taken to 
be 1.2 kw./sq. ft. and the weight to be 2 lb./sq. ft., including amalgam 
inventory and meteoroid shield. These values were based on use of a 
stainless steel tube radiator with aluminum fins (3). 

The above values were used to estimate the weights of the components 
required for each set of anode and cathode exit compositions investigated. 
The specific power for each set was then calculated and plotted as a 
function of cathode exit composition for different anode exit compositions. 
The results are shown in Figure 5. The optimum plant, on the basis of the 
assumptions previously described, corresponds to cathode and anode exit 
compositions of about 27.5 and 35 a/o sodium, respectively. The specific 
power of this plant was calculated to be 10 watts/lb., unshielded, and 
the efficiency was 7.0%. The plant would thus weigh 4200 lb. and produce 
42 kw. (electrical) of net power. 

The characteristics of this plant are shown in Table I. Here, it can be 
seen that the cell battery makes up nearly half of the total weight. Reduc
ing this battery weight is most important if plant specific power is to be 
increased beyond the calculated value. One way this can be done is to 
reduce the amalgam holdup in each cell. Alternate cell configurations are 
being considered to accomplish this. 

The rather small radiator area required should be noted, because it 
will make a compact plant possible. This is a result of the high heat 
rejection temperature. 

II 

I0h 

37% Να 
ANODE EXIT 
COMPOSITION 

11 I I I I I I I I 
0 5 10 15 20 25 30 35 40 
CATHODE EXIT COMPOSITION (atom % Na) 

Figure 5. Specific power of TRAC systems 
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Table I. Calculated Characteristics of a TRAC Plant 
Weight, Cells 

Radiator 
Reactor 
Boiler-Separator 
Heat Exchanger 
Pump 
Tubing and Structure 

Total 4238 lbs. 

1850 
930 
835 
512 

13 
48 
50 

Specific Power 
Efficiency 

Radiator Area 
Heat Input 
Heat Rejected 
Pumping Power 
Output Power, Net 

465 sq. ft. 
600 kw. 
557 kw. 
2kw. 
42 kw. 
~ 10 watts/lb. 
7% 

In conclusion, it should be restated that the analysis presented was 
only approximate. However, the results indicate the potential of T R A C 
systems for space power plants. 

Literature Cited 

(1) A.I.-7437, Aug. 6, 1962. 
(2) Allison Division, General Motors Corp., E . D. Report 3113 (Dec. 5, 1962). 
(3) Coombs, M. G., Stone, R. Α., "Space Heat Rejection," A.I.-9068, Oct. 11, 1963. 
(4) Guon, J. , A.I.-64-TDR-68, Apr. 8, 1964. 
(5) Hauffe, Κ., Z. Electrochem. 46, 348 (1940). 

R E C E I V E D May 9, 1966. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

7 
| d

oi
: 1

0.
10

21
/b

a-
19

67
-0

06
4.

ch
00

6

In Regenerative EMF Cells; Crouthamel, C., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1967. 



7 

The Thermally Regenerative Liquid Metal 

Concentration Cell 

B. AGRUSS and H. R. KARAS 

Allison Division, The Energy Conversion Division, General Motors Co., 
Indianapolis, Ind. 

Three basic schemes are described herein for thermal regenera
tion of fuel cell reaction products. A program was initiated to 
investigate a system wherein a liquid metal alloy product of a liq
uid metal concentration cell is thermally separated into solute 
and solvent-rich phases which are returned to the cell. It was 
seen that an alkali metal anode would contribute to a high cell 
potential, and a molten salt electrolyte would yield excellent 
conductivity and polarization characteristics. Na/Sn, Na/Hg, 
and K/Hg concentration cells have been investigated, and a 
three-cell, regenerative K/Hg battery was operated for a period 
of 60 hrs. Power densities better than 100 watts/sq. ft. have been 
attained at a potential of 0.55 volt. System efficiencies for ther
mally regenerative, liquid metal concentration cells compare 
favorably with projected system efficiencies for other types of 
thermally regenerative cells and systems. 

"P\eveloping fuel cells to produce electrical power has come to the fore 
within the past 10 to 15 years. It is historically noteworthy that from 

1956 to the present, the number of fuel cell papers has increased sharply. 
The five-year period extending from 1956 through 1960 shows no papers 
published and just one introductory round-table discussion, held by the 
Battery Division of the Electrochemical Society. In marked contrast, the 
second five-year period, from 1961 through 1964, saw 131 papers published 
by industry, government, and academic institutions. At the Power Sources 
Conference of 1958, five papers were contributed at the solitary session of 
fuel cells. At the 1964 conference, the number of papers advanced to 12, 
and the number of sessions doubled. During the year 1964, there were 10 
different symposia on fuel cells. 

62 
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7. AGRUSS AND KARAS Liquid Metal Cell 63 

There is, then, a consensus in a significant segment of the scientific 
community that fuel cells have a potentially important role in our future, 
due to the direct, clean, and efficient conversion of chemical to electrical 
energy expected from such devices. The approaching Apollo mission can 
well be considered as the end of a gestation period leading to the birth of a 
practical, primary, hydrogen-oxygen device. A comparison might be drawn 
with the automobile industry at the turn of the century, when the feasi
bility of many different mechanisms had been shown in workshops all over 
the world. Apollo corresponds to the first "wheel-out" of a practical device. 

The next step beyond the practical fuel cell is the coupling of an 
electrochemical system in a closed cycle with a thermal source freely ac
cessible or of long duration—e.g., solar, nuclear, or isotopic heat. This 
would, of course, be essential in special applications (space missions), 
limiting the carrying of the large bulk of fuel needed for long operating 
periods. With the internal combustion engine, regenerative operation with 
a single charge of fuel is difficult owing to the complexity of reactions 
involved. Closed cycle regenerative systems using metal and organic vapor 
turbines are being investigated mainly to reduce weight and bulkiness. 
But if the fuel cell is considered with the multiplicity of reactions available, 
could not some regenerative scheme be worked out to compete with the 
vapor cycle? The approaching ready availability of thermal energy gen
erated by solar, nuclear, or isotopic devices almost demands a strong case 
for a fuel cell system in which reaction products are thermally regenerated. 

Thermal Regeneration 

There are three general schemes for thermal regeneration, as follows: 

a) Identical cells are operated in opposition with a thermal gradient 
placed between them. 

b) Reaction products are thermally decomposed to their original re-
actant form. 

c) A liquid metal alloy, product of a liquid metal concentration cell, 
is thermally separated into solute and solvent-rich phases which are re
turned to the cell (A special case of B). 

In cells of Scheme A, reactants are chosen such that there is a large 
thermal coefficient of voltage. The load circuit is placed in series with the 
two cells (Figure 1) ; hence, products formed in the first cell are transferred 
to the second cell, where electrolysis occurs. The restored reactants are 
now returned to the first cell for further reaction. These systems have been 
reviewed (1, 18) but little encouragement was given for practical systems. 

In Scheme Β the reaction products are broken down thermally, such 
as is done in the lithium-hydride system (Figure 2). Alternatively, the 
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64 REGENERATIVE ΕΜΓ CELLS 

r t 
Load AB 

Figure 1. Schematic of thermally regenerative fuel cell (electro
thermal regeneration) 

Β 

A B 

Q in 

(thermal energy) 

Figure 2. Schematic of thermally regenerative fuel cell (thermomeehanical re
generation) 

reaction products can be broken down to the reactants electrochemically 
by reversing the current through the cell. 

Scheme C is really a special case of Scheme Β but does not necessarily 
involve compound formation. Cell products are restored by normal distil
lation procedures. Reactants A and Β are now metals, not compounds. 

Al l the above schemes are essentially heat engines subject to the 
second law of thermodynamics. They require both a heat source and a heat 
sink. The thermodynamics and theoretical efficiencies of regenerative sys
tems (8, 4, 7, 9) have been more than adequately covered by many authors 
and need not be repeated here. The special case of regenerative liquid 
metal systems was covered by Henderson (5) and also by Oldenkamp and 
Recht, and Hesson in this monograph. Expressions for thermal efficiency 
are derived and compared to Carnot cycle efficiencies. These papers can 
be consulted to obtain approximate theoretical efficiencies. 

Liquid Metal Concentration Cells 

A survey was made of the literature (6) in a search for thermally 
decomposable inorganic compounds, based on the following criteria: 

a) Easy separation of reaction products 
b) Simple reactions 
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7. AGRUSS AND KARAS Liquid Metal Cell 65 

c) Proper temperature range 
d) Reasonable kinetics 
e) Thermodynamic considerations 
The findings of the survey gave a list of 20 compounds which would 

offer reasonable regenerative schemes. Further detailed analysis reduced 
this list until just a few suitable combinations were left. 

A re-evaluation affirmed that a system having the desired high power-
to-weight ratio must be based on a molten salt electrolyte, because the 
conductivity of molten salt electrolytes is an order of magnitude higher 
than those of comparable aqueous systems (Figure 3). In addition, the 
temperature of operation and general characteristics of fused salts would 
lead to excellent electrode kinetics and consequently low polarization. 
Interest then became centered on a concentration cell utilizing a molten 
salt electrolyte and liquid metals as cell reactants. Such a cell can be 
represented schematically as: 

A« (Β) I A+ I A« (Β) (1) 
A * I A+ I A» (B) (la) 

in which A and Β represent a wide variety of metals, and ai and 02 are 
the activities of A in each electrode. The free energy associated with Cell 
1 can be expressed as: 

-AO = nFE = -RT In ^ (2) 
ai 

In the case of Cell la , the cell potential can be expressed as 

E ^ - ^ h i a , , (3) 

because the activity of a pure metal is unity by definition. Alloying reac
tions with high equivalent free energies yield high voltages, and the cell 
potential declines logarithmically with an increase in the concentration of 
A in the alloy A B . Because liquid metal electrodes are used, electron 
transfer and the diffusion of alloy A B away from the electrode surface 
should be very rapid. Exchange currents at metal electrodes in molten 
salts can be very high, which would allow relatively small activation 
polarization at high current densities. There can be some concentration 
polarization at the alloy-electrolyte interface at high current densities: 
when A can be discharged at a faster rate than surface tension effects and 
diffusion can remove it, resulting in a thin, high alloy concentration layer. 
The significant voltage loss in a cell of this type should be due primarily 
to IR losses. Because molten salts have conductivities of the order of 1-5 
mhos while the best aqueous electrolytes have conductivities in the range 
of 0.5-0.9 mhos, these cells should be capable of high power densities. 

Actual operation of a single cell is shown schematically in Figure 4. 
A and AXB„ are chambers containing A and AJB„, respectively, separated 
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66 R E G E N E R A T I V E Ε M F C E L L S 

by a porous ceramic matrix. The electrolyte is a molten salt or mixture of 
molten salts of cations of metal A and convenient anions, held in the pores 
of the ceramic matrix. The electrolyte is selected for its melting point 
range, lack of reaction with the liquid metals, and absence of thermal 
decomposition. As the cell operates: 

a) A gives up an electron and becomes the ion A+. 
b) The ion A+ migrates into the electrolyte. 
c) The electron passes through the load in the external circuit furnish

ing electrical power and unites at the electrolyte-cathode interface, with 
A+ forming the neutral atom A. 

Figure 4. Schematic representation of liquid metal cell 
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7. AGRUSS AND KARAS Liquid Metal Cell 67 

d) A reacts with the alloy A x B y , forming the alloy A'xBy, which is now 
richer in component A. 

e) The enriched alloy now flows out of the cell into the regenerator, 
where thermal energy is used to distill the alloy into the original reactant 
concentrations. 

The thermal energy would be derived from the most convenient 
source for the particular application. Thus by operating in a closed loop, 
and by flowing reconstituted alloy back into the cell, a steady power out
put can be maintained as long as thermal energy is directed to the regen
erator. 

In choosing a system for initial laboratory evaluation, the following 
factors were considered : 

a) An alkali metal anode would contribute to a high cell potential. 
Free energy values are high (10) for alkali metal alloys with base metals. 

b) The molten salt electrolyte should be mono-cationic. 
c) The cathode metal should have vapor pressure characteristics far 

removed from that of the anode material, in order to provide for the 
simplest thermal separation. 

d) The system should present the least formidable problems with 
materials of construction with the temperatures required. 

Specific Systems 

The first system chosen for laboratory work was the combination of 
sodium and tin. Initially, thermodynamic data were determined from the 
cell Na/glass/Sn at temperatures between 500° and 700°C. and have been 
previously reported as shown in Figure 5 as activity of Na vs. l/T with 
concentration of sodium as a parameter. Laboratory cells of the type 
Na/NaCl-Nal/NaxSn were operated singly and then in a regenerative 
fashion. It was shown (2) that the sodium-tin cell could operate between 
cathode alloy composition limits of 15-30 mole% Na, with open-circuit 
voltages between 0.33 and 0.43 volt at 700°C. 

In these cells no polarization was observed up to current densities of 
700 ma./sq. cm., the limit of the power supply. One cell was cycled like 
a secondary cell on a 20 min. charge-discharge cycle for 31 days. During 
this period it was observed that the cell was reversible and that it had 
operated at about a 95% coulombic efficiency. 

Separate regeneration experiments were carried out to study the 
efficacy with which varying mixtures of Na/Sn could be separated. The 
results are shown in Figure 6, indicating the amount of Na condensate in 
the regenerator collection tube as a function of time. Because the kinetics 
of separation were slower than desired at temperatures less than 1100°C, 
it was realized that a new liquid metal system would need to be chosen in 
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Figure δ. Activity of Na vs. temperature at indicated mole fraction Na in alloy 

order to keep regeneration temperatures below this previously imposed, 
arbitrary temperature limit. 

One additional test was run, however, in which a complete regenerative 
loop was operated for a short time until the insulating seals were attacked 
by hot Na vapor. The cell is shown in Figure 7. At the start of the run a 
31 mole% Na-Sn alloy was placed in the regenerator, but no Na was 
placed in the anode cup on the right. The anode cup, which separated the 
Na anode from the Na-Sn cathode, and which served as the electrolyte, 
was a porous alumina thimble impregnated with a eutectic mixture of N a l 
and NaCl. The cell was maintained at 625-650°C. in a furnace, and the re
generator was heated in another furnace to a temperature of 1000°C. Thus, 
no power could be obtained until sufficient Na metal had distilled over 
into the anode compartment to constitute the cell. This cell was operated 
for 15 min. at 0.3 volt and 0.1 amp. until the seals failed. 

Program effort was then directed to the potassium-mercury system 
because the kinetics of separating K-Hg were felt to be far superior to the 
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7. AGRUSS AND KARAS Liquid Metal Cell 69 

0 20 40 60 80 100 

TIME (MIN.) 

Figure 6. Na distilled from 8% (wt.) or 31% (mole) alloy; 160 
grams alloy in still at start 

earlier Na-Sn system. Also, its regeneration temperature would be close 
to that achieved by present day nuclear reactors. A schematic representa
tion of a thermally regenerative K-Hg system is shown in Figure 8. Κ and 
Hg react to produce electricity in the fuel cell and at the same time form 
a Κ amalgam. The amalgam is pumped through a boiler where it is heated 
above the boiling point of the Hg contained therein. In a separator the 
Hg vapor is separated from a rich Κ liquid. The Hg vapor and Κ liquid 
pass to a condenser-cooler where the Hg vapor is condensed and cooled 
to cell temperature, while the Κ liquid is cooled, also to cell temperature. 
The two reactant streams enter the fuel cell to repeat the cycle. 

The vapor-liquid equilibrium diagram shown in Figure 9 was devel
oped in our laboratories. It shows the acceptable low separation tempera
ture and the theoretical composition of the fluid streams to and from the 
cell. This shows that regenerative operation is feasible and practical. 
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Figure 7. Thermally regenerative cell system 

Figure 8. Mercury-potassium fuel cell system 
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Figure 9. Phase diagram, Hg-K 

As in the Na/Sn system, it was necessary to know the variation in cell 
voltage with alloy composition. Fortunately there was enough literature 
data (8) available to plot the curve shown in Figure 10. Operating labora
tory cells and a special K / K glass/K amalgam cell confirmed the data at 
a few points in the operating range. This curve, then, has been used 
throughout the work. 

Three electrolyte systems (two binary and one ternary) were con
sidered for use with this fuel cell. The binary systems were (1) K O H - K B r 
with a eutectic at 300°C, and (2) a mixture of K O H - K I with a eutectic 
at 250°C. The ternary system is a 70 mole% K O H , 15% KBr , 15% K I 
eutectic, and melts at 225°C. when properly dried. The melting points for 
all three eutectics were compatible with the cell requirements, and so 
the final selection of the electrolyte was based on the following considera
tions : 

a) The greater the difference between the cell-operating temperature 
and the melting point of the electrolyte, the greater is the expected con
ductivity. 

b) The greater the difference between the melting point of the elec
trolyte and the boiling point of Hg, the less is the danger of Hg boiling 
in the cathode due to internally generated cell heat. 

c) The lower the percentage of K O H in the system, the less corrosion 
there should be on the ceramic and metal portions of the cell. 

The ternary electrolyte, Figure 11, fits these qualifications best and 
was therefore used in the cell work. This electrolyte has a resistivity of 
1 ohm-cm. at cell temperature and contains less K O H than either of the 
binary systems. Some of the physical properties of this eutectic are shown 
in Figure 12. Mutual solubility was determined to see whether any adverse 
effects would be experienced by the system because of carryover or self-
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Figure 10. E0 vs. mole fraction Κ at H g electrode (pure Κ at Κ electrode) 

discharge. For instance, high Κ solubility could lead to a high rate of 
self-discharge. The low mutual solubility data shown in Figure 12 indicate 
that no adverse effects should be experienced. Subsequent cell data con
firmed the expected low, self-discharge rate. 

Laboratory work with the K / H g system involved the testing of many 
cell configurations and developing stackable prototype cell units. It cul-
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Figure 11. Ternary phase diagram KOH-KBr-KI 

Figure 12. Allison eutectic 

minated in the operation of single cells at power densities of up to 100 
watts/sq. ft. 

Early tests, Figure 13, were carried out to determine characteristics 
of the K / H g couple. Figure 14 is a voltage-time plot for the cell of Figure 
13 undergoing charge-discharge cycling. Charge and discharge time was 
12 min. for the half-cycle, and a 3-min. open-circuit period was interposed. 
Current density for this test was 87 amp./sq. ft. The shape of the curve 
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Figure 13. Differential density cell 

indicates that a concentration polarization was occurring, as indicated by 
the curvature, as the cell was charged or discharged. 

This polarization was due to the build-up of a diffusion-controlled 
layer at the cathode. This situation is partially correctable by using a 
thinner cathode stream. Because the quantity of electricity on charge and 
discharge was equal, 100% coulombic efficiency would be required in order 
for the open-circuit voltage to remain constant over a number of cycles. 
The open-circuit voltage dropped from 0.84 to 0.83 volt over the five 
cycles, indicating that the current efficiency was slightly less than 100%, 
whereas the efficiency was actually about 90-95%. Thirty K / H g cells were 
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7. AGRUSS AND KARAS Liquid Metal Cell 75 

operated, both with and without Hg flow, in order to accumulate expe
rience and cell data. Figure 15 is a view of the internal parts of a single, 
liquid-metal concentration cell and of a multi-cell, series-connected, com
pact battery. 

The seal was effected by pressure. The ribs in the insulator coined into 
the Kovar metal cell halves and the electrolyte feed ring, effectively sealing 
the three liquid streams from each other and the outside of the cell. 
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Figure H. Voltage-time plot of cycling differential density cell 

Figure 15. Liquid metal cell development 
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A novel sandwich matrix was used to contain the electrolyte, Figure 
16. Two thin, porous MgO discs 9.531 cm. in diameter were machined so 
that, when they were pressed together, electrolyte had access to the free 
volume between the two discs. Each disc was 0.064 cm. thick and had 
eight 0.065 cm.-thick reinforcing ribs. The sealing edges of the discs were 
0.190 cm. thick and 0.955 cm. wide. Two slots were cut in these edges to 
allow electrolyte access between the two discs when pressed together. 
Also, these slots lined up with electrolyte ports in the electrolyte feed 
ring. By this means, the matrix could be impregnated in situ after the cell 
had been assembled and leak-tested. Also, fresh electrolyte could be fed 
into the cell if and when needed. 

Performance data for a single cell and a three cell battery are shown 
in Table I. Power densities of 50-100 watts/sq. ft. were obtained over a 
period of 430 hrs. of operation. During 75 of these hours mercury was 
flowing through the cell in order to maintain voltage and power. The 
significance of the three cell-battery operation is that during 60% of its 
operating time at 45 watts/sq. ft., it had mercury flow. This mercury was 
supplied by sending the Κ amalgam from the cell to a boiler where the 
mercury was distilled from the amalgam, then returned to the cell This 
was the first experiment in which both a cell and a regenerative system 
operated together for such a length of time. 
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Table I. Battery Performance 
Single Cell 

Total life, hrs. 
Power output, watts/sq. ft. 
Duration of Hg flow, hrs. 

~430 
50-100 

— 75 

Three Cell Battery 
Total life, hrs. 
Power output, watts/sq. ft. 
Duration of Hg flow, hrs. 

100 
45 
60 

The K / H g cell showed itself to be a feasible cell, capable of being 
further developed into a full scale, thermally regenerative system. More 
work in two prime areas should produce cells much improved over those 
already operated. The two areas call for further improvement in the life 
of materials of construction and better electrode design to yield thinner 
diffusion layers at the electrode surface. 

System efficiencies for thermally regenerative, liquid-metal systems 
compare favorably with projected system efficiencies for other types of 
thermally regenerative cells. Figures 17 and 18 present the major param
eters of a 5 kw. K / H g system. Three curves are given, based on various 
degrees of development: present (laboratory cell) ; near future (few months 
with current knowledge); and 1967 objective (considerably more develop
ment). The influential operating parameter, yte, used for these curves, 
and which needs further development, is the product of electrolyte resis
tivity including matrix and thickness. 

It has been pointed out that the cell cathode diffusion layer can 
markedly influence both voltage and power density. In the system anal
ysis, therefore, the best diffusion data available were used. The complete 
analysis of this system design is found in References 11 and 12. The follow
ing data were used for the "present" : 

yte = 3.68 ohm-sq. cm. (electrolyte resistivity) (electrolyte thickness) 
yte = RA—Experimental 46 sq. cm. cell had average resistance of 

0.08 ohm. 
• Electrode thickness 0.6 cm. 
• Bonilla's diffusion data (9) 
• Sherwood number = 50 
• Voltage = 0.5 volt 
• Anode inlet = 0.60 mole fraction potassium 
• Anode outlet = 0.55 mole fraction potassium 
• Cathode inlet = 0.01 mole fraction potassium 
• Cathode outlet = 0.07 to 0.22 mole fraction potassium 
• Accessories weights (5) 
• Cell density = grams/sq. cm. 
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100' 10 
Overall system efficiency—% 

Figure 17. LMC specific weight based on efficiency and resistivity 
(does not include heat source or shielding) 
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7. AGRUSS AND κ ARAS Liquid Metal Cell 79 

At a fixed thickness governed by yte and cell design, density then 
becomes an areal function. 

For the "near future" the same data were used except: 

• yte = 2.0 ohm-sq. cm. 
• Electrode thickness = 0.3 cm. 
• Cell density = 10 grams/sq. cm. 

For the "1967 objective" the same data were used except: 

• yte = 0.5 ohm-sq. cm. 
• Electrode thickness = 0.1 cm. 
• Cell density = 6 grams/sq. cm. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

7 
| d

oi
: 1

0.
10

21
/b

a-
19

67
-0

06
4.

ch
00

7

In Regenerative EMF Cells; Crouthamel, C., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1967. 



80 R E G E N E R A T I V E E M F C E L L S 

The complete analysis is beyond the scope of this paper. It was set 
up on a computer program. The cell was the same as shown in Figure 4 
but with counter-current, liquid-metal electrode flow. A model was used in 
which the cell was divided into a number of segments. The changes in 
voltage, concentration, diffusion layer, current density, and flow were 
developed mathematically for each segment. By an iterative process, the 
performance of the complete cell was obtained by summing up the variables 
of the segments. 

Concentrations of amalgams entering and leaving the cell were fixed 
by the boiler and cell temperatures as given in the vapor-liquid phase 
diagram (Figure 9). These compositions also fix the changes in heat capac
ity, the heats of vaporization, and the thermal energy required for a given 
electrical output. A thermal energy balance was thus placed into the com
puter program along with the cell model data. Combining both computer 
programs and inserting the data listed above, the curves in Figures 17 and 
18 were derived. The computer programs have been used to obtain many 
other important relationships besides those shown. These studies have 
confirmed that the K / H g thermally regenerative system is competitive 
with any other regenerative system in the 1 to 50 kw. range, even those 
involving Rankine cycle mercury turbines. 

Another advantage for the liquid metal cell is the ease of heat manage
ment. A real problem exists in the ability of any fuel cell to cast off inter
nally generated heat when operating at desirable power and power den
sities, but using flowing liquid metals with their inherent heat transfer 
capabilities offers an excellent solution. 

Al l of these studies show that the best way to achieve high power 
densities and low system weight at reasonable efficiency in regenerative 
cells, either thermally or electrolytically, is by using liquid metal electrodes 
with fused salt electrolytes. 
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Thermodynamics and Thermal Efficiencies 

of Thermally Regenerative Bimetallic 

and Hydride EMF Cell Systems 

JAMES C. HESSON and HIROSHI S H I M O T A K E 

Argonne National Laboratory, Argonne, Ill. 

The engineering thermodynamic cycles and thermal efficiencies 
of bimetallic and metallic hydride emf cell systems, which are 
thermally regenerated by separating the reactants by distillation, 
are discussed. Thermodynamic equations are presented for the 
ideal regeneration cycles and from the ideal cycles, thermal 
efficiencies are estimated and compared to the Carnot cycle 
efficiencies. For the ideal cycle it is assumed, among other 
things, that the anode metal is distilled from the cathode metal 
which is nonvolatile. The effects of volatility of the cathode 
metal on the actual cycle thermal efficiencies are considered. 
Calculations for sodium-lead, sodium-bismuth, sodium-tin, 
lithium-tin, and lithium-hydride systems are tabulated. Equa
tions for engineering thermodynamic cycles and thermal effi
ciencies for electrothermal regeneration are also discussed. 

In this discussion we are concerned with the thermodynamics and thermal 
efficiencies of bimetallic cell systems in which the anode metal, cathode 

metal, and electrolyte are molten, and in which the anode metal is much 
more volatile than the cathode metal and is regenerated from it by dis
tillation or volatilization. We are also concerned with the thermodynamics 
and the thermal efficiencies of hydride cell systems in which the anode 
metal and electrolyte are molten and in which the hydride formed in the 
cell is dissolved in the electrolyte (and anode metal) and is regenerated 
from the electrolyte (or anode metal) by thermally decomposing it to anode 
metal and hydrogen. 

Although we are here primarily concerned with direct thermal regen
eration of the cell products by evaporation or distillation, electrothermal 

82 
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8. HESSON AND S H i M O T A K E Thermal Efficiencies 83 

regeneration will be briefly discussed. In direct thermal regeneration as 
well as in electrothermal regeneration the overall efficiency is limited by 
the Carnot cycle (8, 5,9,11, 12). 

Direct Thermal Regeneration 

Figure 1 shows a flow schematic of a bimetallic cell system. In this 
bimetallic cell system the cathode metal with some anode metal dissolved 
in it is circulated to and from the regenerator in heat exchange relation
ship. In the regenerator anode metal is evaporated to separate it from the 
cathode metal. The anode metal vapor is condensed and returned to the 
anode of the cell. 

Figure 2 shows a flow schematic of a hydride cell system. In this 
hydride cell system the electrolyte (or possibly anode metal) with dissolved 
hydride is circulated to and from the regenerator in heat exchange rela
tionship. In the regenerator hydride is decomposed to hydrogen and anode 
metal. The hydrogen is returned to the cell cathode and the anode metal 
is returned to the cell anode. 

Thermally regenerative emf cell systems are one method of converting 
heat energy into electrical energy and, for this reason, have been the subject 
of considerable interest and study (8, 10, 11, 12). Among the regenerative 
emf cell systems, which have been studied, are bimetallic (1, 4, 6) and 
metal hydride (2, 5) types which use fused salts as electrolytes. In the 
bimetallic cell systems, the anode and cathode metals are usually in the 
molten state. In the hydride cell systems, the anode metal is likewise 
usually in the molten state, and the hydrogen is in the gaseous state. In 

ANODE M E T A L 

ALKALI M E T A L 

IN SS SPONGE 

E L E C T R O L Y T E 

C A T H O D E S 

CELLS 

CATHODE M E T A L 

WITH 5 T O 3 0 M / 0 

ANODE M E T A L 

C A T H O D E M E T A L 

WITH 15 T O 4 0 M / 0 

ANODE M E T A L 

^ H E A T 
EXCHANGER 

CONDENSER 

SECTION 

E V A P O R A T O R 

SECT ION 

Ζ REGENERATOR 

Figure 1. Bimetallic cell system flow diagram 
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HYDROGEN OAS 

E L E C T R O L Y T E 
- <4 rr- rrr~rv\-rr-^ 

CATHOT s C A T H O D E S X 

CELLS 

• E L E C T R O L Y T E 
WITH S T O 19 M/O 
HYDRIDE AND S O M E LITHIUM 

Γ — E L E C T R O L Y T E 
WITH IS T O 2 0 ΜΛ) 
HYDRIDE 

• HEAT 
EXCHANGER 

ζ REGENERATOR 

VANADIUM DIAPHRAOM 

Figure 2. Lithium hydride cell system flow diagram 

both the bimetallic and hydride cell systems, the molten salt electrolyte 
will consist, at least partially, of salts of the anode metal in order to 
provide anode metal ions in the electrolyte. 

At the anode in the bimetallic cell systems, the metal is oxidized to 
positive ions, releasing electrons. The positive ions diffuse in the liquid 
electrolyte toward the cathode. At the cathode they are reduced to metal 
atoms, taking up electrons. The anode metal dissolves in or reacts with 
the cathode metal. The flow of electrons from the anode to the cathode 
through an external circuit constitutes the cell output current. In order to 
complete the cycle, the anode metal must be separated from the cathode 
metal and both returned to their separate cell compartments for reaction. 

At the anode, in the hydride cell systems, the metal is oxidized to 
positive ions, releasing electrons. The positive ions diffuse in the liquid 
electrolyte toward the cathode. At the cathode, hydride ions are formed, 
and they diffuse in the electrolyte toward the anode to form anode metal 
hydride in the fused salt. The hydride ions result from reducing hydrogen 
gas at the cathode, removing electrons from the cathode. The anode 
metal hydride dissolves in the electrolyte and, to a lesser extent, in the 
anode metal. In order to complete the cycle, the hydride must be decom
posed to hydrogen and anode metal, which are returned to the separate 
cathode and anode compartments in the cell. 

Bimetallic Systems 

Figure 3 shows a temperature entropy diagram of the idealized regen
eration cycle for the bimetallic systems. In this idealized cycle it is assumed 
that the regeneration takes place by evaporating anode metal from the 
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cathode metal, followed by cooling and condensing the vapor and returning 
it to the anode of the cell. It is assumed that no evaporation of cathode 
metal takes place; that there are no heat losses through insulation; that 
in the heat exchangers ideal heat exchange takes place; that regeneration 
takes place at a constant pressure which is the condensing pressure of the 
anode metal vapor; and that regeneration takes place at a constant mole 
fraction, x, of anode metal in the cathode metal. This infers that there is 
a very large circulation rate of the cathode metal to and from the regen
erator and that there is ideal heat exchange between the cathode metal 
going to and from the regenerator. The cell pressure is the condensing 
pressure, or the vapor pressure of the anode metal at cell temperature if it 
is greater than the condensing pressure. In this case the cell pressure 
could be maintained by a hydrostatic head of liquid anode metal between 
the regenerator and cell. 

is the net enthalpy change of, or the net heat added to, the cathode metal 
on cycling between the cell at temperature, Γ 2, and the regenerator at 
temperature, TZy with ideal heat exchange, per mole of anode metal circu
lated. ΌPi is the partial molar specific heat of the anode metal in the cathode 
metal. 

In Figure 3, (1) 

Δ Η 2 3 = / C p ^ d T 

Δ 5 Ι 2 = f 2 C p ^ 
•'τ. 

Figure 3. Temperature-entropy diagram of regeneration 
cycle for bimetallic cell systems 
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ΓΤι 

J τ, Δ 5 Β - / eP iC (2) 
is the entropy change per mole of anode metal. 

AHz and AS* are the enthalpy and entropy changes on evaporating 
the anode metal from the cathode metal at temperature, Tz, and χ mole 
fraction of anode metal in the cathode metal, per mole of anode metal 
evaporated. 

Δ#si = [J1 Cpv dT and (3) 
J Τ ι 

ASn = (4) 

are the enthalpy and entropy changes on cooling the anode metal vapor 
from temperature Tz to Γι, per mole of anode metal circulated. Cpv is the 
specific heat of the anode metal vapor. 

AH! = -Hfoi and (5) 

A S l = (6) 

are the enthalpy and entropy changes on condensing the anode metal 
vapor at temperature, Th per mole of anode metal vapor condensed. Hfoi 
is the latent heat of evaporation of the anode metal. 

AH12 = J* Cpi dT and (7) 

A S l 2 = f * C p i ^ (8) 

are the enthalpy and entropy changes on heating (or cooling) the anode 
metal liquid from the condensing temperature, Th to the cell temperature, 
Γ 2 , per mole of anode metal circulated. Cpi is the specific heat of the anode 
metal liquid. 

Δ Ο , = -nFE2, (9) 

AH2 = -nFE2 + nFT2 ( ^ ) p , and (10) 

are the changes in free energy, enthalpy, and entropy in the cell at the 
cell temperature, T2) per mole of anode metal transferred from the anode 
to cathode. F is Faraday's constant, E2 is the cell potential or emf, and 
η is the equivalents per mole of anode metal. 

This completes the regeneration cycle. 

AS< 2 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

7 
| d

oi
: 1

0.
10

21
/b

a-
19

67
-0

06
4.

ch
00

8

In Regenerative EMF Cells; Crouthamel, C., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1967. 
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The following equations apply for the bimetallic cell system regen
eration cycle: 

ΣΑΗ = 0 (12) 

ZàS = 0 (13) 
Thus 

AHZ = —ΔΗι - AHu - AH2 - AH2Z - AHZ1 (14) 

ASZ = -ASi - ASu - AS2 - AS2Z - ASZi (15) 

Also 

AHZ = Hfel + nFE2 - nFT2 (^ψ)ρ - f * (C ,i - Cpv)dT 

-I T ' (C„ - Cpv)dT (16) 
Tt 

AS3^-nF(^)p-jT
T\cpl-Cpv)d4 

-12 ( u " j - c - ) τ ( i 7 ) 

T. - (18) 

y y 
ec = Carnot cycle efficiency = — ^ — - (19) 

i 3 

e, = ideal cycle efficiency 

_ ideal electrical work 
— ideal heat input 

nFE2 

(20) 

nFE2 + Hfoi - A 

where —A is the net heat rejected between Tz and Th or the net accumu
lated negative value, if any, of 

- J2 (Opt - Cpv)dT + nFTi ( | ^ ) P - J2 (C„ - C„)dT (21) 

because rejected heat can be utilized only at a temperature lower than its 
rejection temperature. In the case where ΌΡι — Cpv = 0 and Τι = T2 or 

I dE \ 
where Vpi — Cpv = 0, Cpi - Cpv = 0, and \jjf) = 0, the ideal cycle be
comes a Carnot cycle. The following equation gives the regeneration 
pressure. 
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88 REGENERATIVE EMF C E L L S 

P» = Pi = Pz. exp {- \nFEt + nF(Tt - Tt) (f^ 

+ £ - C W (I' - l) dr]} (22)* 

where 
P 3 = regeneration pressure 
Pi = condensing pressure = vapor pressure of anode metal at Γι 
Pz* = vapor pressure of anode metal at Γ 3 . 

A relationship between T!ph the partial molar specific heat of the anode 
metal in the cathode metal, and CPi, the specific heat of the anode metal, is 

Vpl-Cpl = nFT(^>jp (23)· 

In the case of the bimetallic cell, 

Ε - =^ In (ax/a0) = In yx (24) 

where 

a0 is the activity of pure anode metal liquid = 1 
ax is the activity of the anode metal in the cathode = yxa0 

y is the activity coefficient of the anode metal in the cathode 
χ is the mole fraction of anode metal in the cathode. 
Since ax is a function of χ and Τ, Ε is a function of χ and T. 

The relationships of the variables in regeneration of a bimetallic cell 
system are: 

Γι = condensing temperature 
Γ 2 cell temperature 
Γ 8 = regeneration temperature 
Pi = condensing pressure determined by Γι 
Pz = regeneration pressure = Pi 
X = mole fraction anode metal in cathode metal 
E2 = cell emf 
E2 is determined by χ and Γ 2 (E2, x, and Γ 2 are directly interre-

lated) 
Tz is determined by χ and Pi or χ and Γι (Γ 3 , χ, and Pi or Γ 3 , xy 

and Γι are directly interrelated). 
These relationships show that in the case of the bimetallic systems, 

the condensing temperature, Γι, of the anode metal vapor from the regen
erator is determined by the regeneration pressure. The regeneration pres-

β For the derivations of Equations 22 and 23, see Appendix. 
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8. HESSON AND S H i M O T A K E Thermal Efficiencies 89 

sure in turn is a function of both the mole fraction, x, of anode metal 
content of the hot cathodic alloy in the regenerator boiler and the regen
eration boiler temperature, Tz. Thus, the condensing temperature, Τχ 
(temperature at which the bulk of the heat is rejected), increases as the 
regeneration temperature, Γ 3, increases, and the ideal regeneration cycle 
efficiency is nearly independent of the regeneration temperature, T 8, for 
a given mole fraction, x} of anode metal in the cathode. The ideal regen
eration cycle efficiency increases as the mole fraction, x, of anode metal 
in the cathode metal is decreased; however, a reasonable cathode metal 
circulation rate sets a minimum mole fraction of anode metal in the 
cathode metal. For a given mole fraction of anode metal in the cathode 
metal, the minimum regeneration temperature, in the case where reflux is 
not required, is determined by the magnitude of the anode metal partial 
pressure which is required to obtain reasonable distillation rates. In the 
case of liquid metals, a partial pressure of at least 1 mm. Hg is usually 
required for reasonable distillation rates. If reflux is required in the regen
erator, the minimum regeneration temperature may be determined by the 
need to avoid solid phase regions. 

Lithium Hydride System 

Figure 4 shows a temperature entropy diagram of the idealized regen
eration cycle for the lithium or other types of hydride cell. In this idealized 
cycle it is assumed that the regeneration takes place by decomposing to 
lithium and hydrogen the lithium hydride from the electrolyte (or anode 

/ | ~ Δ Η 2 = - n F E + n F T 2 ( £ ) p 

^ - A S 2 = n F ( £ ) p 

| _ A G 2 = - n F E 

E N T R O P Y ( S ) 
Figure 4. Temperature-entropy diagram of re

generation cycle for hydride cell systems 
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90 REGENERATIVE E M F CELLS 

metal) and then returning the gaseous hydrogen to the cell cathode and 
the lithium to the cell anode. It is assumed that no evaporation of elec
trolyte or lithium metal takes place; that there are no heat losses through 
insulation; that ideal heat exchange takes place in the heat exchangers; 
and that regeneration takes place at constant pressure, temperature, and 
mole fraction of lithium hydride in the electrolyte. This implies that there 
is a very large circulation rate of the electrolyte to and from the cell and 
regenerator, and that there is ideal heat exchange between the electrolyte 
going from the cell to the regenerator and returning. 

In Figure 4 

Δ # 2 3 = f*V**dT (25) 

is the net enthalpy change of, or the net heat added to, the electrolyte on 
going from the cell at temperature, T2, to the regenerator at temperature, 
TZy and returning, with ideal heat exchange, per mole of hydride regener
ated, where 

£?pH = Vphye ~ - C p l (26) 

and Ό P h y e is the partial molar specific heat of lithium hydride in the elec
trolyte, and Cpi is the specific heat of lithium metal. 

[Tt idT\ 
AS2Z = / Όρη \ -ψ) is the entropy change. (27) 

AHZ and ASz are the enthalpy and entropy changes, respectively, per 
mole of hydride regenerated at pressure, Pz, and temperature, Tz. 

AHz2 = £ [TT Cpn dT and (28) 
* j T t 

Δ 5 Μ = Ι / Γ ^ Η ( Τ ) ( 2 9 ) 

are the enthalpy and entropy changes on cooling the hydrogen gas from 
temperature Τ ζ to T2 per mole of hydride regenerated. CPH is the specific 
heat of hydrogen gas. 

Δ(?2 = -nFE2, (30) 

AH2 = -nFE2 + nFT2 (ffr) p> and (31) 

AS* = «F(w)P

 ( 3 2 ) 

are the changes per mole of hydride formed in free energy, enthalpy, and 
entropy in the cell at temperature, T2. F is Faraday's constant, E2 is the 
cell potential or emf, and η is the equivalents per mole of the anode metal 
or per mole of the hydride. 

This completes the cycle. 
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The following equations apply for the hydride cell system regenera
tion cycle: 

Σ Δ # = 0 (33) 
ΣΔ-S = 0 (34) 

Thus 

Also 

AH3 = -AHn - Δ # 3 2 - àHi (35) 
AS3 = -ASi3 - ASN - Δ& (36) 

AH3 = nFE, - nFT2 (j^p - j* (<0ρΆ - | C p H ) dT (37) 

* - - « ( π \ - £ ( * ~ - 1 € * ) τ ( 3 8 ) 

T> = i t ™ 
rp rp 

ec = Carnot cycle efficiency = — ^ — - (40) 

ei = ideal cycle efficiency 
ideal electrical work 

ideal heat input 

T1FE2 

(41) 

nFE-t - nFTi (dEA 
\dT/p 

where — A is the net heat rejected between Tz and T2 or the net accumu
lated negative value, if any, of 

because rejected heat can be reutilized only at a temperature lower than 
τι 

its rejection temperature. In the case where Vpn — ^ CpH = 0, the ideal 
cycle becomes a Carnot cycle. The following equation gives the regeneration 
pressure. 

P 3 = Ροκ - [tiFJ0f + nF (Γ, - T%) (^jp 

+ Γ ( ^ - δ σ · - ) ( τ - 1 ) Ι Ϊ Γ ] } ( 4 3 ) α 

where PZ = regeneration pressure. 
POR = hydrogen pressure at which values of E2 were measured. 

β For the derivations of Equations 43 and 44, see Appendix. 
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A relationship between Opn and Cpn is 

£?j>H — ^ CPH = nFT (jpfijp (44)" 

In the case of the lithium hydride cell 

(45) 

RT , /&(L1H) 
" nFln fU2 

where 
aLiHo is the activity of pure lithium hydride = 1 
aLiH is the activity of lithium hydride in the electrolyte 
aLio is the activity of pure lithium = 1 
au is the activity of lithium in the anode 
cm = ÎH is activity or fugacity of the hydrogen in the cathode 
/H(LÎH) is the fugacity of the hydrogen in equilibrium with the lithium 

hydride in the electrolyte 
Ζ is the mole fraction of the hydride in the electrolyte 
/ H ( U H ) is a function of Ζ and Ty and / H is a function of the cathode or 

regeneration hydrogen pressure, P ; hence, Ε is a function of Zf 

T, and P. 
The relationships of the variables in regeneration of a hydride cell, 

where the hydride is regenerated from the electrolyte, are as follows: 

T2 = cell temperature 
Tz = regeneration temperature 
Pz = regeneration hydrogen pressure 
Ζ = mole fraction hydride in the electrolyte 
E2 = cell emf 
2?2 is determined by P 3 , Z, and T 2 (or E2, Pz, Z, and T2 are directly 

interrelated) 
Tz is determined by Ζ and P 3 (or TZ) Z, and P 3 are directly interrelated). 

These relationships show that in the case of the hydride systems the 
cell operating temperature, T2 (temperature at which the heat is rejected), 
is independent of the regeneration temperature, TV The hydrogen regen
eration pressure, P 3 , however, increases with increased regeneration tem
perature, Tz, and with increased mole fraction, Z, of hydride in the elec
trolyte. The cell emf increases with increased hydrogen pressure; it 
decreases with increased cell temperature and with increased dissolved 
mole fraction, Z, of hydride in the electrolyte. The ideal regeneration 

° For the derivations of Equations 43 and 44, see Appendix. 
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8. HESSON AND S H i M O T A K E Thermal Efficiencies 93 

cycle efficiency is dependent upon the regenerator and cell operating tem
peratures, Tz and T 2, but is nearly independent of the mole fraction, Z, 
of hydride in the electrolyte. 

Electrothermal Regeneration 

Where the cell voltage at a high temperature, T s, is substantially less 
than the voltage at a lower temperature, T2, electrical regeneration for a 
power producing system can be considered. (Electrothermal regeneration 
could also be accomplished if the voltage at high temperature, TZ) were 
substantially greater than the voltage at the lower cell temperature, T 2. 
This would be unusual, but thermodynamically possible.) In this case a 
cell in the system would be used to regenerate electrically the reactants 
at temperature, T3, and another cell in the system would be used to pro
duce electric current at temperature, T 2. Also, the regenerator cell along 
with the electrical load would be connected in series with the power cell. 
Figure 5 shows a flow schematic for such a system. Figure 6 shows a 
temperature-entropy diagram for the ideal cycle. 

In Figure 6, Cpp is the specific heat of the cell product going from 
temperature T2 to T 3. CPR is the specific heat of the cell reactants going 
from temperature Tz to T 2. 

In a bimetallic cell system, cathode metal with some anode metal 
could be circulated to and from the regenerator cell, where anode metal 
would be electrically removed and returned to the anode of the power cell: 

In a cell system such as lead-bromine, lead bromide electrolyte would 
be sent to the galvanic regenerator, and lead and bromine would be 
separated and returned to the anode and cathode compartments of the 
power cell: 

In a lithium hydrogen cell system, electrolyte containing lithium 
hydride could be circulated to and from the regenerator cell, where lithium 
and hydrogen would be removed and returned to the power cell: 

and (46) 
(47) 

Cpp = Cp(PbBr») and 

CPR = Cp(Pb) + èCp(Bn) 

(48) 
(49) 

Cpp — ^phye and 

CpR = Cpl + CpH 

The ideal cycle electrical output per mole of anode material is 

-Δ(? 2 - AGz = η F (Et - Ει). 

(50) 

(51) 

(52) 
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P O W E R C E L L R E G E N E R A T O R C E L L 
A T T E M P E R A T U R E , A T T E M P E R A T U R E , 

T 2 T 5 

C E L L R E A C T A N T S 

L O A D 

Figure 5. Flow schematic for electrical re
generation in a cell system 

UJ 
o r Z> 
a. UJ 
o . 
UJ 

ΙΔΗ23 » / C o p d T * J C p p c 

\ \ | _ A 6 3 « n F E s 

A H . - n F E . j n F T . f - j J - J p 

Δ 8 3 · - η Ρ ( - ^ ) ρ 

Δ Η, 

A S , 

.•1 C p R d T 

1 fd E*\ 
A H 2 = - n F E 2 + n F T 8 ^ 7 ^ ; p 

Δ δ - " Ρ ( # - ) ρ 
A G 2 = - n F E 2 

E N T R O P Y - S 

Figure 6. Temperature-entropy diagram for electrical re
generation cycle in cell systems 

The ideal cycle efficiency 

-AG2 - Δ0 3 

ΔΗζ — Δ(?3 + A 

nF (Et - Es) 

—nFTz + A 

(53) 

(54) 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

7 
| d

oi
: 1

0.
10

21
/b

a-
19

67
-0

06
4.

ch
00

8

In Regenerative EMF Cells; Crouthamel, C., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1967. 
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where A is the net heat added between T 2 and Tz or the net accumulated 
positive value, if any, of 

Λ ( C P P - CPR) dt (55) 

because rejected heat at temperatures between Τ2 and Tz can be reutilized 
only at a lower temperature than its rejection temperature. Where 
C p p — CPR = 0 , the ideal cycle becomes a Carnot cycle. 

The electrical efficiency of the power cell on discharge is a product of 
the voltage and current or coulombic efficiencies, eE2 and en, respectively. 
The electrical efficiency of the regenerator cell on charge is a product of 
the voltage and current or coulombic efficiencies, eEZ and en, respectively, 
where 

E2 — R2I2 /rA\ 
eE2 = ™ (56) 

&2 

eEZ = ρ , 8r> τ (57) 
KJZ "t" XV3I3 

R2 and Rz are the cell resistances 
emen = power cell electrical efficiency 
eEzen = regenerator cell electrical efficiency 
The system electrical energy output per equivalent of anode material 

used in the power cell is 

nF ÏE2eE2ei2 - — 1 = uf\ (E2 - β 2 / 2 ) β , 2 - E z + ( 5 8 ) e 

L eEzenj L en J 

The overall thermal efficiency of the system, which is the electrical 
output divided by the heat input, is 

nF[(Ei-RJî)en-E3+

efJi'] 
( 5 0 ) · 

where er is the efficiency of heat utilization to the regenerator cell. 
From the above it can be noted that to obtain a net electrical output 

from the system, the following is necessary: 

(Et - RJt) en > E i + R s h
 (60) 

en 
or 

E2 - β 2 / 2 > E z + R J z (61) 
enen 

Ez 

or 
eEieEZenen > ET* (62) 

Mi2 
a For the derivations of Equations 58 and 59, see Appendix. 
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As an example, if 
β/2 = en = 0.90 
em = esz = 0.75 (63) 

then Ez/E2 must be less than (0.9)2 (0.75)2 or less than 0.455 to obtain 
useful electrical output from the system. 

When the coulombic efficiency of either the power or regenerator cell 
is less than 1.0, the current produced in one power cell is insufficient to 
regenerate the cell products in one regenerator cell, so that some type of 
compound or multiple cell system must be used. For example, if the 
coulombic efficiency of each cell is 0.90, four power cells in series with five 
regenerator cells could be used. 

Computed Thermal Efficiencies 
for Direct Thermal Regeneration 

From the experimental values of E2 and ( -τητ ) for a given bimetallic 

or hydride cell and from values of Cph Cpv, and Cpn for the anode metal 
and hydrogen, as well as estimated values of Όρι and C P H , the efficiencies 
of the ideal regeneration cycles for bimetallic and hydride cell systems may 
be estimated using the previously discussed equations. The actual thermal 
efficiency of a system will be less than the ideal cycle efficiency because 
of losses. These losses will consist of cell electrical losses; losses due to 
differences in the mole fraction of anode metal in the cathode (or mole 
fraction of hydride in the electrolyte) in the cell and regenerator; heat 
losses in the regenerator due to heat exchanger inefficiencies and heat 
losses through the insulation; losses due to the necessity of reflux in the 
regenerator because of cathode metal evaporation; and miscellaneous 
losses. 

The cell electrical efficiency is a product of the voltage and current 
efficiencies. The voltage efficiency is equal to the cell voltage at load 
divided by the cell open-circuit voltage or emf. The current efficiency is 
the actual coulombs of electricity obtained per mole of anode metal used 
divided by the electrochemical equivalent of the anode metal. Cell elec
trical efficiencies of 60% are reasonable values to use in estimates. Cell 
electrical efficiencies of this order have been obtained in our laboratory 
units. 

The mole fraction of anode metal in the cathode metal (or of hydride 
in the electrolyte) will be greater in the cell than in the regenerator because 
of the finite circulation rate. This results in an irreversible loss. The reduc
tion in efficiency due to this effect is equal to the ratios of the open-circuit 
cell voltages or emfs corresponding to the mole fractions of anode metal 
in the cathode metal (or hydride in the electrolyte) in the cell and in the 
regenerator. As an example, Figure 7 shows the open-circuit voltage or emf 
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of a sodium-bismuth cell at 586°C. as a function of the mole fraction of 
sodium in the bismuth cathode. If the mole fractions of sodium in the 
bismuth cathode metal is 0.45 in the cell and 0.40 in the regenerator, the 
factor for reduction in efficiency due to this effect is 0.555/0.58 = 0.956. 
The loss due to this effect could be included in the cell electrical efficiency 
or in the regenerator heat utilization efficiency. 

The thermal utilization efficiency in the regenerator is the ratio of the 
heat computed for the ideal cycle including reflux to the actual heat 
required. In this connection, efficiencies as high as 80% are reasonable 
since the problem is mainly one of heat exchange. 

The reduction in efficiency due to reflux is a function of the internal 
reflux ratio. If there is no reflux, the factor for efficiency reduction is 1.0. 
If one assumes that the latent heat of evaporation per mole of anode-
cathode metal is independent of composition, the factor for reduction of 
efficiency due to reflux is (l-#), where R is the internal reflux ratio. 

Miscellaneous losses include any power for pumping liquid metals, etc. 
The thermal efficiencies of sodium-bismuth, sodium-lead, sodium-tin, 

and lithium-tin bimetallic cell systems were computed for values of 0.1, 
0.2, 0.3, and 0.4 mole fraction of anode metal in the cathode metal and 
are shown in Table I. In the case of the sodium-bismuth system, a regen
eration internal reflux ratio requirement of 30% was assumed and, in the 
case of the sodium-lead, sodium-tin, and lithium-tin systems, it was as
sumed that no reflux would be required. A regeneration thermal efficiency 
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Table I. Computed Efficiencies for Bimetallic 
Regenerative Cell Systems 

Bimetallic System 

Sodium-Bismuth 

Cell open circuit volte at 859°K. (586°C.) e 

Efficiency (Percent) 
Regeneration, Ideal Cycle—No Reflux 
Regeneration, Ideal Cycle—30% Reflux 
Regeneration, 75% of Ideal Cycle—30% Reflux 
System, 60% Cell Electrical Efficiency 

Estimated Regeneration Temp, to Avoid Solid 
Phase Region, °K. 

Sodium-Lead 
Cell open circuit volts at 698°K. (425°C.)> 
Efficiency (Per cent) 

Regeneration, Ideal Cycle 
Regeneration, 75% of Ideal Cycle 
System, 60%, Cell Electrical Efficiency 

Regeneration Pressure, mm. Hg at 1100°K. 
(827°C.) 

Sodium Condensing Temperature, °K. for 
1100°K. Regeneration Temperature 

Sodium-Tin 
Cell open circuit volte at 773°K. (500°C.)« 
Efficiency (Per cent) 

Regeneration, Ideal Cycle 
Regeneration, 75% of Ideal Cycle 
System, 60% Cell Electrical Efficiency 

Regeneration Pressure, mm. Hg, at 1073°K. 
(800°C.) 

Sodium Condensing Temperature, °K. for 
1073°K. Regeneration Temperature 

Lithium-Tin 
Cell open circuit volts at 823°K. (550°C.)" 
Efficiency (Per cent) 

Regeneration, Ideal Cycle 
Regeneration, 75% of Ideal Cycle 
System, 60% Cell Electrical Efficiency 

Regeneration Pressure, mm. Hg, at 1323°K. 
(1050°C.) 

Lithium Condensing Temperature, °K. for 
1323°K. Regeneration Temperature 

Mole Fraction of Anode Metal 
in Cathode Metal 

0.1 0Λ 0.9 0.4 

0.74 0.64 0.58 0.53 

41 38 36 34 
29 27 25 23 
21 20 19 18 
13 12 11 10 

1325 1310 1300 1290 

0.483 0.401 0.327 0.260 

31 27 23 19 
23 20 17 14 
14 12 10 8 

2.62 6.38 13.8 28.0 

750 795 840 880 

0.47 0.41 0.36 0.31 

30 27 23 20 
22 20 17 15 
13 12 10 9 

1.3 5.3 10.0 16.6 

735 785 830 855 

0.74 0.63 0.58 0.54 

27 24 20 17 
20 18 15 13 
12 11 9 8 

0.33 0.75 1.75 3.3 

960 1005 1055 1090 

β From determinations made at Argonne National Laboratory. 
» From Hultgren (8), p. 869. 
• From Hultgren (8), p. 876. 

of 75% of the ideal cycle including the loss due to concentration differences 
between the cell and regenerator was assumed. A cell electrical efficiency 
of 60% was assumed. Values of cell, open-circuit voltages for the sodium-
bismuth and lithium-tin systems were taken from measurements made at 
Argonne National Laboratory, and values for the sodium-lead and sodium-
tin system were taken from the literature (8). Values of the specific heats 
of the liquids and vapors, the latent heats of evaporation, and the vapor 
pressures of the anode metals were taken from the literature (8). Values 
of the partial molar specific heats of the anode metals in the cathode 
metals were estimated. The heat or enthalpy changes due to the specific 
heats are small compared to the latent heats of evaporation. Errors due to 
estimations of the partial molar specific heats are small. 
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Table II. Computed Efficiencies for Lithium Hydride 
Cell System 

Cell Open Circuit Volte* Efficiency (%) 

Regeneration CeU 10 m/o LiH 20 m/o Ideal 
Temperature, 

°K. 
Temperature, 

°K. 
in in Regeneration Expected0 Expected*1 Temperature, 

°K. 
Temperature, 

°K. Electrolyte Electrolyte Cycle Regeneration System 

1200 773 0.25 0.24 35 24 12 
873 0.19 0.18 27 19 9 

1300 773 0.29 0.28 41 29 14 
873 0.24 0.23 33 23 11 

1400 773 0.33 0.31 45 31 16 
873 0.28 0.26 38 26 13 

1500 773 0.36 0.34 48 33 17 
873 0.31 0.30 45 31 15 

β Based on 70% of ideal cycle. 
b Based on 70% of ideal cycle and 50% cell electrical efficiency. 
• From measurements made at Argonne National Laboratory. 

The thermal efficiency values of the lithium-hydride system were 
computed for cell temperatures of 773 and 873°K. and regeneration tem
peratures of 1200, 1300, 1400, and 1500°K. and are shown in Table II. 
A regeneration thermal efficiency of 70% of the ideal cycle, including the 
losses due to concentration differences between the cell and regenerator, 
was assumed. A cell electrical efficiency of 50% was assumed. Values of 
cell, open-circuit voltages or emf s for the lithium hydride system were 
taken from measurements made at Argonne National Laboratory, and 
values of the specific heats of lithium liquid, hydrogen gas, and lithium 
hydride were taken from the literature (#, 8). Values of the partial molar 
specific heats of lithium hydride in electrolyte were estimated. 

The expected overall thermal efficiencies of from 8% to 12% for these 
thermally regenerative cell systems compare favorably with the expected 
overall thermal efficiencies of other systems for similar applications—for 
example, mercury vapor cycle, 10% ; thermoelectric cycle, 5% ; and thermo-
ionic system at 1610°K., 8% maximum, and at 2050°K., 15% maximum. 

Nomenclature 

A = a constant as defined in the text 
a = activity, dimensionless 
Cpi = specific heat of anode metal liquid, cal./mole °K. 
Cpv = specific heat of anode metal vapor, cal./mole °K. 
CpH = specific heat of hydrogen gas, cal./mole °K. 
Cpix = specific heat of cathode metal liquid with χ mole fraction 

anode metal, cal./mole °K. 
Cpiy = specific heat of anode metal liquid with y mole fraction hydride, 

cal./mole °K. 
Cpiz = specific heat of electrolyte liquid with Ζ mole fraction hydride 

(saturated with anode metal), cal./mole °K. 
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VPi = partial molar specific heat of χ anode metal in liquid cathode 
metal, cal./mole °K. 

Vphy = partial molar specific heat of y hydride in liquid anode metal, 
cal./mole °K. 

Vphye = partial molar specific heat of Ζ hydride in electrolyte liquid 
(saturated with anode metal), cal./mole °K. 

Vpn = dCpiy/dy in the case of regeneration of hydride from anode 
metal, cal./mole °K. 

£?PH = "Cphye — Cpi in the case of regeneration of hydride from the 
electrolyte, cal./mole °K. 

£pi = Cpu + (1 - x)(dCpix/dx), cal./mole °K. 
Vphy = Cpiy + (1 - y)(dCpiy/dy)y cal./mole °K. 
Vphye = Cpiz + (1 - Z)(dCpiz/dZ), cal./mole °K. 
V P i - Cpi = nFT (d2E/dT*)P, cal./mole °K. 
C P H - (n/2)C p H = nFT (d*E/dT2)Py cal./mole °K. 
Cpp = specific heat of cell products, cal./mole °K. 
CpR = specific heat of cell reactants, cal./mole °K. 
ee = Carnot cycle efficiency, dimensionless 
e» = ideal cycle efllciency, dimensionless 
eE = cell voltage efficiency, dimensionless 
ei = cell current or coulombic efficiency, dimensionless 
Ε = cell reversible open circuit emf, volts 
F = Faraday's constant, 23061 cal./volt eq. 
/ = fugacity, atm. 
AG = change in free energy per mole of anode metal, cal./mole 
H/g = latent heat of condensation of anode metal vapor, cal./mole 
AH = change in enthalpy per mole of anode metal or per mole of 

hydride circulated, cal./mole 
J = cell current, amperes 
η = equivalents per mole of anode metal, eq./mole 
Ρ = pressure, atm. 
P H = hydrogen pressure, atm. 
Pv = anode metal saturation vapor pressure, atm. 
Pz = regeneration pressure, atm. 
-Pi = Pu = condensation pressure, atm. 
R = gas constant, 1.9865 cal./mole °K. 
R = internal reflux ratio (distillation), dimensionless 
R = cell electrical resistance, ohms 
AS = change in entropy per mole of anode metal or per mole of 

hydride circulated, cal./mole °K. 
Τ = temperature 
χ = mole fraction of anode metal in cathode metal, dimensionless 
y = mole fraction of hydride in anode metal, dimensionless 
Ζ = mole fraction of hydride in electrolyte, dimensionless 
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Subscripts 

ο refers to a standard condition or to a standard hydrogen pressure 
1 refers to conditions at condensing temperature of anode metal vapor 

from regenerator 
2 refers to conditions at cell operating temperature 
3 refers to conditions at regeneration temperature 
12, 23, 32, 31, and 21 refer to conditions in going from 1 to 2, 2 to 3, 

3 to 2, 3 to 1, and 2 to 1 
s refers to anode metal vapor pressure 
H refers to hydrogen gas 
L i H refers to lithium hydride 
L i refers to lithium 
x, yy ζ refer to x> y, ζ mole fractions 
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Appendix 
Derivation of Equation 22. The regeneration pressure, P 3 , is equal 

to the condensing pressure, P i , which is the vapor pressure of the anode 
metal at temperature, Γι. P 3 is the partial pressure of the anode metal in 
the cathode metal, and P3* is the vapor pressure of pure anode metal at 
temperature, Γ 3. 

The free energy of change of the anode metal in going from the pure 
state to the condition of Xz mole fraction in the cathode metal is: 

AGz = RTzin(PzfPzs) 
or 

Pz = P 3 e exp (AGz/RTz). 
But 

AGz = AG2 - j^^dT 
or 

AGz = -nFE2 - jT* AS2 dT - [j^ (Γρ< - Cpt) dT 

since 
fT% dT 

AS = AS2 + ]^ (JO* - Cpt) ?γ 

( dE \ ~οψι for AS2 and integrating the double integral by 

parts, one obtains 

AGz = -nFE2 - nF(Tz - T2) - j* - CPt) - l ) dT 

Substituting this value of AGz in the equation above yields: 

F 3 = Λ . exp { - ^ [nFE, + nF(T3 - Γ,) ( | f r 2 ) p 

+ J* (CPt - Cpi) (j-l) rfï1]} (22) 

Derivation of Equation 23. By differentiating the expression for AS, 

AS = AS2 + j* (Cpi - Cpi) ^ = nF (β^ 
with respect to T, one obtains: 

V'-Cx = nF (™) 
τ \ a r V p 

or 
Cpt - Cpt = nFT (23) 
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8. HESSON AND S H i M O T A K E Thermal Efficiencies 103 

Derivation of Equation 43. The regeneration hydrogen pressure is 
P 3 , and the hydrogen pressure at which values of E2 are measured is P 0 H . 
The hydrogen free energy change per mole H in going from P 0 H to P 8 at 
temperature, T3, is: 

AG* = \RTztn^ 

or 

P 3 = POH exp 

In a manner similar to that for Equation 22, Δ(?3 is found to be 

AG3 = -nFJSi - nF(Tt - Tt) ( f f ) ? - Q ( ϋ ρ Η - ^ Cp») (^-l)dT 

from which 

P 3 = POH exp { - ^ r [ n ^ 2 + nF(T3 - Tt) (|^) 

+ Γ ( ϋ - - ι ^ Η ) ( ? - ι Η } ( 4 3 ) 

Derivation of Equation 44. Equation 44 is derived in a manner 
similar to that for Equation 23. The expression 

A 5- A* +/ f t ' ( P--S c-)f-" i ,(ff), 
is differentiated with respect to Τ yielding 

£ P H -\CP* = nFT (^ψ2)ρ 

Derivation of Equations 58 and 59. The electrical energy output 
from the power cell per mole of anode material used is: 

nFEieEt β/, 
(output = input times efficiency). 

The electrical energy input to the regenerator cell per mole of anode 
material regenerated is: 

nFEz 
eEzeiz 

(input = output divided by efficiency). 
The net electrical output is: 

nFE^n - = nF Γ#2̂ 2#/2 - -̂ -1 βΕζβη L eszeizj 
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104 REGENERATIVE EMF CELLS 

ΟΓ 

nF [(£2 - R,U)en - E* +

ef^] (») 

since 
(2?2 — RJÎ2)/E2 = βΒ2 

and 
Ez _ 

Ez + Rzlz 
The overall efficiency of the system is the electrical output divided 

by the heat input. 

The electrical output from Equation 58 is: 

nF[(Et- R J t ) e i , - E s + J 3 h ] 

The heat input AHZ for the regenerator cell is: 

ηΡΕζ-ΝΡτφ), 

minus the electrical input, 
nFEz + RzIz} 

en 
plus any net heat added to the reactant and product streams between the 
regenerator cell, 3, and the power cell, 2, A, which is given by Equation 
21 or 42. 

The net heat input is then 

Equation 59 follows. 
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9 

Thermodynamics of the Lithium Hydride 

Regenerative Cell 

C A R L E . JOHNSON and R O B E R T R. H E I N R I C H 

Argonne National Laboratory, Argonne, Ill. 

Fundamental investigations have been conducted on all phases 
of the lithium hydride, regenerative emf cell. These studies have 
demonstrated the feasibility of using a hydrogen permeable 
membrane as the cathode in a cell. Emf techniques have been 
used to determine the fundamental thermodynamic quantities 
(ΔG0f, ΔΗ0f, ΔS0f) for the lithium hydride cell product. Tem
perature-composition data are given defining electrolytes suit
able for use in the lithium hydride cell. Included in the consid
erations here presented for potential application of this cell are 
an examination of the complete cycle, cell operation and regen
eration and the inherent problems and advantages associated 
with this system. 

/T,he purpose of this chapter is to describe in detail the work that has 
A been carried out at Argonne National Laboratory in order to under

stand better the regenerative, lithium hydride, cell system. Primary em
phasis of this research has been to provide the fundamental data necessary 
to solve those problems encountered in attaining a successfully operative, 
regenerative, lithium hydride system. Further, such investigations were 
restricted mainly to laboratory studies. 

Recent interest in thermally regenerative emf cells has been due to 
their potential application as an energy conversion device capable of 
relatively low temperature operation and as an energy storage device. In 
a thermally regenerative cycle, two components react together electro-
chemically in a cell to produce electrical power, heat, and the cell product. 
The product formed in the cell is then heated and dissociated to the 
reactants. The reactants are separated, cooled, and recycled to their re
spective anode and cathode compartments in the cell. Because the cell 
reactants are being regenerated in a closed cyclic operation, there is no 

105 
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need for the further introduction of reactants (fuel) to the system. The 
cyclic system then absorbs heat at a high temperature, rejects heat at a 
low temperature, and produces electric power. Thus, this direct conversion 
of thermal energy into electrical power is accomplished with virtually no 
mechanical equipment. The practical application of a lithium hydride cell 
to such conversion is feasible because the cell product shows a fairly large 
change in free energy with temperature, and regeneration can be achieved 
at reasonable temperatures. 

The lithium hydride cell was ^elected for initial investigation after a 
careful study of the total available literature («, gg, gS, g4, g5, g6, g8), 
which is not extensive. The lithium hydride cell appears promising if the 
difficulties associated in using porous metal frits for the hydrogen gas 
cathode could be eliminated. The primary difficulties of using a porous 
metal electrode were the occurrence of variable catalytic activity at the 
surface of the frits and the flooding of the frits, alternately, by hydrogen 
gas and fused salt electrolyte. Despite these difficulties, Mine Safety 
Appliance Research Corp. developed a hydride cell operating at 570°C, 
which produced an emf of 0.3 volt with a current density of 200 amp./sq. ft. 

g8, 2 4 , go, ge). The cell consisted of a liquid lithium anode, a lithium 
fluoride-lithium chloride fused salt eutectic mixture as an electrolyte, and 
a stainless steel cathode. The cathode was in the form of a screen or a 
porous, micrometallic gas electrode. The duration of cell operation and the 
other conditions under which it was achieved are not known. 

Other studies on lithium hydride cells have also been carried out by 
Thompson Ramo Wooldridge, Inc. (1, 4y 2 1 ) . The results of this work 
indicated that iron and niobium are the only materials which possess the 
requisite characteristics for use as hydrogen diffusion diaphragms—i.e., 
the rate of diffusion of hydrogen through both materials was appreciable 
at 400-500°C, and both materials were compatible with the electrolyte 
environment of the cell. Most of the galvanic experiments at Thompson 
Ramo Wooldridge were carried out with iron diaphragms; however, the 
results of a single, 45-min. run in which a niobium diaphragm was utilized 
have been reported (1). This run indicated that at 549°C. and 1 atm. 
pressure current densities of over 1000 ma./sq. cm. of electrode area could 
be achieved by a lithium hydride cell using a niobium diaphragm. Much 
effort had to be expended, however, to keep the niobium diaphragm free 
of oxide surface contamination at the operating temperature of the cell. 

Inert Atmosphere Box 

The experimental program for the lithium hydride cell involved 
working with metals and salts which are extremely sensitive to the chem-
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ically active gases. Lithium, for example, may be expected to combine 
with oxygen, nitrogen, and water vapor. The commonly used lithium 
halides form hydrates at room temperature; at high temperatures, vol
atile halogen acids may be lost. 

The problem, then, concerns not only achieving the absolute purity 
of the original charge of blanket gas, but also maintaining the purity of 
the box atmosphere in the face of continuing contamination. Water vapor, 
for example, is continually diffusing into the box through rubber gloves. 
There is continual contamination of the inert atmosphere by chemically 
active gases released when new equipment is moved into the box and 
during heating operations. A unit was developed (3), therefore, in which 
helium gas was cycled through the purification system and then returned 
to the box. 

A schematic diagram of the helium-purification unit is shown in 
Figure 1. The contaminated gas from the boxes is passed first through a 
palladium catalytic unit (Deoxo-unit) where any hydrogen contaminant 
in the gas stream is combined with oxygen present in gas stream and 
converted to water. The helium then passes through a dryer unit of Linde 
Molecular Sieves, next through a countercurrent heat exchanger, and 
finally through an activated carbon bed immersed in liquid nitrogen. The 
gas returning from the carbon bed is heated first in the countercurrent 
heat exchanger, then to about 20°C. by an electric heater, and finally 
recycled back to the boxes. A Rotron blower sealed in the gas stream is 
used to move the helium gas through the completely closed system. 
Impurity levels in the box atmosphere during normal experimental opera
tion were below 5 p.p.m. for both oxygen and nitrogen and below 1 p.p.m. 
water. 

H E L I U M - P U R I F I C A T I O N S Y S T E M 

— 4 

ACTIVATED 
CARBON TRAP 

Figure 1. Schematic diagram of regeneration unit 
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Electrodes 

Certainly a most significant problem in the development of a work
able lithium hydride cell has concerned the gas electrode, or cathode. The 
immediate region of contact between the reactant, electrolyte, and elec
trode is important because it is here that electron transfer takes place. 
The hydrogen gas must transfer electrons from the electrode at the same 
time as it enters into the electrolyte as an ion. In conventional operation, 
the gas electrode requires a three-phase site which must be as large as 
possible in order to achieve a practical rate for the electrode process. 
Gases, being nonconductors and having no strength, must be supplied 
through a medium which conducts electricity and yet provides the greatest 
possible area wherein the gas, conductor, and electrolyte are in mutual 
contact. In the past, electrically conducting porous media, such as sintered 
metals, have been employed as gas electrodes. Through careful control of 
pore size the electrode area can be made quite large and, with appropriate 
catalysts, the efficiency of the electrode is adequate. 

A problem exists with such electrodes, however, in that porous media 
inherently tend to absorb liquids by capillary action, causing the gas-
electrode-electrolyte interface to retreat within the electrode. When this 
condition, known as flooding, occurs, the electrode is prone to severe 
polarization and, as a result, the cell output is decreased considerably. 

Because certain metals are readily permeable to hydrogen at the cell 
temperature, it was recognized that an unusual opportunity existed for 
circumventing the problems of flooding and the need for catalysts for 
the gas electrode. It was postulated that the gas electrode could be formed 
of a solid thin sheet of metal through which the hydrogen could be trans
mitted by means of interatomic diffusion. Hydrogen would thus be sup
plied in the atomic state at the metal fused-salt interface. 

Hydrogen permeation studies were therefore initiated on selected 
metals compatible with the lithium hydride, lithium metal, and fused 
salt environment. Materials such as palladium and silver-palladium alloys 
which have high hydrogen permeability were not considered because of 
their incompatibility with lithium metal; hence, the permeation studies 
were restricted to iron, iron-molybdenum alloys, vanadium, and niobium. 

Figure 2 shows some of the data obtained from these permeation 
studies. Even though the permeation rate of hydrogen through iron is 
low (6), and for this reason would be capable of supporting about yV the 
current densities of interest, iron is still somewhat attractive because it is 
self-cleaning at cell operating temperatures in a hydrogen atmosphere. 
The possibility of special cathode design to effect a significant increase in 
current density may still be practical in a cell using an iron diaphragm. 
Alloys of molybdenum and iron gave results (6) which were essentially 
the same as pure iron. Vanadium, on the other hand, appears to be an 
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excellent diaphragm material (7). It has a high hydrogen permeability at 
moderate temperatures and is compatible with the cell environment. If a 
higher cell operating temperature is desired, this material can sustain a 
theoretical current density in excess of 1000 ma./sq. cm. at 600°C. Because 
vanadium, however, is not self-cleaning at normal cell temperatures, some 
preparation of the metal is needed before its maximum permeation rate is 
achieved. This preparation consists of baking the metal in vacuum at a 

τ,βκ 
Figure 2. Permeation isobars of vanadium and Armco iron 

temperature of 850°C. to remove as much of the surface oxide contamina
tion as possible. Further, vanadium is one of a group of metals (V, Nb, Ta) 
which have a negative absorption coefficient with temperature; therefore, 
the metal absorbs greater quantities of hydrogen at lower temperatures 
than at higher temperatures. If vanadium metal is cooled in hydrogen, 
the metal lattice will be expanded, which will further increase the permea
tion rate at the low temperatures. 

No permeation data are presented for niobium because of the diffi
culty in obtaining reproducible results. Such data as were collected, how
ever, corresponded reasonably well with the available literature informa
tion {20). Studies reported (1) on the lithium hydride cell utilizing a 
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niobium diaphragm are inconsistent with the literature data. The authors 
are not familiar with any permeation studies that will support the current 
densities mentioned in this report (1); rather, it appears that at 500°C. 
for a 0.010 in.-thick metal diaphragm, the maximum theoretical current 
density is about 300 ma./sq. cm. 

Although it does seem that hydrogen permeable membranes offer 
distinct advantages, other parameters such as operation at lower cell 
temperatures to give higher cell voltages may be more important. Under 
these low temperature conditions, the conventional porous electrodes 
appear to offer the only possible way of achieving high current densities. 
This particular feature will be discussed more fully in the section on prac
tical cell applications. 

It might be well to point out that no effort has been made to develop 
electrodes which would be assured of functioning in a zero gravity environ
ment. In the case of the anode, however, the design to be discussed may 
serve well in this and a variety of other applications. 

Molten lithium exhibits an extremely high surface tension. Our 
observations indicate that lithium sometimes may gather over a i-in. hole 
without entering. It was also observed that lithium frequently will not wet 
other metals unless they are thoroughly fluxed. Also, in the presence of a 
fused salt, the lithium metal will completely wet the metal surface and 
readily displace the fused salt. The anode is thus conceived as being 
basically a controlled porosity-metal disc (or sintered-metal fiber sponge) 
through which the lithium metal is fed. The lithium will preferentially 
wet and saturate the porous metal disc and by capillary action displace 
any fused salt that has crept into the anode. 

A less sophisticated form of this electrode was used throughout our 
experimental program. The lithium metal was retained on a sintered 
metal fiber sponge (SS-430). The interfacial tension of the liquid lithium 
on the sponge is such that the metal can be retained in place below the 
surface of the electrolyte. This situation may change if the density of the 
electrolyte is very high (e.g., the fused salt iodides), producing a greater 
buoyancy on the light metal. 

Electrolyte 

An electrolyte, to be suitable for use in a lithium hydride cell, should 
have the following properties: (1) reasonable solubility for lithium hydride, 
(2) thermodynamic stability with respect to the very electropositive 
lithium metal, (3) stability at regeneration temperatures, preferably with 
a low vapor pressure at this temperature, and (4) a low anode metal 
solubility. Halides of lithium metal are the only substances which meet 
these requirements. Data describing the solid-liquid equihbrium for the 
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lithium hydride-lithium halide systems (8, 9) were obtained by thermal 
analyses, and the pertinent data are given in the following table. 

Eutectic 
Melting Point Evlectic Composition 

Components (°C.) LiH, m/o 
LiH-LiCl 495.6 34.0 
IiH-LiBr 453.3 29.7 
LiH-LiI 390.8 23.5 
LiH-LiF 684 min. solid solution 

The first three systems are simple eutectics with the stated melting points 
and compositions. Data for the L iH-L iF system were obtained from the 
work of Messer (16) and are included here for the sake of completeness. 

Analysis of the solid-liquid equilibrium data (8, 9) for the first three 
systems given above has indicated that these systems all show positive 
deviations from ideality. Such positive deviations are usually caused by 
dispersion forces or association of one of the components in the mixture. 
The thermodynamic behavior of the lithium halide systems is similar in 
regions rich in lithium hydride. The interpretation which seems most con
sistent with all of the experimental results is that L i H is ionic, and the 
lithium halides behave ionically probably as an ionic aggregate such as 
LiY2~. This situation corresponds to the same equations suggested previ
ously (9) but with the present interpretation in terms of the ionic nature of 
the melt. The apparent success of this treatment in fitting the data does 
not prove that these species exist. Only independent measurements which 
bear directly on the properties of the species in question can confirm their 
existence. 

In order to increase the Carnot cycle efficiency and cell voltage, the 
lithium hydride cell should be operated at low temperatures; thus, low 
melting electrolytes are desirable. Precautions should also be taken to 
prevent possible metal dispersions during cell operation. The fluoride ion is 
reported (12) to be an agent which effectively breaks dispersions of this 
kind. Two systems are available for use as electrolytes in cell operation as 
follows: the LiH-LiCl -LiF system (10), which is predominantly a solid solu
tion with a minimum of 456°C. and the LiH-LiCl-Li I system, presently 
under study, which is a ternary eutectic with a melting point of 330°C. 

Electrochemical Cell 
The only available thermodynamic data for lithium hydride are 

enthalpy data derived from calorimetric measurements (5, 16). With this 
paucity of systematic thermodynamic data on lithium hydride, it was 
decided to establish the standard thermodynamic functions (ΔΟ/, AH/, AS$) 
for the formation of solid lithium hydride by an emf method over as wide 
a temperature range as possible. 
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The lithium hydride formation cell may be represented as Li(l)/LiX(l) 
saturated with LiH(s)/H 2(g) 1 atm., Fe. The half-cell reactions, at the 
anode, Li(l) —• Li+ + e; and at the cathode, $H 2 + e —• H~, sum to give 
the cell reaction Li(l) + èH2(g) —• LiH(s). With the standard states of 
pure liquid lithium metal, pure solid lithium hydride, pure hydrogen gas 
at one atmosphere pressure, and the Nernst equation, Ε = E ° — RT/nF In 

\y it is readily seen that the equation reduces to Ε = E° for the 

actual cell with all three substances in their standard states. 
The essential parts of the standard lithium hydride cell assembly are 

illustrated in Figure 3. The cell is isolated from the inert atmosphere box 
by a cover through which the stainless steel support tubes extend. Both the 
lithium anode and the hydrogen cathode were insulated by beryllia tubing. 
The lithium metal was contained on the sintered-metal, fiber sponge as 
described previously. The cathode consists of a stainless steel bubbler tube 
to which an Armco iron bubbler cap was welded. Pure hydrogen gas, 
purified by diffusion through a silver palladium alloy, was passed over 
the iron surface for the catalytic reduction of hydrogen to hydride ions. 
Emis were taken at a pressure of one atmosphere. 

STAINLESS STEEL 
rSUPPORT TUBES 

FURNACE WELL 

CHROMEL-ALUMEL 
THERMOCOUPLE"" 

BeO INSULATORS 

STAINLESS STEEL 
BUBBLER TUBE 

STAINLESS STEEL 
^7 CRUCIBLES 

ARMCO IRON 
BUBBLER CAP* 

SINTERED METAL 
FIBER SPONGE 

ELECTROLYTE 
CONTAINING 

LITHIUM METAL 

Figure 8. LiH cell assembly 
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Table I. EMF-Temperature Data for Lithium Hydride Cell 

59.8 m/o LU 59.8 m/o LiBr 55.1 m/o LiCl 40.0 m/o LiCl 
4 0 . 2 m/o LiH 4 0 . 2 m/o LiH 44.9 m/o LiH 60.0 m/o LiH 

EMF Temp. 
°K. 

EMF Temp. 
°K. 

EMF Temp. 
°K. 

EMF Temp. 
°K. (Volt) 

Temp. 
°K. (Volt) 

Temp. 
°K. (Volt) 

Temp. 
°K. (Volt) 

Temp. 
°K. 

0.3934 673.2 0.3440 733.7 0.3076 777.2 0.2845 803.2 

0.3915 674.2 0.3412 738.7 0.3033 782.2 0.2822 810.2 

0.3864 683.2 0.3368 744.2 0.2993 788.2 0.2764 813.2 

0.3822 687.2 0.3324 749.7 0.2951 792.2 0.2747 819.7 

0.3797 693.2 0.3275 754.2 0.2908 798.2 0.2690 823.2 

0.3739 698.2 0.3253 758 2 0.2870 803.2 0.2690 828.2 

0.3698 704.2 0.3247 762.2 0.2828 808.7 0.2605 838.2 

0.3628 708.2 0.3197 764.2 0.2828 813.2 0.2629 843.2 

0.3598 716.2 0.3183 767.7 0.2520 844.2 

0.3522 722.2 0.3183 769.7 0.2517 847.7 

0.3520 723.7 0.3178 773.2 0.2510 852.2 

0.3440 734.2 0.3120 778.2 
0.3387 742.7 
0.3325 747.2 
0.3318 756.2 
0.3228 766.2 

Reagent grade lithium chloride, lithium bromide, and lithium iodide 
were purified before use by standard techniques (13, 14). Lithium hydride 
was made by a technique described by Messer (15). 

Data for cells of differing lithium halide-lithium hydride compositions 
are summarized in Table I. A comparison of the individual cell data with 
the composite set showed no apparent inconsistencies, and the data are 
treated as a whole. The uncertainty in the data obtained with the chloride 
cells is somewhat greater than that obtained with the bromide and iodide 
cells, because of higher cell-operating temperatures resulting in significant 
corrections in the chloride emf data. In order to derive an equation giving 
the emf as a function of temperature, the emf data obtained for the 
bromide and iodide cells were combined and fitted to an equation linear 
with respect to temperature, and the data for the chloride cells were fitted 
to a second linear equation. For the temperature range considered, a linear 
function seemed to fit all the data best. The intercept and slope of the 
final linear equation were obtained by using an average of the values in the 
above two equations, weighted according to the number of experimental 
points in each set of data. The resultant equation, E° = 0.9081 — 7.699 X 
lO - 4 ? 7 , is for the temperature range 673-853°K. with a standard deviation 
of db2 mv. Calculations were made of Δ(#, ΔΗ?, and AS? at 800°K.; 
these data are given in Table II, and the data were transposed to 298°K. 
by integration of the best available heat capacity data over the temperature 
range 800-298°K. 
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Table II. Calculated Values" and Literature Values for the 
Enthalpy, Free Energy, and Entropy of Lithium Hydride 

AHJ cal. mole"1 

AGy cal. mole"1 

AS} cal. deg.-1 mole"1 

This Work 
800°K. 

-20,940 

-6,740 

-17.7 

This Work 
298°K. 

-21,790 =fc 290 

-16,160 ± 5 0 

-18.9 db 0.4 

Literature 
298°K. 

-21,340 (16) 
-21,670 (5) 
-16,450 (11, 16) 
-16,800 (5, 11) 
-16.3 (11) 

Β Δ///> = nF [τ - E°J> AG/* = Δ £ , ° = nF where E0800°K. -

0.2922 volt, (Jj^^ = -7.699 X 10~4T volt degrK 

Studies have also been made of the reactions taking place at the 
cathode. The equilibrium potential obtained during the entire experimental 
program was always the same for any metal used: pure iron, vanadium, 
or niobium. The rate of achieving this equilibrium potential for vanadium 
and niobium, however, was very slow. 

The hydrogen electrode in a lithium hydride cell is required to assume 
the potential defined by the overall equilibrium between molecular hydro
gen gas and hydride ions in the cell electrolyte. But, since this equilibrium 
is not freely established in the absence of an active surface, the electrode 
must serve in this capacity as well. The establishment of an equilibrium 
population of atomic hydrogen on the metal surface is achieved only after 
the bulk metal is saturated with hydrogen. Hydrogen solubility in niobium 
and vanadium is about four to seven thousand times greater than in iron. 

The following mechanism agrees with the experimental results and 
delineates the important features in establishing the equilibrium potential 
at the hydrogen-hydride electrode. 

H 2 (g) +± 2H (surface) ; R i (moderate) 
Η (surface) <=• Η (bulk); R 2 (slow) 
Η (surface) <=± H " (solution) ; R 3 (very fast) 

Rate 1 is the activated adsorption of hydrogen on the metal surface. Rate 
2 combines the formation of the gas-metal solid solution and the diffusion 
of atoms into the metal as a composite rate. The diffusion of hydrogen 
through the metal lattice is the rate-controlling step. The slow rate at 
which hydrogen saturates the metal also controls the rate at which the 
cell equilibrium potential is established. 

The reaction rate, R 3 , was assumed to be very fast with respect to 
rates Ri and R 2 . Atomic hydrogen on the electrode surface is rapidly 
stripped off as the hydride ion by an electron exchange. 

The diffusion of atomic hydrogen from the metal surface into the bulk 
metal lattice was considered the slowest rate. This was consistent with the 
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9. JOHNSON AND H E i N R i C H Lithium Hydride Cell 115 

fact that, in the operation of a metal diaphragm under a hydrogen gas 
pressure differential of one atmosphere, the permeation rate is inversely 
proportional to the diaphragm thickness. Vanadium and niobium, com
pared with iron, are unique in their extremely high, hydrogen solubility. 
It is thus not surprising that an equilibrium population of atomic hydrogen 
could not be maintained on the fresh vanadium or niobium electrode 
surfaces until the bulk metal was saturated. Evidence of this condition 
was the low, initial, cell potentials for these metal electrodes compared 
with the virtually immediate attainment of equilibrium potentials for iron 
electrodes. For vanadium, equilibrium was attained in hours to days, 
depending on the cell temperature. Once equilibrium had been attained, 
on the other hand, the potential of a lithium hydride cell, using a vanadium 
cathode, dropped only slowly even when the hydrogen gas atmosphere was 
removed from the cell, contrasting with the very rapid potential drop when 
iron cathodes were used. 

Voltammetric and chronopotentiometric (19) studies using an iron 
microelectrode in a lithium chloride-potassium chloride electrolyte have 
confirmed the rapid rate of R 3 , the stripping of atomic hydrogen from the 
electrode surface as hydride ion, in the above sequence. These studies also 
indicate that not all metals will be suitable for use as electrodes in a 
lithium hydride, galvanic cell system. For example, it was demonstrated 
that the overall process using an iron electrode is much faster than that 
for a tungsten electrode. 

Regeneration Characteristics 

Certainly one of the more attractive features of the lithium hydride 
cell system is the apparent ease of regeneration. Literature data (15) 
indicate that at 900°C., lithium hydride readily dissociates to give an 
equilibrium hydrogen gas pressure of one atmosphere. The relatively low 
temperature and ease of separation of the gas-liquid metal cell reactants 
make for convenient cyclic operation in a thermally regenerative cell sys
tem. At 900°C. hydrogen diffuses rapidly through iron to give virtually 
perfect gas phase separation of hydrogen. 

The purpose of the regenerator is to dissociate the cell product, 
lithium hydride, into the reactants, lithium and hydrogen, which may 
then be returned to their respective electrode compartments for completion 
of the cycle. Studies on regeneration conditions should determine the 
characteristics of the reactions and processes concerned with this phase of 
the lithium hydride cell. Because of the scope of the present work, the 
conditions for regeneration were approached by a circuitous route. It was 
convenient to extend the work on the emf studies of the hydrogen-hydride 
systems in solutions saturated with lithium hydride to unsaturated solu
tions. Once the standard emf of the reaction Li(l) + èH2(g) —• LiH(s) 
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had been determined as a function of temperature, the activity of lithium 
hydride could be obtained in unsaturated electrolytes of similar cells. 

Computed thermodynamic data for lithium hydride obtained from 
emf-temperature-composition studies of the lithium hydride cell are given 
in Table III. Using the relation AG = — T I F E , the free energy of formation 
of lithium hydride was calculated from the cell emf, E . The partial molal 
free energy, Ό, of lithium hydride in solution is then Ό = AG — AG0, 
where AG0 refers to pure solid lithium hydride. The entropy of formation, 

Table III. Energy Relationships in LiH-LiCl System 
Ν (LiH) Saturated 0.S019 0.2019 0.1020 0.050S 0.0262 0.0104 

(dE/dT)p X 10* 
AS cal./deg. 
6' 
AH cal./mole 
Η 

-7.699 
-17.7 

0 
-16,060 

0 

-5.817 
-13.4 

4.3 
-14,110 

1,950 

-5.891 
-13.6 

4.1 
-14,860 

1,200 

-5.416 
-12.5 

5.2 
-15,420 

640 

-5.523 
-12.7 

5.0 
-16,550 
-490 

-3.902 
-9.0 

8.7 
-15,500 

560 

-3.230 
-7.4 

10.3 
-16,370 
-210 

600°C. ε (volts) 
600°C. AG (cal.) 
600°C. Ό 
600°C. α 

0.2358 
-5,437 

0 
1.0 

0.2632 
-6,069 
-632 

0.6947 

0.2904 
-6,696 
-1,259 

0.4840 

0.3437 
-7,925 
-2,488 

0.2384 

0.3873 
-8,931 
-3,494 

0.1335 

0.4379 
-10,097 
-4,660 

0.0682 

0.5176 
-11,935 
-6,498 

0.0242 

700°C. ε (volte) 
700°C. AG (cal.) 
700°C. Ό 
700°C. ο 

0.1588 
-3,662 

0 
1.0 

0.2050 
-4,727 
-1,065 

0.5765 

0.2314 
-5,336 
-1,674 

0.4207 

0.2895 
-6,676 
-3,014 

0.2104 

0.3321 
-7,658 
-3,996 

0.1266 

0.3989 
-9,198 
-5,536 

0.0571 

0.4853 
-11,190 
-7,528 

0.0204 

800°C. s (volts) 
800°C. AG (cal.) 
800°C. 3 
800°C. a 

0.0819 
-1,888 

0 
1.0 

0.1469 
-3,387 
-1,499 

0.4951 

0.1725 
-3,978 
-2,090 

0.3753 

0.2353 
-5,426 
-3,538 

0.1903 

0.2768 
-6,383 
-4,495 

0.1215 

0.3599 
-8,299 
-6,411 

0.0495 

0.4530 
-10,446 
-8,558 

0.0181 

900°C. ε (volte) 
900°C. AG (cal.) 
900°C. G 
900°C. ο 

0.0048 
-111 

0 
1.0 

0.0887 
-2,045 
^1,934 

0.4362 

0.1136 
-2,619 
-2,508 

0.3410 

0.1812 
-4,178 
-4,067 

0.1747 

0.2216 
-5,110 
-4,999 

0.1172 

0.3209 
-7,400 
-7,289 

0.0439 

0.4207 
-9,700 
-9,589 

0.0164 

AS, is obtained from AS = nF(d*E>/dT)P and the partial molal entropy, 
5 = AS — AS0. The activity of lithium hydride in solution, a, is calculated 
from Ό = RT In a. Other tabulated quantities are the corresponding 
enthalpies, AH and Ή. 

With the activity of lithium hydride, determined from the cell emf, 
one can use these data with the Nernst equation 

3 t a(=w) 
to calculate the hydrogen equilibrium pressure at each temperature and 
composition. With the restrictions that au = 1 because we are using pure 
lithium metal anodes and Ε = 0 because we are calculating the hydrogen 
equilibrium pressures, the equation reduces to the form 

2 G.984 X10~*T + l 0 g auH) " l 0 g P h ' 
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9. JOHNSON AND HEiNRiCH Lithium Hydride Cell 117 

Assuming the cell emf to be a linear function of temperature, the equation 
relating cell emf with temperature E° = 0.9081 - 7.699 Χ 10~*T was 
extrapolated to 900°C. in order to make an estimate of the hydrogen 
equilibrium pressure at temperatures near regeneration conditions. The 
data are shown graphically in Figure 4 where the logarithm of the hydrogen 
pressure and the reciprocal of the absolute temperature is plotted. For a 
solution containing 0.302 atom fraction lithium hydride, a dissociation 
pressure of 129 mm. was calculated for a temperature of 900°C. 

The validity of this experimental approach seems confirmed by the 
fact that these data check well with the direct measurements made on 
several lithium hydride-lithium chloride compositions by the group at 
Thompson Ramo Wooldridge, Inc. (4). One cannot overlook, however, the 
apparently low pressure obtained under nominal, regeneration conditions. 
The full import of this particular phase of the cell work will be evaluated 
in greater detail in the section on Practical Cell Applications. 
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Although no design work has been carried out to define a particular 
regeneration system, some possibilities in equipment design are noteworthy. 
For regeneration of the lithium hydride system, separating the hydrogen 
gas from the liquid metal-electrolyte mixture and separating the lithium 
metal from the electrolyte are required. Both separations have been 
examined in some detail by the group at Thompson Ramo Wooldridge (27) 
using a compact gas-liquid-liquid separator, a cylinder in which the liquid-
gas mixture is introduced tangentially at a high velocity. Beneath the 
cylindrical section is a conical chamber. The gas is removed from the base 
of the cone, the heavier liquid removed from its side, and the lighter 
liquid, from its apex. 

Exploiting the high permeability of hydrogen gas through certain 
metals at regeneration temperatures helps simplify the regenerator. In its 
design, a metal diaphragm can be used to separate the hydrogen gas 
component from the other gaseous components in the system. There will 
thus be no problem in dealing with the finite vapor pressure that is caused 
by the electrolyte and is sure to be present in the regenerator. 

Practical Cell Applications 

To date, the only practical cell studies are the early ones of the 
groups at Mine Safety Appliance Research Corp. and Thompson Ramo 
Wooldridge, Inc., and that of a single cell which was run at Argonne 
National Laboratory. This work, being largely empirical, is difficult to 
evaluate with respect to the immediate application of the lithium hydride 
cell. 

At Argonne National Laboratory, a lithium hydride cell with a vana
dium diaphragm was operated for 540 hrs. at 525°C, giving current densi
ties that exceeded 200 ma./sq. cm. at one-half open-circuit voltage (0.3 
volt). Even though this current density is only about one-half the theoret
ical current density (for a 0.010 in.-thick, vanadium diaphragm at 500°C), 
it was achieved without any high-temperature pretreatment of the metal 
diaphragm. No mechanical problems arose during the cell run. The slope 
of a plot of cell emf measured against the logarithm of the hydrogen 
pressure corresponded to the expected Nernst slope of one, indicating the 
reversibility of the H 2 , H ~ couple at the vanadium electrode. 

The electrolyte or the cathode construction, for the most part, deter
mines design parameters. Because lithium metal has unique characteristics, 
the anode design incorporating either a sintered-metal or controlled-
porosity disc will be most suitable. If one uses the LiH-LiCl -LiF electrolyte 
system (minimum at 443°C), a permeable membrane for the cathode 
would be a possible choice. 

The most distinct advantage given by the permeable membrane is 
its ready solution to the assorted problems that have long plagued porous, 
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metal-gas electrodes. As the permeability studies indicate, however, the 
choice of metal for this application is limited to iron and vanadium. Iron 
has a low hydrogen permeation rate, and vanadium requires pretreatment 
before it is suitable for use. It should be emphasized that in utilizing a 
permeable membrane, the temperature of the cell operation must be above 
about 350°C. (considering a 0.002 in.-thick vanadium diaphragm). Only 
at this temperature and above can the hydrogen permeation rates through 
the cathode metal support reasonable current densities. 

The quantity of hydrogen diffusing through a metal diaphragm is 
proportional to the difference in the square roots of the hydrogen pressures 
on each side. The quantity diffusing through a 0.010 in.-thick vanadium 
diaphragm at 500°C. is 0.50 (VFa - \ZWb)f where Pa and Pb are the 
hydrogen pressure in atmospheres on each side of the diaphragm. The 

RT y/ Ρ 
voltage loss is AE = — τ = — - ' where J is the cell current 

nF Vpb - I/A 
density in amp./sq. cm. of diaphragm area, and A is related to the theoreti
cal current density (in amp./sq. cm.) for a permeable diaphragm and is 
equal to 0.05 for Τ = 773°K. With this equation, it can be shown that cell 
voltage losses may be as great as 0.1 volt for operating a cell at one-half 
atmosphere hydrogen pressure and 100 ma./sq. cm. current density. For a 
high output voltage in the cell, it is necessary to operate the cathode as 
close to one atmosphere as possible; hence, with a regeneration pressure 
of about 100 mm., pumps will be needed to bring the hydrogen pressure 
up to one atmosphere or above. Such P-V work could be a real drain on the 
efficiency, with roughly 50% of the cell voltage conceivably being used for 
pumping. 

In choosing the LiH-LiCl-LiI electrolyte system (ternary eutectic 
melting at 325°C), one gains a number of advantages because the cell can 
now operate at much lower temperatures. Cell voltages will be signifi
cantly higher. This electrolyte is at or near saturation with respect to the 
lithium hydride component. At saturation, the cell voltage is 0.45 volt. 
Regeneration pressures can be significantly increased by sending to the 
regenerator a mixture very rich in lithium hydride (90-95 m/o LiH). 
Such a mixture can be obtained by precipitating lithium hydride as a 
pure component from this electrolyte near cell-operating temperatures. 

As presently visualized, the lithium hydride cell should function at 
the lowest temperature possible in order to take advantage of the higher 
voltages obtained. Operation at this temperature may require investiga
tions of cathodes made of porous materials. The apparent success attained 
by using porous electrodes in the hydrogen-oxygen cells indicates a pos
sible solution to this problem and highlights remarkable advances made 
recently in porous gas electrode development. 
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Phase Diagram Considerations for the 

Regenerative Bimetallic Cell 

A L B E R T K. FISCHER 

Argonne National Laboratory, Argonne, Ill. 

General relationships which are useful in selecting and operat
ing a bimetallic regenerative cell may be deduced from the phase 
diagram of the system. The equilibrium pressure of the cell sys
tem is effectively fixed by the condensation temperature in the 
regenerator. This pressure will fix the applicable temperature
-composition phase diagram and will determine whether there 
is the necessary separation of the liquid-vapor loop from the 
liquid-solid regions. The composition of material to be returned 
to the cathode will dictate the regeneration temperature. The 
melting point of any compound formed should not be so high that 
separating the vapor-liquid and liquid-solid regions cannot be 
achieved at a practical operating pressure. Additional pres
sure conditions may be imposed if azeotropy is present and is 
to be eliminated. 

Many of the factors involved in selecting a bimetallic system for a re-
A generative cell are implicit in the phase diagram of the system. Certain 

conditions of operation, such as temperatures, pressure, and compositions 
of materials circulating to and from the anode and cathode, are also evident 
from a careful consideration of the system's phase diagram. Often the 
relationships among these factors can be more easily perceived with the 
pictorial aid of a phase diagram than from analytical thermodynamic 
expressions. Admittedly, the actual cell operation will not be carried out 
as an equilibrium process so that an equilibrium diagram will not most 
accurately represent all conditions in a cell; there is also the difficulty that 
the needed phase diagrams are not completely known. But these facts do 
not preclude drawing, from phase diagram considerations and from some 
reasonable assumptions, certain conclusions which are generally valid and 
helpful in system evaluation and in predicting operating conditions. 

121 
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A variety of approaches to the design of a regenerative emf cell is 
open as a result of various combinations of types of electrodes and methods 
of regeneration. The particular type of regenerative cell to be discussed 
here is the bimetallic cell—bimetallic because both electrochemically 
active electrode components are metals. The mode of regeneration being 
considered is thermal decomposition of the cell reaction product coupled 
with distillative separation into the cell reactants. Some of the ideas in
volved in such a cell have been outlined by Agruss (1). Because a high 
emf would be favored by selecting the most highly electropositive metals 
for the anode, the emphasis for the present is on those combinations of 
metals in which the anode is an alkali metal. This situation has, to an 
extent, influenced certain features of the discussion which follows. 

Attention will be given to two-component, phase diagram considera
tions as they pertain to compound formation, to the relationship between 
the liquid-vapor equilibrium loop and solid phase regions, to the bearing 
of the phase diagram relationships on the regeneration operation, and to 
the possibility and implications of the occurrence of an azeotrope in the 
liquid-vapor loop. 

Voltage Criterion and Compound Formation 
Perhaps the first consideration in selecting a bimetallic system is the 

voltage which the cell may be expected to deliver. At this point, the 
working assumption is made that, for a cell to generate an acceptable 
voltage, strong chemical interaction of the two metallic components is 
needed to avoid reliance on concentration cell potentials which may be 
shown to be inadequate. For example, if a cell were to be a concentration 
cell operating at 700°K. with pure component A as anode and a 1 atom% 
solution of A in C as cathode, where the activity of A is taken as 0.01, 
the voltage would be 

„ RT, ac (2) (700°K.) / ο ο λ 1 ΙΟ"2

 Λ Ο Ο u 
E = - ̂ l n ^ = - Mèôôé (2·3) l o g — = °-28 v o l t 

If the cell reaction is one involving an electron change such that 
η > 1, the voltage would be less. Also, running the cell to build up only 
1 atom% A in C may be impractical; if a 10-fold concentration increase is 
allowed, 10 atom% A in C, which is perhaps a more likely practical 
situation, the voltage indicated above would be halved to 0.14 volt. It is 
seen that voltages obtained from simple concentration cell operation are 
rather low, even before they are reduced further by various inefficiencies 
and by the operating load. 

The most effective means to increase the voltage is to decrease ac in 
the expression In —· Because decreasing etc by decreasing the concentra

i t 
tion of A in C alone is impractical, decreasing ac by virtue of a small 
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value for the activity coefficient is the only alternative. One criterion for 
the existence of an interaction of A and C so as to provide such a lowering of 
activity is the existence of a compound (s) of A and C in the phase diagram. 
As a rough rule for survey purposes, the interaction free energy is taken 
to be larger the higher the melting point of the compound or, stated 
differently, the higher the melting point the larger the voltage to be 
expected from the cell. This approximation, which has some empirical 
substantiation (#), is adopted to serve as a guide among bimetallic systems 
even though it is recognized that a melting point bears no necessary 
relationship to a free energy change and hence to an emf. If any justifica
tion for the rule is necessary, the operational argument might be made 
that, in a regenerative cell, the higher the m.p. of the cell product the 
higher is the temperature that must be reached to break the product up 
in the regeneration step. Because regeneration must overcome the forces 
holding cell product together and, since the cell emf itself reflects these 
forces in their operation to form the cell product, then the more strenuous 
the necessary regeneration conditions the higher the cell emf. There are 
limitations, however, on how high the melting point of the compound can 
be in a practical regenerative galvanic system; the significance of the 
relationship of the compound hump in the phase diagram to the rest of 
the diagram will be discussed later. So far, the first phase diagram criteria 
for selecting a bimetallic system are that the diagram should show com
pound formation between A and C, and preferably that the melting point 
of the compound should be reasonably high. 

Cell Operating Cycle and Phase Diagram 

Let us first consider the course of the cell operation as it may be 
traced on the constant pressure phase diagram which we take to be one 
like Figure 1. The cell system is considered to be sealed so that for the 
present analysis the system pressure may be regarded as uniform. In an 
actual cell, of course, where fluid flow through tubes must be taken into 
account, some pressure drops may occur. 

The cell operating temperature is Γι, the temperature of the electrodes 
and the electrolyte separating them. For the time being, let the anode be 
pure A, and let the cathode be a solution of A in C of overall composition 
somewhere between x 3 and x 2 on the diagram. In the current-generating 
reaction, A will oxidize at the anode and go into the electrolyte fused-salt 
solution, migrate toward the cathode, interact with and go into the liquid 
cathode, changing the cathode alloy composition in the Α-enriching direc
tion, all at Γι. Let us say that the cathode, by this means, reaches composi
tion x3. Now some of the cathode alloy of the composition x 3 is removed, 
sent to the regenerator, and heated to the regenerator temperature, Γ 2 . 
We are now in the liquid-vapor region of the phase diagram, and in the 
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124 REGENERATIVE EMF CELLS 

COMPOSITION 
Figure 1. Constant pressure phase diagram 

regenerator is formed some vapor richer in A, represented by point x i . 
Also, a liquid residue richer in C, represented by point x2, is formed. The 
liquid residue x 2 in the regenerator is recirculated to the cathode, after 
being cooled to TV 

The course of the vapor, x i , from this point depends on the shape of 
the vaporus and on the desired anode composition. Basically, two courses 
are open. In the first case, if the vaporus bulges far enough to the A side 
to permit condensation at T[ to yield a liquid rich enough in A so that it 
can be returned directly to the anode, this would be the simplest method 
of operation. In the second case, the vaporus may not bulge far to the A 
side, and it may be much like the curve in Figure 1. In this case, the vapor 
x i would, most likely, be considered insufficiently rich in A to be condensed 
and returned directly to the anode. Fractionation would be necessary, 
and we would trace out a series of steps in the liquid-vapor loop correspond
ing to the theoretical plates required to reach the desired degree of enrich
ment in respect to A. In an actual operation, a steady state would be 
reached which corresponds to operation of a distillation column at a certain 
reflux ratio. For either case, without or with fractionation, the final tem
perature at which vapor is condensed is termed the condensation tempera
ture and is labeled T{. The liquid formed at this temperature will then be 
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cooled to the cell-operating temperature, Γι, and returned to the anode. 
T{ and Γι, of course, may be close together or even equal. 

Liquid-Vapor Relationships 

Inter-condensed-phase relationships are relatively insensitive to pres
sure changes, so that the effect of pressure is of minor importance in 
considering compound formation. Phase relationships involving the vapor 
phase, however, are decidedly pressure sensitive. Because the method of 
regeneration involves distillation, the vapor-liquid relationships of the 
phase diagram will be important. These relationships are represented on 
the three-dimensional (pressure, composition, temperature) phase diagram, 
Figure 2. 

In Figure 2, the compound is taken to be congruently melting. A cross 
section at a given pressure gives the temperature-composition diagram. 
Two such cross sections are indicated here—one at a low pressure and one 
at a high pressure. Over the pressure range covered, the melting points of 
A, the anode material, C, the cathode material, and AC, the compound 
formed between A and C, are shown essentially unchanged. 

For initial simplicity, the vapor-liquid region will be assumed to be 
of the simple ascendant, loop variety. It will be noted that the b.p. of A 
(anode material) is taken to be lower than that of C (cathode material) 
because the binary combinations under consideration involve a low b.p. 
alkali-metal anode. An additional criterion for cell selection is obvious— 

C O M P O S I T I O N 

Figure 2. Three-dimensional phase diagram for a two-component 
system 
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a large separation between b.p.'s of A and C is desirable to facilitate distil
lation regeneration. 

The height of the liquid-vapor loop relative to the solid-liquid regions 
will be seen to be different in the two isobaric sections drawn in the figure. 
Always, the position of the loop on the temperature scale will drop as the 
pressure is lowered. Thus, sectioning at even lower pressures would even
tually reveal contact and overlap of the loop and hump and would result 
in a phase diagram which conceivably would look like Figure 3. The 
important feature in Figure 3 is that an additional kind of equilibrium, 
which is an equilibrium between vapor and solid in the V + A C region, 
has been introduced. 

Implications of Low Pressure 

In terms of Figure 3, vapor generated in the upper V + L area has 
to be condensed in order to be returned to the anode. Regardless of whether 

Τ 

V 

V + L / 

/ L 

/ V + A C 

A C + L \ 

L / L + A C 

A + L \ / A C + C 

A + A C 

COMPOSITION, α / ο 
Figure 8. Phase diagram showing equilibrium between 
vapor and solid in the V-AC region resulting from overlap 

of V-L and L-AC regions 
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10. FISCHER Phase Diagram Considerations 127 

or not the regeneration involves reflux, there will always be a temperature 
gradient in the regenerator between T2 and T\ or T[. If anode material of 
purity greater than that at a in Figure 3 is to be regenerated, the phase 
diagram must be traversed into the lower V + L region and, in the process, 
somewhere in the temperature gradient the V + AC region will be tra
versed. For the no-reflux case, vapor quenched through the temperature 
range covering the V + AC region can be expected to deposit at least 
some solid AC even though the situation is a nonequilibrium one. Hence, 
in both modes of regeneration, if the system pressure is low enough, there 
is a point in the regenerator cycle where it is possible for solid AC to 
deposit. Such solid deposition leading to blockage of the regenerator poses 
a threat to the operation of the cell. If it is necessary to operate the cell 
at a pressure such that a phase diagram of the type in Figure 3 pertains, 
then means must be adopted to cope with build-up of solid. This would 
probably be an engineering design problem. 

The important point of the foregoing is that a phase diagram of the 
type discussed in Figure 3 applies only if the system pressure is lower 
than a certain value. The transition from a Figure 3 diagram to a Figure 1 
diagram can be achieved simply by an increase in pressure; in other words, 
deposition of solid in either mode of operation can be avoided by operating 
at a suitably higher pressure so that the L + V and the L + AC areas 
clear each other. 

The means for achieving the proper pressure deserves discussion. 
The pressure of the desired temperature-composition phase diagram (Fig
ure 1) is fixed at the value of the vapor pressure of pure A at temperature 
T[ or by the summed partial pressures over particular compositions on 
the liquidus at their respective temperatures on the diagram. In other 
words, for a given composition of material to be returned to the anode, the 
condensation temperature will control the pressure and must be high 
enough to get the required pressure. Conceivably, the regeneration tem
perature, T 2, could be high enough to cause a higher pressure, but this 
would not be an equilibrium situation which is what is under consideration 
here. We are making an idealized analysis, neglecting pressure drops which 
may occur in an actual cyclic system. 

Another method of separating the V - L loop from the L-AC region is 
sometimes proposed. It usually arises with the question: "Can the separa
tion be accomplished also by pressurizing the system with an inert gas?" To 
answer this, let us consider a regeneration tube without inert gas present, 
and in which the pressure is low enough so that there is indeed a point 
where the temperature is such that solid A C deposits. Now, keeping all 
temperatures constant, let us introduce inert gas so that the total pressure 
is higher. Over the solid AC, the partial pressures of A and C (and maybe 
of A C if it is volatile to any extent) remain virtually the same as before 
because there has been no temperature change. In fact, over the liquid in 
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the regenerator, the same partial pressures exist as before. (It can be 
shown that total pressure changes have only an insignificant effect on 
vapor pressure.) In other words, introducing the inert gas does not produce 
a change in the activities of A and C, and the driving force for forming 
AC does not change; therefore, the inert gas has no effect in suppressing 
the formation of solid AC. Furthermore, from a practical standpoint, the 
presence of inert gas would have a retarding effect on the regeneration 
process because it would serve as a diffusion barrier through which the 
molecules of A would have to pass on their way to the condensation site. 

Regeneration and Condensation Temperature Relationships 

If the condensation temperature and the composition of regenerated 
Α-rich alloy which is to condense at that temperature have been estab
lished so that the phase diagram is like Figure 1, we can consider some 
further temperature-composition relationships at T 2. On one hand, if for 
some reason such as limitations of construction materials in the regen
erator there is an upper limit to the regeneration temperature, Γ 2, then 
this temperature will establish the most C-rich cathode material obtain
able from the regenerator, composition x2. On the other hand, if it is 
decided that the maximum build-up of A in the cathode shall correspond 
to cathode composition, x3, and if this composition is fed to the regenerator, 
then the minimum regenerator temperature is Τ ζ (the bubble point). 
Because C-richer material is to be returned to the cathode, a temperature 
between T 3 and T'z must be selected. Since the temperature-composition 
diagram (constant pressure) to represent the system has already been 
established, the pressure is not changed by this choice. In other words, 
specifying the composition of material sent to the regenerator permits a 
range of regeneration temperatures. The maximum temperature is Tz 
because any higher temperature would cause complete vaporization and 
would not produce C-enriched liquid. But, if the composition of material 
to be returned to the cathode is specified, then a unique regeneration tem
perature is established. 

It should be noted that any increase in temperature above Tz implies 
that a concentration gradient in the regenerator exists. That is to say, in 
an actual cell, material of composition x 3 will be fed to the regenerator, 
but material of composition x 2 will be returned to the cathode. Composi
tion x 2 will have to exist at the surface of the liquid in the regenerator 
from where it will be returned to the cell. Composition x 3 will be fed to the 
bulk of the regenerator liquid somewhere else than at the vapor-liquid 
interface. At the temperature T 2, the lever principal will indicate (if the 
L-V loop is known) the relative amounts produced of vapor rich in A and 
liquid enriched in C for the case of no fractionation. This information, 
combined with the maximum rate of distillation of Α-rich material, is 
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directly related to the current-generating capacity of the cell. That is to 
say, the rate of circulation of A (and of C), expressed in terms of equiva
lents of A (and of C), is directly related to the rate at which coulombs of 
electricity are generated (or to the current density). 

Another aspect of a real situation which should be recognized is that 
there is no such thing as a perfectly nonvolatile material, and C, having a 
small vapor pressure, would always be present to some extent in regen
erated A, even in the most favorable systems. If there is no mechanism 
for removal of C from the anode, then it would be only a matter of time 
until the concentration of C in the anode would build up to the value 
corresponding to the intersection of the T\ isotherm with the L-AC solidus 
curve. This build-up would cause solid A C to be deposited in the anode 
liquid. Two consequences follow—e.g., (1) while C is accumulating, the 
activity of A in the anode would be decreasing and, therefore, cell voltage 
would be dropping, and (2) actual deposition of solid A C within the anode 
could physically block the flow of anode liquid and stop cell operation. It 
would be a consideration in the cell design, then, to provide an anode of 
sufficient capacity so that the time needed to plug it would exceed the 
needed cell lifetime or to design a cell with means of purging the anode of 
accumulated A C . 

It may be useful to see what the numbers might be for some real 
systems. For the systems with alkali-metal anodes (except Li) , the b.p. 
of A would fall in the range 670 to 880°C. ; the b.p. of C may be in the 
"teen hundreds." For such a system, in order to separate the L-V loop 
from the L-AC region, and, because it can be judged qualitatively that the 
slope of the liquidus is probably not very steep close to the Α-rich side, 
then the permissible condensation temperature in the regenerator is un
likely to be lower than perhaps 50-100°C. below the m.p. of AC. As far as 
the phase diagram is concerned, how low the condensation temperature 
may be fixed will depend on the steepness of the liquidus (to graze past the 
A C hump) and on the particular composition of regenerated A-rich 
material which one wishes to collect. If the m.p. of A C is relatively low 
and the b.p. of A is relatively high, there will be a wide choice for selecting 
T{. If the A C m.p. and the A b.p. are fairly close, permissible values of T[ 
will fall in a more restricted range. An example is the sodium-bismuth 
system in which Na 3 Bi has a m.p. of 838°C, while sodium has a b.p. of 
880°C. In such a case, to avoid the solid region in regeneration, it is likely 
that the cell reaction will not be conducted at the condensation tempera
ture—i.e., Τι 5* T[, and regenerated Α-rich material will have to be cooled 
from T[ to Τi. It may be noted that for an assumed constant pressure 
system, setting Τι > T[ would not be permissible because regenerated 
anode material would vaporize. If, however, there is a pressure gradient 
as from a hydrostatic head (pressure increasing from regenerator to cell), 
then Τ χ may be somewhat higher than Γί. 
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Azeotropes and Their Significance 

The discussion of the liquid-vapor relationships has been based on 
the assumption that the L-V loop is of the simple ascendant, loop variety. It 
has been shown above that a desirable feature for a bimetallic regenerative 
cell is that the two components have widely separated boiling points and 
that they interact strongly, leading to strong negative deviations from 
ideality, and thereby favoring a large emf. Such a situation, because of the 
deviation from ideality, presents the possibility of maximum boiling point 
azeotrope formation if the negative deviation is not offset by a large 
enough difference in boiling points. As an example, for the sodium-bismuth 
system, some of our work at Argonne has shown that sodium has an activ
ity coefficient of about 10~4 on the bismuth-rich side of Na 3 Bi, but liquid-
vapor equilibrium studies have not revealed a maximum boiling point. 
The difference between the sodium and bismuth boiling points is 680°. 
Presumably this difference sufficiently overcomes the tendency toward 
azeotropy. On the other hand, in the Li -Bi system there is strong inter
action, as evidenced by the compound L i 3 B i , which melts at 1145°C. L i 
boils at 1336°C. and B i boils at 1560°C., the difference being 224°. It 
would not be surprising if there were a maximum boiling point in the 
Li -Bi system. 

Should a maximum boiling-point azeotrope arise, it is desirable to 
examine briefly the consequences in a cell system. The phase diagram would 
have the general features seen in Figure 4. Depending on where the com
position of material removed from the cathode, x c, happens to fall in 
relation to the maximum, three cases may be considered. First, if the 
cathode composition falls exactly at the maximum, no regeneration would 
be possible. The vapor composition would be the same as the liquid com
position. Second, if the cathode composition falls to the right of the 
maximum, regeneration would cause relatively pure C, which could be 
returned to the cathode, to distill, but the most Α-rich residue would have 
the composition of the azeotrope. This would represent the limiting anode 
composition and, if the difference in concentration of A between anode 
and cathode is not great enough, the cell voltage may be too low. Another 
bad feature is that, because the concentration of C in the cathode product 
is greater than that of A and, because C is the more volatile component 
in the regenerator under these circumstances, then the regeneration proc
ess consists of removing the major component rather than the minor 
component through the vapor phase. This is an inefficient situation. 

The third case is the one in which the cathode composition falls to 
the left of the azeotrope. Here, the most C-rich residue obtainable from a 
distillation would have the composition of the azeotrope. Thus, in regen
eration, the cathode this time would have its composition eventually set 
by the azeotrope. As far as the anode is concerned, in principle, pure A 
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A x c C 
χ 

Figure 4· General features of phase diagram 
should maximum boiling point azeotropy arise 

could be obtained by distillation, so that the anode situation would be 
essentially equivalent to that of the simple nonazeotropic system. 

If an azeotrope does occur in a practical system, it appears that the 
best condition is the last one, with the composition of the azeotrope as far 
to the C side as possible. What would be compromised is the degree of 
C-richness of the cathode, which, of course, translates into a compromise 
in the cell voltage. For these maximum boiling point azeotrope systems, 
the relative heights of the L-V loop and L-AC regions are still important 
in problems which might arise from overlap and resultant V-AC regions. 

Of course, the best approach would be to attempt to break up the 
azeotrope so that its interference would be impossible. Most simply, with
out introducing a third component, this could be accomplished by a suit
able choice of pressure (8). For a maximum boiling azeotrope, the total 
pressure of the system for compositions at and near the azeotrope is less 

than the vapor pressure of either pure component. Thus, if log Ρ vs. is 

plotted for both pure components and for a given composition in the 
region of the azeotropic composition, a plot like Figure 5 will result. The 
line for the mixture falls below both curves A and C in the temperature 
and pressure range on the left of point d in this diagram. Only one such 
curve is drawn here, although a family of curves, one for each composition 
selected, could be drawn. Wherever a curve falls below both the A and C 
curves, azeotropic behavior for this composition may be expected in the 
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pressure and temperature range which falls below A and C. If the line is 
extended to the right, then in the region between the A and C lines azeo
tropic behavior will not be found. Thus, to get rid of the azeotrope prob
lem, pressure and temperature conditions must be selected from the por
tion of the total pressure curves falling between the A and C lines. At the 
pressure represented by point a, all compositions whose total pressure 
curves fall in the range spanned by points b and c will behave nonazeo-
tropically. From the standpoint of overall cell operation, one would choose 
a system pressure which would be determined by the condensation tem
perature and composition at the condensation site, as discussed earlier; 

then one would observe whether or not the log Ρ vs. plot indicated free
dom from azeotropes at the selected pressure for the whole range of com
position involved in the cell operation. 

In another aspect, earlier in the discussion it was shown that a mini
mum system pressure had to be established in order to separate the V - L 
loop from the A C - L region. Now, it can be seen that in those systems where 
maximum-boiling azeotropy occurs there are two different ways a total 
pressure curve can cross the C curve. It can cross with a slope greater or 
less than that of the C curve. Which occurs would depend on the inter
actions in the particular system. In the situation shown in Figure 5, there 
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is no azeotropy to the right of point d or, in other words, at pressures 
lower than that which corresponds to point d. This means that, in addition 
to a minimum pressure requirement to avoid overlap of the L-V loop with 
the L - A C region, there may be, if azeotropy occurs as described by this 
plot, also a requirement of a maximum pressure to avoid azeotropes. On 
the other hand, it is possible that the A, C, and mixture lines have slopes 
so that pressures higher than those which correspond to point d result in 
the absence of azeotropy. For a cell in which this condition prevails there 
will be two minimum pressure requirements—one to avoid the V - L and 
L-AC overlap and one to avoid azeotropy. The higher pressure would be 
selected as the minimum one to avoid both problems. 

Electrolyte as Source of Additional Components 

The discussion has been idealized to the extent that we have con
sidered only two-component systems. Because an actual cell will be op
erated with a fused-salt electrolyte in addition to the two electrochemically 
active components, some degree of mutual solubility of each of the three 
components would result. In particular, the electrolyte is expected to be 
slightly soluble in the cathode and therefore will appear in the regenerator. 
Once in the regenerator, it may also be expected to transport to the anode 
via the regenerative process. Of course, it will also be in the anode by 
virtue of direct contact with and dissolution in A. 

One sees immediately that a comprehensive discussion of phase dia
gram interrelationships is going to involve at least three components. 
Because a pure salt will most likely not be used as the electrolyte, but 
rather a lower melting mixture such as a ternary salt eutectic, the full 
discussion would involve five components. This becomes an extremely 
complicated situation. For a full analysis, the binary systems will be the 
important units. In the preliminary stages, the binary A-C systems, despite 
constituting a somewhat simplified representation of a regenerative gal
vanic system, will afford guideposts for system selection and establishment 
of operating conditions. 

Summary 

The salient points in the preceding discussion are the following: 
(1) Interaction between A and C, shown by compound formation at 

Γι, is desired as an indication of a favorable cell voltage. 
(2) Relatively high melting point of this compound, AC, is desirable 

to indicate an acceptably high cell voltage. 
(3) The L-V loop must be separated from the A C - L region at the 

cell-operating pressure to avoid depositing solid in the regenerator; there
fore, in compromise with point 2, the m.p. of A C should not be so high 
as to make separation of the A C - L region from the L-V region impractical. 
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(4) Separation of the A C - L region from the V-L region can be accom
plished by setting the condensation temperature T[ high enough for a 
selected value of composition of material to be returned to anode. 

(5) Cell reactions can generally be carried out at T\ < T[ but not at 
T\ > T[ unless a pressure gradient exists between the condensation region 
and the cell proper. 

(6) Having fixed T[ and the composition of anode material at T[ a 
unique phase diagram is thereby selected. Setting the composition of 
material to be returned to (not taken from) the cathode then fixes T 2, the 
regeneration temperature. 

(7) For a unique phase diagram, fixing the composition of the cathode 
product to be removed from the cathode and to be sent to the regenerator 
(as distinguished from fixing composition of purified material) establishes 
a minimum value for T2 (the bubble point) and also a maximum value 
(the dew point). 

(8) For a selected diagram, setting a maximum value for T2 sets a 
maximum magnitude of C-enrichment for material returned to the cathode 
but diminishes the relative quantity of this material to a minimum (zero). 
The purity of Α-rich vapor is also dependent on the choice of T 2, thereby 
influencing the need and the extent of fractionation. 

(9) Large separation of b.p.'s of A and C is desirable. 
(10) Accumulation of C in A must be anticipated and means must be 

provided for its removal so that eventual plugging of anode with A C or too 
great diminution of voltage do not occur. 

(11) The negative deviations implied by AC compound formation 
may lead to a maximum boiling point azeotrope. 

(12) Under some conditions, an azeotrope may not adversely influence 
cell operation. This might be the case where the azeotropic composition, 
under a given set of temperature and pressure conditions, falls close to 
pure A or pure C. 

(13) If the azeotrope problem exists and is to be eliminated, pressure 
limits may be imposed which are, in addition to the minimum pressure, 
needed to separate the L-V loop from L-AC regions. 

(14) Finally, the complications which would be introduced by the 
electrolyte must be borne in mind. 
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11 
Laboratory Studies of Intermetallic Cells 

MELVIN S. FOSTER 

Argonne National Laboratory, Argonne, Ill. 

The choice of components for laboratory studies of regenerative, 
intermetallic cell systems is based on the desire to have total 
liquidity in the cell, a high cell voltage, ability to separate the 
more base metal used as the anode by distillation or electrolytic 
regeneration, and negligible corrosive character of the metals 
and alloys. Several advantages and disadvantages for these cells 
exist. Concentration cells without transference have been useful 
in the study of the thermodynamic properties of alloys. The 
solubility of the anode metal in the fused salt electrolyte, a mix
ture of halides of the same metal, results in a nonelectrochem-
ical transfer in the cell. Intermetallic compounds may be 
extracted from the cathode alloy into the fused salt electrolyte 
which is thermodynamically stable in the cell environment. 
The solubilities of several intermetallic compounds infused salts 
are relatively large. 

nphe primary voltage source of one type of regenerative, galvanic system 
under consideration is an intermetallic cell. Laboratory investigations 

of intermetallic cells have been carried out at Argonne National Labora
tory and elsewhere (discussions of the work at Allison Division of General 
Motors and North American Aviation are found elsewhere in this volume). 
For reasons to be discussed later, the primary emphasis of this chapter 
will be on cells with a liquid anode metal, a liquid binary alloy cathode, 
and a molten salt electrolyte. One of the two components of the liquid 
alloy cathode is a metal identical with the anode metal—hence the name 
"bimetallic cell." Most of the studies reported here have been of the 
basic physicochemical properties of binary alloys. 

Design of Practical Systems 

Although a complete enunciation of the principles of design for a 
practical system is beyond the scope of this chapter, we may cite some of 
the considerations involved in order to show the relevancy of the basic 
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studies. Figure 1 is a schematic representation of a regenerative, inter
metallic cell system. 

ENERGY IN 

REGENERATOR A + C- -AC 

ι ι 
I I 
I I 
I I 

COUNTERCURRENT 
HEAT EXCHANGER 

ELECTRICAL ENERGY 

CELL CELL REACTION: 
A + C - A C 

TE HEAT 

Figure 1. Schematic representation of a regenerative, intermetallic 
cell system 

In the figure, the anode metal, A, is transferred electrochemically 
through the electrolyte and combined with a cathode metal, C, to form 
a binary alloy, AC. The cathode metal is the more noble metal. Electrical 
energy and waste heat are generated in the cell which is ideally a concen
tration cell without transference. The cathode alloy formed is transferred 
to a second container and regenerated by removing the anode metal— 
e.g., by distillation or by electrolysis in a second cell. This separation is 
accomplished with some expenditure of energy (thermal, electrical, or 
other). The regenerated cathode alloy and anode metal are returned 
separately to their respective cell compartments for reuse. 

While relatively pure anode metal, A, is removed from the cathode 
during regeneration, the cathode alloy need not be entirely depleted of A. 
The energetics for the total removal of A from the cathode alloy would be 
expected to be unfavorable when compared with a process in which only a 
small change in the concentration of anode metal, A, in the cathode was 
effected. If the cyclic process is not isothermal, it can be shown that the 
efficiency may not exceed Carnot efficiency. 

The approach to Carnot efficiency is indeed tortuous. Among the 
requirements are not only a) that the cycle be operated in a reversible 
manner, but b) if the anode material is separated from the cathode alloy 
by distillation, a complete separation must be effected without refluxing, 
c) ideal heat exchange must take place between the streams from the cell 
and regenerator, and d) (Cproduct8 — Citants) = °> where C is the heat 
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capacity. This implies strongly that all of the anode material vaporized 
in the regenerator must be (reversibly) condensed at the regenerator 
temperature without any expenditure of energy, a patently impossible 
situation. 

Note that the distillative regeneration procedure mentioned calls for 
removing the anode metal from the cathode alloy in the regenerator. 
It is possible, of course, to regenerate the system by distilling the cathode 
metal from the alloy to be regenerated. While this method would in prin
ciple allow for the possibility of obtaining essentially pure cathode metal 
for cell use, it would be necessary to distill all, or almost all, of the cathode 
metal from the alloy. This represents a very high energy input compared 
with the energy involved in the distillation of reasonably pure anode 
metal from a cathode alloy whose composition need not be greatly changed. 
Because the distilled metal will condense at a temperature lower than that 
of the regenerator, the total energy lost in this process will be less if the 
anode metal is distilled from an alloy (less material is involved) ; therefore, 
the only systems considered for thermal regeneration will be those in 
which the anode metal is the more volatile component. 

One of the advantages of the bimetallic cell is the low polarization 
at high current densities. This effect is due to the high exchange currents 
which exist between liquid metal electrodes and molten salts (see Ref
erence 29). Our study thus will be restricted to electrodes which are a 
single liquid phase. Many anode-cathode combinations are possible. From 

66 ! 
approximately 66 metals and metalloids may come 2145, ^ f ^ ' non-degen
erate, binary systems; even without intrafamily pairs, the number is still 
very large—1998. If we restrict our view to those metallic elements which 
are liquid in the pure state at reasonable cell temperatures (taken arbitrar
ily as <1000°K), we are confined to the 20 elements shown in Figure 2. 
This figure shows the melting point immediately below, and the normal 
boiling point just above the chemical symbol for the element. The electro
negativity (38) of the element is noted in parentheses; temperatures are 
given in degrees Kelvin. 

Of these elements, divided into two groups according to their electro
negativities and their position in the periodic table, those on the left con
stitute the possible anode metals to be considered. Estimating the strengths 
of possible interaction solely on the basis of electronegativity differences, 
one postulates that Cs-Se might be the best combination. 

The vapor pressures of these elements (32) are compared in Figure 3. 
If there is to be eventual distillation of the anode metal from the cathode 
alloy at the regenerator in one step, without refluxing, the least contamina
tion of the anode metal by the more noble cathode metal would be expected 
in systems where the difference in vapor pressures of the two metals is a 
maximum. With their vapor pressure curves, Cs and Se make an undesir-
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11. FOSTER Intermetallic Cells 139 

Figure 2. Boiling points, melting points (82), and electronegativities 
(88) of elements of interest for use informing binary, intermetallic cells 

Figure 8. Vapor pressure of the elements of interest (32) 

able pair from a regeneration standpoint; the vapor pressure of cesium 
will be reduced by its low activity coefficient in the alloy, and pure cesium 
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will not be effectively separated. There are, however, 90 other binary 
combinations to consider. One must make a choice among them, compar
ing separation of elemental vapor pressures required for regeneration of 
the anode metal, corrosive characteristics of the elements and alloys, 
cell voltage produced, the binary metal phase diagram (see Chapter 10 
this volume), etc. 

Characteristics of Regenerative, Intermetallic Cell Systems 

The advantages and some of the disadvantages of using regenerative 
intermetallic cell systems are outlined in the sequences below. 

Advantages include the following: 
1) These systems are capable of either thermal (distillative) or elec

trical regeneration, of which the latter is desirable if the cell is used as a 
secondary (or rechargeable) battery in an isothermal cycle. In a noniso-
thermal cycle, the regenerator may be electrically operated as an electro
lytic cell using some of the power from the cell in a thermal-electrical 
regeneration cycle. 

2) Because most schemes for using these cells involve the conversion 
of thermal energy to electrical energy, large quantities of heat must be 
transferred, a process simplified greatly when using flowing metallic 
systems. 

3) If the flowing stream can be maintained in thermal loops (or 
"harps"), then a simplicity of construction may be achieved. 

4) The high conductivity of the molten salts may be utilized to its 
maximum beneficial effect in reducing voltage loss (ohmic loss) in the cell. 

5) The energy required for distillative, thermal regeneration may be 
obtained from any of several sources: solar, geothermal, fossil fuel, or 
nuclear. 

To prevent over-optimism, nevertheless, the following disadvantages 
must be acknowledged : 

1) Because these systems require operation at elevated temperatures 
for fluidity maintenance and for distillative thermal regeneration, the 
corrosion problem must receive careful attention (see Chapter 12 by 
Shimotake and Hesson). 

2) The pronounced tendency for the active anode metals to dissolve 
in their own molten salts (1, 2, 3, 14, 27) gives rise to a mechanism for the 
phenomenon, "irreversible transfer," in which the anode metal is trans
ferred to the cathode without producing any external electrical current. 

3) The high temperatures needed for regenerating some of these 
systems are not readily achieved in presently available, economic, thermal 
energy sources. 

4) A tendency toward electronic as well as ionic conductivity may 
exist in melts containing appreciable amounts of dissolved anode metal 
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(4, 5, 6, 18). This will lower the cell voltage available (but may increase 
the power output) (28, 86). 

5) Although high values of the absolute température coefficient, 

y are desired in theory, low values are commonly found in practice. 

Polarization of the cell voltage may occur for several reasons. The 
usual resistance to ionic mobility leads to an IR drop of voltage which is 
much more obvious for solid than for liquid electrolytes. The polarization 
is normally quite low, but it is possible to minimize this loss by selecting 
systems with high conductivity. At constant temperature, a size effect 
would be expected—i.e., the IR drop in a Li+ (X~) electrolyte should be 
less than for N a + (X~), owing to the smaller Li+ ion. 

Because the bimetallic cell is a concentration cell, the voltage may be 
reduced because of an increased concentration of anode metal in the layer 
of cathode alloy contiguous with the catholyte. This increased concentra
tion results from the deposition of anode metal ions and metal atoms from 
the catholyte. To offset the loss, it may be possible to provide mechanical 
agitation in order to increase the rate of homogenization of the cathode 
alloy. The kinetics of this process without mechanical or thermal agitation 
will depend on the diffusion coefficient of A in C. Size effects must again 
be considered, but in this case the sizes may be those of clusters in solution 
in C which are not simply related to the atomic size of A. 

The solubility of the anode metal in the electrolyte and its subsequent 
transfer to the cathode alloy without producing any external electrical 
current cause an additional voltage drop of the cell, with time, as the 
concentration of the cathode changes. This effect may be minimized by 
preventing thermal convection in the electrolyte, thus forcing the neutral 
metal atoms to transfer only by ordinary diffusion. Another way of de
creasing the rate of irreversible transfer is lowering the temperature of the 
cell. This decreases the solubility of the anode metal in the electrolyte 
which, in turn, leads to a lower concentration gradient of anode metal in 
the electrolyte and a lesser transfer rate. (Again, the elimination of thermal 
convection currents is important if the minimum irreversible metal transfer 
is to be approached.) 

The "activation polarization" often encountered in ordinary, low-
temperature fuel cells is unimportant in bimetallic cells because of the 
increased temperature and high exchange currents between liquid-liquid 
interface of the metal electrodes and molten salt electrolytes. 

Intermetallic alloys show solubilities from traces to total miscibility 
in fused salts. The anode may become contaminated by the extraction of 
bimetallic compounds or related species from the electrolyte solution. Not 
only will the activity of the anode metal be lowered, thus reducing the 
cell potential, but also it will be difficult to provide for removing the cath
ode metal which so appears in the anode. (Obviously, the removal must 
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be accomplished in a regenerative, closed-cycle system designed for long-
term operations.) As previously noted, eliminating thermal convection in 
the electrolyte will help solve the problem. Inserting porous, inert barriers 
may also help reduce both diffusion rates and thermal convection, although 
at a cost of increased ohmic polarization of the cell. Of course, in both 
cases, one may seek an electrolyte with reduced solubility for anode metal 
and intermetallic species from the cathode. One of the mitigating facts 
about the solubility of intermetallic species in the anode is that, apparently, 
ideal solutions are formed initially with the appearance of the cathode 
metal in anode metal as solvent. The result is that the voltage reduction 
of the cell is minimal. The more formidable problem is the cumulative 
effect of the build-up of cathode metal in the anode, which eventually must 
be met with special regeneration techniques such as periodically "dump
ing" the complete anode inventory into the cathode or continuously 
removing a fraction of the anode and combining it with the cathode alloy 
sent to the regenerator. The difficulty is compounded if pure A cannot be 
returned to the cell from the regenerator but, instead, an alloy rich in A 
must be returned to it. 

Experimental Techniques for Intermetallic Cell Studies 

Many reports have been written concerning thermodynamic studies 
of various binary alloys (25). In general, it is most profitable to establish 
the partial, molal-free energy of the binary alloy as a function of alloy 
composition and temperature. From this data, it is possible to calculate 
the open-circuit voltage of the cell, the free energy change at the regenera
tor temperature, the other thermodynamic properties, and vapor pres
sures. This information has been commonly obtained by emf cells similar 
to the ones which are visualized for use in a regenerative, intermetallic 
cell system. Cells in a regenerative system must be capable of delivering 
large amounts of electrical power, but the cells used in thermodynamic 
studies are operated under virtually open-circuit conditions. Potentio
meters or electronic voltmeters, such as electrometers, are used to obtain 
the cell voltage. Cells for laboratory studies, therefore, may have very 
high, internal resistance and still yield useful data, while the same cells 
would be useless as power-producing devices. 

The galvanic systems in the regenerative, bimetallic cell program use 
fused salts and liquid metals which are not compatible with an ordinary 
atmosphere. Experiments at Argonne National Laboratory have been 
conducted in glove boxes filled with helium. In order to maintain the 
integrity of the helium atmosphere against minor air leaks, diffusion of 
water through the gloves, etc., the helium is continuously recirculated 
through a purification system. The basic purification step in this system 
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is an activated charcoal trap held under boiling nitrogen (17). The atmos
phere in the box normally contains less than 1 p.p.m. water vapor by 
volume and less than 5 p.p.m. each of nitrogen and oxygen. Experimental 
furnace wells have been attached to the metal floor of the glove boxes by 
means of water-cooled, O-ring seals. These wells can be isolated from the 
rest of the glove box system by a second O-ring-sealed interior cover-
plate. The resistance furnaces used to heat the wells are on the outside of 
the box and thus do not introduce contaminants into the box atmosphere 
by outgassing. 

In the study of bimetallic cells, it is necessary to avoid electrolytes 
containing components which are not thermodynamically stable in the 
cell environment. As pointed out by Wagner and Werner (37), a lowering 
of the observed cell voltage will occur if displacement reactions take place 
at the metal electrodes because of mixed electrolytes. This behavior was 
noted in the studies shown in Figure 4. The cells used for the lower curve, 
containing L i C l - K C l electrolyte, yielded voltages which fluctuated mark
edly and decreased rapidly when the operating temperature was raised 
above 773°K. The disparity in voltages occurs because, at the elevated 
temperatures, KC1 is reduced by L i at the anode to form Κ metal which 
is at least partially volatilized from the cell. This study shows that at 

0 . 7 6 

0 . 5 4 L J I I I I L_J I ι ι ι I I I I I I I I—I I I 
6 7 0 7 1 0 7 5 0 7 9 0 8 3 0 8 7 0 9 1 0 9 5 0 9 9 0 1 0 3 0 1 0 7 0 1 1 1 0 

TCK) 

Figure 4- Voltage-temperature properties for different electrolytes in 
the cell Li(l)/LiCl-IAF or LiCl-KCl/Bi(l) saturated with LizBi(s) 

temperatures above 773°K., KC1 in the eutectic mixture of L i C l - K C l is not 
thermodynamically stable in cells containing L i metal. In later studies, 
electrolytes have been restricted to molten mixtures of the halides of the 
alkali metal used. Some experiments are currently being made with pure 
solid NaCl as the electrolyte in cells involving Na as the alkali metal. 

Using lithium as an anode metal, the system Li-Bi (18) has been 
studied. The molten electrolyte consisted of the eutectic composition 30 
mole% LiF-70 mole% LiCl . The melting point of this mixture is 775°K. 
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(19). Porous BeO crucibles were used as diffusion barriers and as con
tainers of one of the alloy electrodes. Solidification of the electrolyte in its 
pores broke the BeO crucible; therefore, cells were operated only at tem
peratures above 775°K. Figure 5 shows the typical cell construction. This 
cell yielded stable and reproducible cell voltage data ( ± 3 mv. or less) at 
temperatures up to approximately 1100°K. The reference electrode of a 
Bi-rich liquid alloy saturated with Li3Bi(s) was contained in the bottom 
of the tantalum crucible. Electrical contact to this electrode was made 
with a tantalum tube which was welded closed at the bottom. The tube 
also contained the thermocouple used to monitor the cell temperature. 
The potential of the reference electrode with respect to pure lithium was 
measured independently (18) as: 

Ε = 0.5303 + 7.3272 Χ 10~4 Τ - 6.4317 Χ ΙΟ"7 T2 (volts), 
where Τ = 760°K. — 1100°K. Using this reference potential, it was pos
sible to convert observed cell voltages to those for the cell containing a 
pure L i anode. 

In addition to being used to calculate the thermodynamic properties 
of these alloys, the data may also be used to calculate the standard-free 
energies of formation of solid compounds occurring in the system. The 
stability of these compounds may be seen from the highly negative values 
of the free energy of formation, which range from —50.5 kcal./mole at 
800°K. to -44.0 kcal./mole at 1100°K. for LisBi(s). 

Intermetallic Compounds in Solution 

Erich Heymann and co-workers (21, 22, 28, 24, 81) conducted what 
appear to be the first investigations of intermetallic compound solubility 
in fused salts. These were distribution studies of Na between molten NaBr 

TA TUBE 
(ELECTRICAL LEAD $. 
THERMOCOUPLE WELL) 

MOLTEN ELECTROLYTE 
(EUTECTIC MIXTURE OF 
LiCI-LiF) 

TA ROD 
(ELECTRICAL LEAD) 

BASKET SUSPENSION 

LIQUID ALLOY ELECTRODE 

POROUS BeO CRUCIBLE 

TWO-PHASE REFERENCE 
ELECTRODE [LisBi (s )• U-Bi ( lT| 

-TANTALUM CRUCIBLE 

Figure 5. Typical construction of cells used in the study of Li-contain
ing alloys 
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or N a l and a molten metal phase of Cd, Pb, T l , Sn, B i , Sb, or Au. They 
found that, at a temperature of 1043°K., Na compounds with T l , Cd, and 
Pb were not soluble in the salt phase, although Na was apparently ex
tracted from the metal phase. Intermetallic compounds of Na with Sn, Bi , 
Sb, and Au were extracted into the salt phase. Heymann attributed the 
insolubility of Pb from mixtures to compound dissociation in the alloy at 
the high experimental temperature, which was 400° above the melting 
point of the highest melting compound in the Na-Pb system (20). 

The results of solubility determinations of intermetallic compounds 
in molten salts are shown in Figure 6. 
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Figure 6. Solubility of some intermetallic compounds in molten salts 

In the Li -Bi studies, the Li -Bi ratio in the salt phase was shown to be 
3.0 when solid L i 3 B i was present in the metal phase. In view of the lack 
of other data, a heat of solution, AHf, of the compound, L i 3 B i , in the 
molten salt was calculated from the solubility data making certain stand
ard assumptions. First, it was assumed that the solution sampled and 
analyzed was in equilibrium with the pure solid intermetallic compound 
at the experimental temperature. Secondly, it was assumed that the spe
cies in the solid was the monomer, L i 3 B i . Thirdly, it was assumed that these 
solutions were ideal to the extent that it was permissible to use the ex
pression : 
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Τ /Ρ 

AHf 

R 

where X is the atom fraction of L i 3 Bi in the molten salt, Τ the absolute 
temperature, and R the gas constant. 

Using these assumptions, the heat of solution for L i 3 B i calculated 
from the solubility data is 18.8 kcal./mole (listed in error in Reference 16 
as 9.4 kcal./mole). 

In a liquid 50 atom% alloy of L i and Bi , the solubility of B i is equal 
to that from Li3Bi(s) at low temperatures where the 50% alloy becomes 
saturated with Li 3Bi(s). At higher temperatures, the L i :B i ratio decreases 
sharply, as shown; experimental difficulties in determining L i precluded 
fixing a more precise value for the ratio. 

The Na-Bi system solubilities are much higher (see Figure 6). The 
single point of Heymann should be low when compared with the upper 
line because he used an all-liquid alloy. The heat of solution of Na 3 Bi 
calculated from the upper line is 10.7 kcal./moles. The nonsaturated alloy 
in the lower line yielded Na:Bi ratios in the salt phase which were higher 
than those in the metal phase. The possibility of multiple species is in
dicated by these higher, changing values and by those of the L i :B i ratios 
in the lower curve. The lack of intersection of the two Na-Bi curves at 
lower temperatures may indicate a phase diagram error because the dia
gram given by Hanson and Anderko (20) shows that Na3Bi(s) should 
precipitate on cooling the more dilute alloy to approximately 798°K. 

The solubility of Mg 3 Bi 2 in MgCl 2 is shown for a limited temperature 
range (15). The Mg:Bi ratio in the salt phase is 3:2. 

Other isolated points shown are for Mg 2Sn, lithium telluride, and the 
solubilities of various intermetallic compounds in molten NaOH reported 
recently by Delimarskii et al. (9). These solubilities in molten NaOH are 
reportedly low for Na 3 Bi and NaPb compared with values calculated 
using a heat of fusion of 16.6 kcal./mole for Na 3 Bi. 

It is obvious that either the heats of solution of L i 3 B i and Na 3 Bi are 
not very constant with temperature (or these solutions in fused salts are 
not very ideal). For example, the melting point of L i 3 B i obtained from 
the extrapolated solubility curve is 2610°C, compared with the literature 
value (20) of only 1145°C. Further, the curve for Na 3 Bi yields a value of 
10.7 kcal./mole for the heat of solution compared with a heat of fusion 
of 16.6 kcal./mole used by Delimarskii et al. (9). The melting point found 
by extrapolation is again > 2000°C, while the literature value (20) is 
only 775°C. A knowledge of the phase diagram of some of these inter
metallic compound-alkali metal halide systems would aid in resolving this 
difficulty. 
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Electrochemical studies of N a 3 B i in molten salts by Delimarskii, 
Pavlenko, and co-workers (7, 8,10,11, 34) apparently indicate the presence 
of B i ~ 3 ions in solution. These studies complement Argonne National 
Laboratory studies (26) of the freezing point depression of N a 3 B i in various 
alkali metal halides. These studies indicate that a l l three N a atoms are 
ionized (or at least replaceable) in dilute solutions of N a 3 B i in L i C l , and 
that the B i exists in a species which is monoatomic in B i in dilute solutions 
of N a 3 B i in N a l . 

In addition to solubility determinations, limited initial studies of the 
spectra of intermetallic compounds in molten salts have been made. The 
spectrum of a L i C l - L i F solution of L i 3 B i in a sapphire cell at 798°K. was 
reported to be characterized by an intense absorption band, with a long 
wavelength edge located at 615 ταμ (16). 

Other qualitative observations have shown that L i 7 Sn 2 , L i i 0 P b 3 , and 
L i C d also form colored solutions in molten salts. These studies indicate 
that the phenomenon of intermetallic compound solubility may be as
sociated with many of the binary metal systems of interest for application 
in regenerative, galvanic cells. One exception is the amalgams which show 
very low (8.6 X 10~6 mole%) solubility of Hg-containing, intermetallic 
species in fused L i C l - L i F mixtures up to about 773°K. 

Further Studies 

Many basic phenomena relating to both molten salts and alloys 
remain to be studied before the theoretical and practical behavior of a 
given intermetallic cell may be predicted. Studies of molecular spectra, 
conductivity (SO), calorimetry, vapor pressure, viscosity, electromigration 
and polarography (35) diffusion, and nuclear magnetic resonance (12) 
have barely been initiated, if at al l , for many of the binary metallic sys
tems, electrolytes, and solutions of interest. 
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Corrosion by Fused Salts and Heavy 

Liquid Metals—A Survey 

H I R O S H I S H I M O T A K E and J A M E S C. HESSON 

Argonne National Laboratory, Argonne, Ill. 

A literature survey of corrosion by fused salts and heavy liquid 
metals is presented. The paper is divided into two sections. The 
first section covers corrosion of steel, 300- and 400-series stain
less steels, nickel, various nickel alloys, tungsten, molybdenum, 
tantalum, refractory metal alloys, miscellaneous alloys, alumina, 
and other refractories by fused salt fluorides, chlorides, and 
hydroxides. The temperature range extends to 1000°C. Seventy 
literature references are listed. The second section covers cor
rosion of steel, 300- and 400-series stainless steels, nickel, chro
mium, vanadium, beryllium, titanium, tungsten, niobium, 
tantalum, rhenium, refractory metal alloys, miscellaneous 
alloys, graphite, alumina, magnesia, zirconia, and other refrac
tories by liquid bismuth, liquid lead, and liquid tin. The tem
perature range extends to 1400°C. One hundred thirteen litera
ture references are listed. 

'TPhermally regenerative emf cell systems of the bimetallic types com-
monly use mixed fused salt electrolytes and liquid metal electrodes at 

elevated temperatures. The mixed fused salt electrolytes usually include 
fluoride, chloride, iodide, bromide, or hydroxide salts and the molten 
metal electrodes may consist of bismuth, lead, tin, or mercury cathodes 
and lithium, sodium, or potassium anodes. In the cell proper, temperatures 
up to 600°C, and in the regenerator, temperatures considerably above 
800°C, may be encountered. 

Problems of corrosion of construction materials by fused salts and 
liquid metals are encountered in cell and regenerator operation. In addition 
to the usual chemical corrosion, mass transfer corrosion can occur because 
the liquid metals are circulated between the cell at a relatively low tem
perature and the regenerator at considerably higher temperature. Also, 
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both fused salt (electrolyte) and liquid metals (electrodes) and their 
vapors are in contact in the cell under conditions of electrochemical 
reactions. In the regenerator the anode metal is evaporated from the 
cathode metal and the vapor is condensed for return to the cell. Thus, the 
corrosion problems include those due to the following: liquid metals, 
liquid metal alloys, and fused salts under flow conditions and temperature 
differences; liquid metal-vapor metal interfaces; condensing metal vapors; 
liquid metal-fused salt interfaces; and electrochemical reactions. 

Publications on corrosion by fused salts and liquid metals at elevated 
temperatures are much less extensive than those on corrosion by aqueous 
solutions and liquids at low temperatures; nevertheless, there is a fair 
amount of literature dealing with fused salts and molten metals. Much of 
the information on corrosion by molten metals was obtained at tempera
tures below the 800°C. to 1000°C. range generally being considered for 
regenerative bimetallic cells. Although relatively little information is 
available on corrosion by mixed molten alloys and fused salts at elevated 
temperatures, a literature survey on corrosion by fused salts and liquid 
metals is essential when considering regenerative bimetallic cells. 

A literature survey has been made to April 1965 of corrosion problems 
in regenerative bimetallic cell systems which use fused salt electrolytes, 
molten sodium or lithium anodes, and cathodes of molten bismuth, lead, 
or tin. One section of the survey deals with corrosion by fluoride, chloride, 
and hydroxide fused salts. The other section is devoted to liquid metal 
corrosion by bismuth, lead, and tin. Each of the two sections has its own 
bibliography. In the text, the salt mixture compositions, liquid metal 
alloy compositions, and the compositions of construction material are 
expressed in mole per cent (m/o), atomic per cent (a/o), and weight per 
cent (w/o), respectively, unless indicated otherwise. 

Section I: Corrosion by Fused Salts 
Corrosion of materials by fused salts has long been an important 

problem of electrochemical, metallurgical, and other industries. Yet only 
a limited amount of data had been available in the open literature until 
fused salts began to receive attention as nuclear fuel carriers and reprocess
ing media. In the 1950's, several long-range research programs were 
organized to seek materials which would be compatible with fused salts. 
One of these investigations was concerned with a mixture of fluorides 
which had been selected as a nuclear fuel carrier. In other programs, 
chlorides were studied as nuclear fuel reprocessing media, and alkali-metal 
hydroxides and phosphates were studied as moderators, moderator-cool
ants, and moderator fuel carriers. Less extensive but equally important 
were the chloride researches conducted by investigators in the metal
lurgical industries. 
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In bimetallic, regenerative emf cells, a molten alkali metal is used as 
the anode (negative electrode). The alkali metal ions resulting from oxida
tion at the anode transfer through a fused salt electrolyte to the cathode 
(positive electrode) which consists of a molten heavy metal. For this 
reason, the fused salt electrolyte must contain ions of the anode alkali 
metal. The electrolyte must also be chemically stable at high temperatures 
(~ 500°C). A single salt or a mixture of salts with a low melting point is 
desirable as an electrolyte. Another important requirement for the elec
trolyte is a low solubility of the alkali metal, cathode heavy metal, and 
their intermetallic compounds. A high solubility of these metals in the 
electrolyte results in a high nonfaradic transfer of the anode alkali metal. 
At Argonne National Laboratory, mixtures of alkali halides have been 
used as electrolytes. 

In view of the vastness and complexities of corrosion research activ
ities, this literature survey emphasizes the alkali-metal fluorides, chlo
rides, and hydroxides with which the regenerative emf cells are concerned. 
Other salt systems will be treated only briefly. 

Corrosion by Fused Fluorides 

As nuclear fuel carriers, fluorides have many advantages, such as low 
thermal neutron cross sections, low vapor pressures, thermal and radiation 
stabilities, and high solubilities for U and Th. For these reasons, the 
Molten Salt Reactor Experiment and the Aircraft Nuclear Propulsion 
Program (47, 4%, 49> 60, 69) using fluorides as nuclear fuel carriers were 
organized at Oak Ridge National Laboratory in the 1950's. Extensive 
corrosion studies have subsequently been made with Ni , Cr, and Fe 
alloys (1, 40, 41)- Of these metals, Cr is considerably more electropositive 
than Fe or N i and is thus preferentially leached from the surface of the 
alloys by fused fluoride salts. In such studies, the salt is found to contain 
a higher concentration of Cr than Fe or Ni . In addition to its selective 
removal from the metal surface, Cr is found to diffuse from subsurface 
regions (5), because the temperatures used are high enough for this dif
fusion process to occur in the alloy. In such alloys, Cr diffusion is more 
rapid along the grain boundaries and Cr is selectively lost in the grain 
boundary regions. This grain boundary effect penetrates into the metal 
to depths that are many times that of the simple surface corrosion by the 
fused salt. Also in Ni , Cr, and Fe alloys, the Cr diffuses out more rapidly 
than the other constituents can diffuse in to replace it. As a result, voids 
form in the metal below its surface. Test methods used for investigation 
at Oak Ridge National Laboratory have been discussed elsewhere (68). 

The chemical mechanism of aforementioned removal of chromium 
from the surface by fluoride mixtures may be shown as follows (19, 50) : 
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1. Impurities in the melt: 
Example : 

FeF 2 + Cr -> CrF 2 + Fe (1) 
Other impurities which participate in similar reactions are: NiF 2 , 

CrF 3 , CrF 4 , FeF 3, HF, and UF 6 . 
2. Oxide films on metal surfaces: 

Example: 
2Fe 20 3 + 3CrF 4 3Cr0 2 + 4FeF 3 (2) 

Importance: 
FeF 3 now reacts with Cr as indicated under 1. 

3. Constituents in the Fuel: 
Example: 

Cr + 2UF 4 -> 2UF 3 + CrF 2 (3) 
The time dependence of void formation in Ni-Cr-Fe alloys observed 

in both thermal- and forced-convection systems indicates that attack was 
initially quite rapid, but then decreased until a straight line relationship 
existed between depth of void formation and time. This effect is explained 
in terms of the corrosion reactions discussed above. The initial rapid 
attack shown for both types of loops stems from the reaction of chromium 
with impurities in the melt (1) and (2) and with the U F 4 constituent of 
the salt (3) to establish quasi-equilibrium amounts of CrF 2 in the salt. 
At this point, attack proceeds linearly with time and occurs by a mass 
transfer mechanism. This mass transfer is caused by the fact that at low 
temperatures the equilibrium is shifted to the left in Equation 3. As a 
result, Cr precipitates in the cooler regions. In liquid metals, the driving 
force for mass transfer is the difference in solubility of solid-metal con
stituents in the liquid metal at the different temperature levels, whereas 
in fused fluoride systems the driving force for mass transfer results from 
a temperature dependence of the equilibrium constant for the chemical 
reaction. 

In addition to time, the significant parameters affecting the corrosion 
of Ni-Cr-Fe alloys by fused fluorides were the operating temperature 
levels and the surface area-to-salt volume ratio of the system (ly 40, 4-0-
Flow rate was significant only for those salt systems where the temperature 
dependence of the reaction between chromium and U F 4 was sufficient to 
cause nucleation and growth of pure chromium crystals in colder regions. 

The controlling temperature in the case of Ni-Cr-Fe alloy systems 
was observed to be the maximum fluid-metal interface temperature (1, 40, 
41). In loops in which the temperature gradient and flow rate remained 
constant, each 10° increase in wall temperature over the range from 850°C. 
to 950°C. produced a corresponding increase in attack of from 1 to 2 mils 
in 1000 hrs. If the maximum operating temperature is decreased to 670°C, 
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the rate of chromium mass transfer in Ni-Cr-Fe alloy systems containing 
mixtures of NaF-ZrF 4-UF 4 drops to an almost insignificant value. Under 
such conditions, it has been possible to attain corrosion rates of less than 
2 mils/yr. in both thermal- and forced-circulation systems. In examining 
loops, severe attack was found in areas relatively close to the point of 
maximum wall temperature. The depth of attack varies in a manner 
identical with the variation of wall temperature through the loop. When 
the ratio of the hot-zone surface area to the volume of fused salt is de
creased, a given region of the hot zone must supply more chromium to 
establish steady-state conditions; thus, the depth of attack is increased 
(1, 40, 41)- Similarly, the depth of hot-zone attack is determined by the 
relative areas of hot and cold zones. Because an increase in cold-zone area 
results in an increased rate of transfer of chromium, a greater depth of 
corrosion will be seen in systems with a high ratio of cold-zone area to 
hot-zone area. 

Following successful operation of the Aircraft Reactor Experiments 
(4) of 1954, there began an extensive alloy-development program to 
provide an improved container material for a circulating fluoride-fueled 
reactor. As a result, a Ni-Cr-Mo alloy designated INOR-8 was developed; 
its composition limits are listed in Table I. 

Long-time, aging studies on INOR-8 in the temperature range 650°C-
815°C. have shown that no embrittlement occurs {41). Thermal-convec
tion loop tests of INOR-8 operated for periods up to 1000 hrs. show very 
little attack with mixtures of NaF-LiF-KF-UF 4 (11.2-46.0-41.3-2.5 m/o) 
at temperatures up to 900°C. (The figures, as given in the Reference (41), 
add up to 101.0 m/o.) Further, no cold-zone deposits were observed in 
these loops. Attack occurs primarily in the form of shallow surface roughen
ing (41). The most severe surface attack found in a 20,000-hr. test at 

Table I. Specifications for INOR-8 

Element Composition, % 

Ni Remainder 
Mo 15-18.00 
Cr 6-8.00 
Fe 5.00 max. 
C 0.04-0.08 max. 
Si 1.00 max. 
Mn 1.00 max. 
Ti + A l 0.50 max. 
Β 0.010 max. 
S 0.020 max. 
Ρ 0.015 max. 
w 0.50 max. 
Cu 0.35 max. 
Co 0.20 max. 
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700°C. reached a maximum depth of 2 mils and contained subsurface 
voids {50). The mechanical properties of INOR-8 have been summarized 
elsewhere (67). Forced-convection loops of INOR-8 were also designed 
(88) and built. When their maximum temperature was increased from 
700°C. to 760°C, the results did not vary. In loops with 810°C. maximum 
temperature, however, surface attack was manifested by subsurface voids 
appearing to a depth of 4 mils, but the surface was not visibly attacked. 
The corrosion data for INOR-8, exposed in the pumped loops, indicated 
that corrosion reactions with fluoride salts at M S R E temperatures are 
essentially complete within the first 5000 hrs. of operation, do not generally 
exceed 1 mil even after 20,000 hrs., and are probably associated only with 
impurity reactions (50). Temperature increase causes no significant cor
rosion increase until 810°C. is reached, at which point noticeable depletion 
of Cr occurs, as indicated by subsurface voids; the corrosion mechanism 
associated with components of the salt is probably effective. INOR-8 was 
used in the Aircraft Nuclear Propulsion Program (50) in which molten 
fluorides circulated at 810°C. and proved to be satisfactory. DeVan (10) 
has also observed very little corrosion (< 2 mg./sq. cm.) of INOR-8 
forced-circulation loops containing a salt mixture of LiF-BeF 2 -UF 4 (62-
37-1 m/o) and operated at a hot leg temperature of 700°C. with a tem
perature differential of 200°C. In the 15,000-hr. test, corrosion reaction 
was completed after 5000 hrs. of operation. 

A centrifugal pump of a Ni-Cr-Fe alloy for handling NaF-ZrF 4-UF 4 

(50-46-4 m/o) was built and tested at ORNL (9, 58) for 3550 hrs. at 
2700 r.p.m., 645 g.p.m., and 40 ft. total head, and at temperatures varying 
from 590°C. to 760°C. The NPSH (net positive suction head) was 14.1-
14.8 ft. Examination of the impeller revealed that, while the working faces 
of the vanes and shrouds were in good condition, the antiworking face 
of the front shroud had suffered cavitation damage. Another pump operated 
for 25,000 hrs. at 2700 r.p.m., 645 g.p.m., and 40 ft. total head, with a 
positive static suction head of 21 ft., while its temperature was maintained 
at 650°C. In this test, the impeller suffered considerable cavitation damage. 
Complete penetration of a vane occurred. 

Hoffman et al. (22) evaluated the corrosion resistance of various high-
temperature brazing alloys against Na, NaOH, and fluorides. The binary 
alloy 88NÎ-12P possessed good resistance to fluoride attack. 

An extensive corrosion study relating to the fluoride volatility process 
was made at Oak Ridge National Laboratory (83, 84). The compatibility 
of Ni-alloys with molten NaF-LiF-ZrF 4 salts at 500°C. to 600°C., in which 
H F or F 2 gas is present (83, 34), was studied. A corrosion rate of 20 to 40 
mils/month has been reported. 

In support of the fused fluoride fuel reprocessing program, compat
ibility of INOR-8 with fluorides was determined at Battelle Memorial 
Institute (8). During a 240-hr. exposure to NaF-LiF-ZrF 4 (33.5-33.5-33 
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m/o) at 500°C. to 600°C. Ni-Mo-Cr alloys were corroded at the rate of 
3 mils/month in the vapor phase as compared with 18 mils/month for 
pure N i . 

In connection with the Fluoride Volatility Separation Process Pro
gram at Argonne National Laboratory (2), the evaluation of N i and N i 
alloys in fluorinated ZrF 4 was made. Monel and Α-Nickel specimens were 
in contact with molten ZrF 4 in a fluorine atmosphere. With N i at 600°C. 
and 675°C, the maximum dimensional reductions were 1.5 and 4 mils, 
respectively, after 70 hrs. of run. Maximum intergranular attacks of 5.9 
mils occurred at both temperatures. The Monel specimens were severely 
dissolved. 

Meyer et al. (42) have reviewed the compatibility of graphite with 
molten fluorides. 

Corrosion by Fused Chlorides 

Fused chloride systems are perhaps the most widely used of all; they 
have been studied by many people of varied backgrounds. A number of 
fundamental studies have been conducted with these salts. 

Littlewood, of the United Kingdom, has published a series of papers 
on an electrochemical analysis of metal corrosion in fused salts. 

With Edeleanu (11), he presented a determining factor in the extent 
of metal corrosion in fused chlorides. It has been shown that for a given 
combination of metal and fused chlorides, the initial aggressiveness of the 
melt depends upon its redox potential. This in turn is governed by the 
soluble and insoluble impurities in the system and, of these, the ones 
associated with water are particularly important because removing the 
last traces of moisture from a chloride melt is very difficult. Detailed 
study of the effect of water showed that at a given level of contamination, 
the redox potential can vary over a wide range and is, in fact, determined 
not by the water activity, but by the activity of its hydrolysis and dis
sociation products, H+, 02~, H 2 , and 0 2 . These are fixed in a given system 
by equilibria with oxides and with partial pressures of gases in the atmos
phere over the melt. In Littlewood's work, a reference electrode based on 
the Ag<=±AgCl reaction was developed (Sô) and used. Platinum was 
chosen as the redox electrode (S6) because the experimental results in
dicated that it was sufficiently inert and reproducible. 

Littlewood et al. (S7) further demonstrated that, in a system contain
ing N i and NaCl-KCl, the redox potential of the melt at the platinum 
electrode and the Nernst potential of the nickel metal electrode approach 
each other. Under normal conditions, where slight contamination by water 
and oxygen is present, the redox potential of a NaCl-KCl melt is high 
(about —600 to —500 mv. on the standard chlorine electrode scale at 
700°C.) ; only with very noble metals, such as Pt, Ir, and Pd, would immu-
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nity be possible under these conditions. In melts containing relatively small 
amounts of impurities, the redox potential can be reduced to a value very 
near to the Nernst potential of the metal without undue corrosion, pro
vided that the metal is relatively noble (e.g., Ni , Fe) and that there are 
no compounds present in the melt which prevent the redox potential of 
the melt from falling. Even the traces of silicates introduced by fusing the 
melt in silica are sufficient to give some poisoning action; traces of other 
oxides, for example, from ceramics, would have a similar effect (87). In 
addition to purifying the melt, passivity can be used to nullify the cor
rosive properties of chloride melts. It is possible that the oxides of metals 
such as Fe or Ni , which have low solubility products in fused NaCl-KCl, 
form film on metals. Experiments have indicated, however, that a suffi
ciently stable passivity is unlikely. 

Kochergin of the USSR has presented a series of papers on Fe corro
sion in fused chlorides. 

The corrosion of Fe in a mixture of M g C V K C l (50-50 m/o) at tem
peratures up to 900°C. was examined (27). Based on the experimental 
data, the conclusion was that the corrosion of Fe in fused MgCls-KCl 
depends upon an electrochemical process, leading eventually to the libera
tion of gaseous hydrogen. The solution rate of Fe in L iC l -KCl mixtures 
and also in eutectic mixtures of alkali and alkaline earth metals at 700°C. 
was studied (80). The Fe dissolved most rapidly in L iC l -KCl and least 
rapidly in a low melting mixture of BaCl 2 -KCl ; however, adding Mg pre
vented Fe from dissolving almost completely. The Fe corrosion rate in 
chloride mixed salts increased in the order of MgCls-KCl, MgCl2~NaCl, 
MgClrBaCl 2 , MgCl r CaCl 2 , Z n C l r K C l , and ZnCl 2-NaCl at temperatures 
up to 700°C. (28). 

Similarly, the rate of Fe corrosion increased in the order of L iC l -
K2S04, LiCl-Na2S04, LiCl-CaS0 4 , LiCl-MgS0 4 , and LiCl-ZnS0 4 (26). In 
the nondehydrated mixtures, ZnCljrKCl, ZnClrNaCl, C d C l r K C l , and 
CdCljrNaCl, at 500°C. iron corrosion accompanied the substitution of H+ 
and in the last two salt mixtures, both H+ and Cd++ were replaced by 
iron (29). The rate of Fe corrosion increased in the order of MgClr-KCl, 
Z n C V K C l , ZnClrNaCl, CdCli-KCl, and CdCl 2-NaCl. 

In molten NaN0 3 -MgCl 2 , NaN0 3-ZnCl 2 , NaN0 3 -LiCl , NaN0 3 -KCl , 
Ca(N0 3) 2-NaCl, Sr(NO*)t-NaCl, Ba(N0 3) 2-NaCl, and KN0 3 -NaCl , corro
sion rates of Fe increased with increasing chloride content in the melt (26). 
Removing residual H 2 0 at high vacuum at 400°C. resulted in a lower cor
rosion rate. 

In the series of papers on Kochergin's work, one could notice that 
the salt mixtures used for his work were apparently not very pure, es
pecially with respect to water (26, 29). In the halide melts water acts like 
hydrogen halide and readily oxidizes most construction metals with the 
liberation of hydrogen. 
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Smirnov et al. (55) showed that thermodynamic equilibrium can exist 
at high temperatures between a metal and its corrosion product. The 
steady potential 0 8 t of a metal and its steady state corrosion rate (amp./ 
sq. cm.) can be expressed in terms of the oxidation-reduction potential 
E° (ox/red) and the diffusion constants D(ox) and D(red) as follows: 

potential,., = BTM + f£log. [ox] - (4) 
Equation 4 is given in Reference (55) incorrectly as: 

\ focor dkx Z>ox/ 

Mkx and dkx are the molecular weight and density of the fused salt, F is 
Faraday's constant, iCOT is the corrosion current in amp./sq. cm., [ox] is 
the oxidizer concentration in the fused salt system in mole fractions, and 
δ is the thickness of the electrode-adjacent layer. 

The steady potential of metallic Zr in an equimolar salt mixture of 
NaCl-KCl in an argon atmosphere was measured at 700°C, 800°C, and 
900°C. The result fits 

- 0 . t = 2.47 - 2.2 Χ ΙΟ"4 Τ volts. (5) 
where Τ is in °K. In the original reference (55), the negative sign before 
0 a t in the equation was omitted. The corrosion rate was 3.3, 6.0, and 
8.0 X 10~4 grams/sq. cm. hr. at 700°C, 800°C., and 900°C., respectively. 
An analogous behavior was observed for Be, Ti , Hf, and U . 

Copson (6) studied corrosion of heating electrodes in a molten NaCl-
K C l bath, selecting as electrode material a Ni-Cr-Fe alloy composed of 
the following weight per cents: 77.51 Ni , 14.4 Cr, 7.4 Fe, 0.08 C, 0.10 Si, 
0.16 Mn, 0.009 S, and 0.23 Cu. The temperature ranged from 730°C. to 
900°C. Under certain conditions, the electrodes wasted away or "pen
cilled." This pencilling was caused by the metal being dissolved during 
the anodic part of the A-C cycle and its plating back as a nonadherent 
powder during the cathodic part of the cycle. No pencilling of the elec
trodes occurred in experiments starting with fresh salt despite variations 
in temperature and current density, but the fused chloride gradually 
reacted with moisture and C 0 2 from the air to form oxides and carbonates. 
To simulate the decomposition, small amounts of NaOH were added. 
Under this condition, the electrodes pencilled. Corrosion increased rapidly 
with alkaline content up to 0.58 to 0.77%. When large amounts of alkali 
were added, there was no attack of the electrodes whatsoever. In such 
cases the salt acquired a yellow color and was found to have become high 
in chromate. Copson suggested that the pencilling of the electrodes could 
be controlled by the presence or absence of a protective oxide coating. 

Jackson et al. (28) determined the corrosion rate of cast Fe-Ni-Cr 
alloys in static BaCl2-KCl-NaCl (55-25-20 m/o) at 870°C. Intergranular 
or interdendritic corrosion along carbide networks was far more severe 
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than metal loss by solution. In some cases penetration attack was reduced 
when the carbon content of the alloys was reduced from 0.45 or 0.5 to 
about 0.08 w/o. 

Gill et al. (18) reported that T i was severely attacked when immersed 
in a molten alkali chloride bath in the presence of air. The most severe 
corrosion of this metal was observed in molten NaCl-NaF mixtures; 
samples disintegrated completely at temperatures of 850°C. in less than 
3 hrs. Progressively less corrosion occurred in KC1, NaCl, and LiCl . In 
many cases, salt fumes were more corrosive than the molten salt itself 
because of the better access of oxygen to the Ti surface. The chief corrosion 
products were dispersion of metallic T i in the molten salt, mixed with 
some titanium oxides. If Cu or Fe was immersed in the salt in close prox
imity to T i sheet, the T i pyrosol transferred and deposited on the Cu or 
Fe surface (58). 

Jansen (24) found N i mass transfer in a NaCl-MgCl 2 -UCl 3 (50.0-33.3-
16.7 m/o) at 980°C. after a 100-hr. test, whereas no Ni mass transfer was 
found in a 500-hr. test at 730°C. A Ni-Cr-Fe alloy showed some attack 
and mass transfer under these conditions. The tests were conducted in a 
rocking furnace apparatus. 

In connection with the Liquid Metal Fuel Reactor Program, a con
tinuous reprocessing method for spent nuclear fuel was developed at 
Brookhaven National Laboratory. By this method, an important group 
of fission products may be extracted from the partially spent liquid U-Bi 
alloy fuel by contacting it with a mixture of fused chlorides, KCl -L iC l 
and KCl-LiCl-MgCl 2 , at 450°C. to 500°C. 

Susskind et al. (66, 66) summarized the corrosion studies and Raseman 
et al. (62) the engineering experience at Brookhaven National Laboratory. 
In the tests, a liquid metal solution of Bi -U (1000 p.p.m.) was added to 
the NaCl-KCl-MgCl 2 eutectic. The B i wetted the surface of capsule con
tainer preferentially and the salt was never found at the Bi-container 
interface. Therefore, the characteristics of corrosion by the ternary salt 
and the Bi -U were similar to those produced by the Bi -U mixture alone. 
AISI 1020 mild steel, 2J-1 Mo alloy steel, and Mo showed good resistance. 

When 5 w/o of B i C l 3 was added to the salt as oxidizer, corrosion 
increased by a factor of 10 to 15. 

In the dynamic tests without B i C l 3 the mass transfer was sufficient 
to plug several loops; however, corrosion rates remained small. Maximum 
attacks on the loops made of 347-, 410-stainless steel and 2JCr- lMo 
alloy steel were found to be less than 3 mils/yr. for the maximum tem
perature of 550°C. with a temperature differential of 150°C. 

In connection with EBR-II Reactor Fuel Cycle Development Program 
at Argonne National Laboratory, liquid Zn and Zn-rich alloys together 
with molten chloride salts are used as solvent media for recovering and 
purifying reactor fuel materials. This process requires materials which, 
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at 800°C, withstand the corrosive attack of Zn containing 0 to 15% U 
and 0 to 10% Mg, and a salt consisting of MgCl2-MgF 2 -LiCl or CaCl 2 

(47.5-5-47.5 m/o). In some cases, up to 5 w/o of ZnCl 2, an oxidizing agent, 
is required in the salt. Nelson et al. (46) enclosed Ta and Ta-10W coupons 
in Ta capsules with solvent metal and salt. The capsules were tested at 
850°C. in a 30 cycle/hr. rocking furnace. In 100-hr. tests, Ta showed less 
than 8 mils intergranular corrosion attack by the salt mixtures, but when 
Zn-5Mg was added to the salt, corrosion became much more severe. Ta-
10W showed no attack by Zn-5Mg with the salt mixture, but later in an 
equipment test the metal was found to have become brittle. Pressed-and-
sintered W, sintered-and-rolled W sheet, cast-and-swaged Mo-30W, and 
W-0.8 Fe-0.4 Ni were tested at 800°C. in an open A1 20 3 crucible containing 
LiCl-MgCVMgFirZnClg (46.6-46.6-4.8-2.0 m/o) under Ar atmosphere. 
The W-Fe-Ni alloy was severely attacked. Pressed-and-sintered W (95% 
dense) showed essentially no attack; Mo-30W showed a 4 to 8 mil attack 
and preferential leaching of Mo from the parent metal. 

Corrosion by Fused Hydroxides 

Some of the fused alkali-metal hydroxides are of potential interest 
in reactor technology as moderators, moderator-coolants, and possibly 
moderator fuel carriers. Their heat-transfer properties are adequate for 
many industrial uses. In addition, one of them, NaOH, is both inexpensive 
and abundantly available. For these reasons, it has been the object of 
considerable research. 

For regenerative fuel cell electrolytes, the low melting points of 
hydroxides are attractive. However, high nonfaradic transfer rates and 
chemical instability of the salts must be overcome for use in a practical 
cell application. 

Friend (51) summarized corrosion reactions of metals in NaOH at 
800°C. to 1000°C. 

The high-temperature decomposition 
2NaOH = NauO + H 2 0 (a) 

is followed by 
Na 2 0 + M = MO + 2Na (b) 

and 
Na 2 0 + MO = Na 2 M0 2 . (c) 

Also 
H 2 0 + M = MO + H 2 . (d) 

The overall reaction of (a), (c), and (d) would be 
2NaOH + M = N a 2 M 0 2 + H 2 . 

Because of this reaction, Friend suggested that any additives which in
crease the hydrogen overvoltage or the difficulty with which hydrogen is 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

7 
| d

oi
: 1

0.
10

21
/b

a-
19

67
-0

06
4.

ch
01

2

In Regenerative EMF Cells; Crouthamel, C., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1967. 



160 R E G E N E R A T I V E E M F C E L L S 

evolved should retard the corrosion process. This mechanism has been 
supported by other investigators (8, 44, 56, 57, 64, 70). Some (8, 44> 70) 
have shown N i corrosion to be inhibited in fused NaOH by using a hydro
gen atmosphere. 

Microstructures of corrosion-product layers investigated by Smith et 
al. (59) were formed by the action of fused NaOH at 815°C. on 304- and 
347-stainless steel, as well as on four high-purity Fe-Cr-Ni alloys with 
nominal compositions in weight per cents of 80Fe-20Cr; 80Fe-10Cr-10Ni ; 
74Fe-18Cr-8Ni; and 60Fe-20Cr-20Ni. Each corrosion-product layer con
sisted of a nonmetallic network threading through a metallic matrix and 
resembled similar layers formed by the action of NaOH melts on Inconel. 

A compilation of data on static corrosion by NaOH was made by 
Roben (51), Gregory et al. (18), Craighead et al. (7), Smith et al. (60, 61, 
62), and Gurowich (20). The corrosion rates of N i in NaOH have been 
reported to be 0.645 and 1.20 mg./sq. in./day at temperatures of 580°C. 
(18) and 800°C. (51), respectively. The Ni base alloys, Inconel (Ni-Cr-Fe) 
and Hastelloy D (Ni-Si-Cu), showed slightly higher corrosion rates than 
commercial Ni (18). In tests conducted on Inconel at temperatures of 
450°C. to 815°C., Fe and Cr were selectively leached (62). Certain N i 
alloys containing Mo were found to be more resistant to fused NaOH in 
tests at 850°C. than the ones without Mo (60, 61). In comparing corrosive-
ness of LiOH, NaOH, and K O H at 250-600°C., the corrosion rates of Ni , 
Cu, Armco Iron, and Khl8N9T (similar to 321-stainless steel) have in
creased in the order of increasing atomic radii, L i < Na < K . In testing 
various ceramics in NaOH at 538°C, no corrosion was observed on A1 20 3 

and Zr0 2 (8). 
In dynamic tests, both thermal and forced convection loops have been 

commonly adopted, although other methods have also been tried (12, 82, 
45, 51, 68). 

Manly (89) operated a thermal convection loop made of a i-in. N i 
tube containing dehydrated NaOH. The loop was run for 316 hrs. with 
the hot leg temperature at 705°C. and the cold at 465°C. Although the 
loop was still functioning at the end of the run, a considerable amount 
of mass transfer of loop material occurred. N i was deposited in the form 
of dendritic and polyhedral crystals. 

Simons et al. (48, 54) ran N i thermal and forced convection loops in 
which hydrogen-blanketed NaOH was circulated at peak temperatures of 
650°C. to 815°C, with temperature differentials in the range of 55°C. to 
110°C. Plugs by N i deposition formed in times ranging from less than 10 
to 200 hrs. In 480°C. and 566°C. peak-temperature experiments, with N i 
pumped-loop systems, much better results were obtained. For example, 
after 2000 hrs. of operation, a 480°C.-350°C. loop system displayed a cold-
zone metal transfer of only 5 mils. 
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Gregory et al. (17) also ran thermal convection loops containing NaOH. 
Under inert gas atmosphere at temperatures above 600°C, mass transfer 
of N i completely obstructed the flow in a few weeks, whereas at 500°C, 
blocking occurred after about 200 days. In these cases, the mass transfer 
deposit was a higher oxide of N i whose composition was complex, but 
approximated that of Ni 2 0 3 . Under a hydrogen atmosphere, loops were 
slower to plug than those operated under an inert atmosphere at the same 
temperatures, and here the deposit was found to be pure Ni . 

Corrosion by Other Fused Salts 

Recent attention has focused on sodium polyphosphate as a nuclear 
fuel carrier. Ginell et al. (14, 15, 16, 21) tested Fe alloys in sodium poly
phosphate (Na 20/P 205 = 1.12) at 700°C. The corrosion rate increased 
with increased Fe concentration of Fe alloys containing varying amounts 
of Cr, Ni , and Mo. Among the nonferrous metals, Pt, Mo, W, V, and Ag 
were not attacked within the limits of detection (< 4 mils/yr.). The ex
perimental evidences suggested that diffusion of reactants through a phos
phide film is an important rate-determining step in the corrosion. 

Kristal (81), studying ZnS0 4-K 2S0 4-Na 2S0 4 , found that the corrosion 
rate of Armco Iron and low carbon steel at 450°C.-500°C. in the salts is 
< 0.83 mm./yr. In salts containing much Fe, the rate is 1.5 mm./yr. 
The corrosion rate of steel in salt baths decreases with increases in the Cr 
content of the steel beyond 12%. 

Section II: Corrosion by Heavy Liquid Metals 

Thermally regenerative, bimetallic cells employ a heavy metal as a 
cathode (positive electrode) and an alkali metal as an anode (negative 
electrode). During cell operation the alkali metal is transferred as ions 
through the electrolyte to the cathode where it forms an alloy with the 
heavy metal. On regeneration, the alkali metal is separated from this 
alloy and returned to the anode. Although a considerable amount of 
information has been accumulated on corrosion by alkali metals in work 
related to fast reactors and space projects, the amount of information 
available on corrosion by heavy metals is relatively limited. In this work, 
liquid metals were used mostly as heat transfer media. In the case of Bi , 
the metal was further studied as a potential nuclear fuel carrier. As cathode 
metals for thermally regenerative, bimetallic cells, B i , Pb, and Sn are 
attractive among heavy metals because of their high and stable emf-
producing characteristics and their very low vapor pressures at high 
temperatures which permit regeneration by evaporating the alkali metals 
from the alloy. When Hg is used as a cathode metal, evaporating Hg 
rather than the alkali metal is required because Hg has a higher vapor 
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pressure than alkali metals. This is a disadvantage of Hg since, to obtain 
a high voltage in a bimetallic cell, the alkali metal at the anode must be 
relatively pure, whereas the heavy metal at the cathode may contain 
considerable alkali metal. Under these conditions of regeneration, it re
quires less heat to separate an alkali metal from a heavy metal by evap
orating a volatile alkali metal than by evaporating a larger amount of a 
more volatile heavy metal. For these reasons, Bi , Pb, and Sn have been 
studied at Argonne National Laboratory as potential electrode metals. 

This survey is limited to unclassified reports and published literature 
concerning corrosion by liquid Bi , Pb, Sn, and their alloys. Because the 
corrosion and solubility data on liquid metals prior to 1950 have already 
been compiled by Hansen et al. (60), which is supplemented by Elliott (49), 
Kelman et al. (78), and Lyon (77), they are not covered in this survey. 
In this survey, the compositions of liquid metals are expressed in atomic 
per cents, while those of construction metal alloys are expressed in weight 
per cents. 

Static Corrosion by Bismuth 

Bismuth and bismuth-base alloys became, in the 1950*8, a subject of 
intensive study in a nuclear reactor development program when the 
solubility of uranium in bismuth was found to be sufficient for fueling a 
thermal reactor. 

The Liquid Metal Fuel Reactor (LMFR) project was initiated in 
1947 at Brookhaven National Laboratory. The project included corrosion 
studies to establish material suitable for use at about 550°C. in liquid 
B i (56, 57) and was followed by an extensive liquid metal investigation 
at Brookhaven National Laboratory. Cordovi (86) has reported the results 
of the preliminary static corrosion study on various steels in Bi , Bi-Pb, 
and Bi-Pb-Sn eutectics at 550°C. The 2JCr- lMo and 5Cr-§Mo-1.5Si 
steels showed the greatest promise of success. Subsequent test results were 
reported elsewhere (12-24)* 

In the course of the study, effects of various additives including Mg, 
Ti , and Zr as inhibitors were studied. It was reported (14) that pure iron 
immersed in B i saturated with Zr at 550°C, to 750°C. does not corrode. 
Small amounts of Zr and Mg added to the B i made corrosion of inter
mediate Cr steel negligible (5, 6, 7). Zr and T i additions to the liquid 
metals inhibit corrosion of steels by Pb, Bi , and Hg by reacting with C 
and/or Ν in the steel to form surface deposits of carbides and/or nitrides 
which are a barrier to dissolution. It was further demonstrated (71) that, 
in B i and Hg, Zr and T i adsorb on the surface of the steels and subse
quently react with nitrogen and possibly carbon from the steels to form 
inert adherent surface layers of ZrN, T iN , or T i N + TiC; the results are 
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lower rates of Fe dissolution into Bi , and a higher supersaturation for Fe 
precipitation from Bi . 

Weeks et al. (108) have discussed the formation of the inhibiting ZrN 
and/or ZrC films as controlled by the activity and distribution of Ν and 
C in the steel. Minor constituents that influence the activity and distribu
tion of the Ν and C may also affect the corrosion resistance of the steel. 
Localized attack is accompanied by Zr deposition, possibly resulting from 
interaction between the dissolved Zr and carbide particles in the steel. 
ZrN films may spall but can re-form in the spalled and corroded areas. 

Weeks et al. (108, 107) have discussed liquid metal corrosion mech
anisms. They postulated that an atom of a solid metal dissolves in a liquid 
metal by breaking its bonds with its neighboring solid atoms and forming 
new ones with liquid atoms. This process depends upon the structure at 
the solid-liquid interface. The dissolved atom then migrates, perhaps with 
its "solvation sheath," through the relatively quiet liquid adjacent to the 
solid metal into the main body of coolant. This migration is a function of 
the liquid flow. 

Weeks (16, 106) also presented interesting examples of isothermal 
mass transfer in liquid Bi . Fe was contacted with Fe-saturated B i for 
235 hrs. at 689°C. Within this sample, mass transfer of Fe from a grain 
boundary to local Fe surfaces took place. Next, a 410-stainless steel was 
kept in liquid B i at 600°C. For the first 10 hrs., Fe in the stainless steel 
leached out at a rate faster than the Cr and nearly saturated the B i . Cr 
dissolved slowly in the Bi , however, and being more soluble (150 p.p.m.) 
than Fe (50 p.p.m.), remained in solution, reducing the Fe solubility. 
After 350 hrs., concentrations of both Fe and Cr in B i became the same 
(25 p.p.m.). This presents an important difference of static tests from 
dynamic tests where Fe and Cr continue to dissolve at the rate observed 
in the first hours. 

Electrolysis of Fe-Bi and Cr-Bi melts (110) and a possible correlation 
between thermoelectric potentials and liquid metal corrosion (106) have 
been discussed in connection with the liquid metal corrosion study. 

The B i corrosion work at Brookhaven National Laboratory was pub
lished in their progress reports (12-24) until the curtailment of L M F R 
project in 1959. A review of material study for the L M F R at Brookhaven 
National Laboratory has been summarized elsewhere (74, 104, 109). 

Investigations on corrosion by liquid B i were also conducted by many 
other investigators outside Brookhaven National Laboratory. Collins (88) 
made an experimental survey of the solubilities of Armco Iron, Mo, Nb, 
Ta, W, Ni , 309-, 310-, 316-, 321-, 347-, and 446-stainless steels, Ni-Cr-Fe 
alloy and low-carbon steel in bismuth covering a temperature range of 
480°C. to 1200°C, by using liquid B i in capsules made of the test mate
rials. Types 309- and 310-stainless steels showed the greatest solubility, 
< 3600 p.p.m. at 700°C, and 316- and 347-stainless steels were only 
slightly better, < 2000 p.p.m. at 800°C. Type 446- stainless steel showed 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

7 
| d

oi
: 1

0.
10

21
/b

a-
19

67
-0

06
4.

ch
01

2

In Regenerative EMF Cells; Crouthamel, C., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1967. 



164 R E G E N E R A T I V E E M F C E L L S 

the lowest solubility, < 500 p.p.m. at 800°C. Of the pure metals tested, 
Mo showed the lowest solubility, < 110 p.p.m. at 1000°C, followed 
closely by Nb, Fe, and Ta, < 230 p.p.m. at 1000°C. However, these data 
should be treated with caution because the refractory metal specimens 
were contained in stainless steel crucibles during tests. 

Pray et al. (89) evaluated the corrosion resistance of some 50 mate
rials, mostly steels and high temperature alloys, at 750°C. and 850°C. in 
liquid bismuth. Armco Iron, low-carbon steels, and chromium plate were 
severely attacked, while the low-chromium alloys, high-chromium steels, 
stainless steels, and heat-resistant alloys were wet by the bismuth and 
moderately attacked. The most severe corrosion appeared at or near the 
liquid-vapor interface. The 2.9% Si transformer steels were attacked to 
the extent of only 0.75 mil in 38 days at 850°C. Duriron (14.5 Si-Fe) 
exhibited no visible attack after 11 days at 850°C. The method used Vycor 
as the test containers. 

Wilkinson (111) investigated corrosion by Bi-Pb-Sn eutectic at tem
peratures up to 800°C. Mo was not attacked by the eutectic at 800°C. and 
Be was not attacked at 500°C. The presence of oxygen accelerates or 
increases the attack on Fe, carbon steel, and A l , but limited amounts of 
oxygen are protective to chromium steels. Increasing the chromium con
tent does not increase resistance to attack unless oxygen is present and 
may increase the solubility of the steel in the melt. Anodizing A l and 
maintaining it as an anode help to protect it. Unprotected aluminum is 
readily attacked by diffusion reaction. Fe is nearly insoluble in Bi-Pb-Sn 
alloy at 500°C, but transgranular attack, intergranular attack, and local
ized attack occur on Armco Iron and carbon steel. The reaction with 
austenitic stainless steel at temperatures up to 500°C. appears to depend 
on the condition of the steel. 

Imai et al. (65, 66, 67, 68) confirmed the following points by their 
tests on carbon steels and chromium steels at 600°C.-950°C.: (1) The 
presence of oxygen in liquid B i or in an overlying atmosphere accelerates 
the corrosion of carbon steels but retards the corrosion of Fe-Cr alloys. 
(2) In uninhibited Bi , severe corrosion occurs along grain boundaries, in 
addition to uniform dissolution. (3) When Zr is added, the corrosion 
becomes very slight. The inhibiting action is due to forming of a ZrC film, 
the growing rate of which is controlled by the diffusion of C in steel. 
(4) The corrosion loss increases with increasing Cr content. (5) The growth 
rate of ZrC film at the steel surface is retarded by increasing the amount 
of Cr in steel. 

Agrawal (1) tested polished 18-8 stainless steel in liquid Bi , in air 
atmosphere, at temperatures of 400°C., 500°C., 600°C., and 700°C. 
Although no corrosion was observed at 400°C, 0.159 mm./yr. at 500°C, 
0.337 mm./yr. at 600°a, and 1.120 mm./yr. at 700°C. of corrosion were 
found. In all cases, the specimens were wet. 
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Lloyd (76) reported that Ta and Mo showed no penetration in Bi-U 
solutions after 1000 hr. at temperatures up to 800°C. Nb showed an 
average penetration of 0.002 in. in pure B i after 500 hr. at 1000°C. 

Parry et al. (87) studied the compatibility of Nb in B i at 1000°C. 
After 170 hr. the Nb was found to be intergranularly corroded. Examina
tion of the surrounding bismuth revealed large segregates of Nb dendrites. 

Buttinelli et aL (26) conducted tests on A l and sintered A l powder of 
various oxide contents in B i at 550°C. for 400 hrs. 

Nikitin (88) of USSR has noted, based mostly on U . S. literature, 
that the corrosion factors for B i and Pb depend on the rates of simple 
diffusion of dissolved metals in the liquid metal, while for Na and K , cor
rosion depends mostly on the amount of oxygen present. 

In connection with the regenerative, bimetallic emf cell program at 
Argonne National Laboratory (8, 96), a series of static corrosion tests in 
B i was made. The results are presented in Table II. 

Coultas (87) made tests on several refractory materials in B i at 980°C. 
Graphite, A1 20 3, Zr0 2, Th0 2 , mullite (high purity 3Al 20 3-2Si0 2 from 
Morgan), Vycor, TaC, MgO, MoSi 2 , Re, W, Mo, and K-138A (WTiC 2 

from Kennametal) showed no apparent attack after approximately 167 hr. 
Ta, Metamic LT-1 (Cr bonded A1203), and 303-stainless steel with Mo 
flame-sprayed coatings were severely corroded. Vycor capsules were used 
to contain the liquid B i and specimens for the tests. 

Reed (90) listed Mo, W, Ta, Re, Kennametal (WTiC 2), A1 20 3, MgO, 
Zr0 2 , MoSi 2 , Th0 2 , TaC, and Vycor up to 1000°C, and graphite and 
Morganite (high purity A1 20 3 from Morgan) up to 1400°C. as having good 
resistance to attack by liquid B i . 

Eldred (46) conducted tests on Cr and ferrous and nonferrous alloys 
at temperatures up to 550°C. Richards (84) studied the use of V as a 
container for molten B i . The solubility of V in B i was found to vary 
linearly from 110 p.p.m. at 600°C. to 750 p.p.m. at 1000°C. V suffered 
severe intergranular attack at temperatures above 900°C. 

Eatherly et al. (44) evaluated a number of graphites by measuring 
their absorption of liquid Bi . The absorption varied from 3-4 gr. Bi/cc. 
graphite for large-pore AGOT graphite or its equivalent to less than 0.1 
gram/cc. for graphites with smaller pores. It was found that the degree of 
uptake is a function of the surface tension of Bi . The addition of Zr (250 
p.p.m.) in B i increased its surface tension. 

Kamemoto et al. (70) applied a thermal cycle of heating (550°C. or 
700°C.) and cooling (solidification) on impermeable graphite in Bi . Crack 
formation in the graphite samples was observed and attributed to the 
volume expansion when B i which had penetrated the graphite pores had 
solidified. No cracks were observed in graphite immersed in 58% Bi-Pb. 
The effects of B i 2 0 3 were also studied. The weight loss of samples im-
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Table II. Static Corrosion of Refractory Metals, 

Bismuth 

Test Temp. Time 
Materials (°C.) (Hrs.) Results 

Molybdenum 1000 97 No corrosion. 
Niobium 1000 64 Dissolution, 30 Mm. thickness. 

Intergranular, <50 Mm. 
Tantalum 1000 95 No apparent attack. 
Tungsten 1000 24 No apparent attack. 
MO-30W 1000 97 No corrosion. 

~1000 >1100 No visible attack. Intermetal
lic, ~100 Mm. thickness. 

Mo-50Re 1000 91 No apparent attack. Inter
metallic, <12ΜΠΙ. 

Nb-lZr 1000 167 Severe intergranular attack, 
<250 μηι. depth. Specimen 
became brittle. 

Nb-10W-2.5 Zr 1000 71.5 Slight dissolution and pittings. 
Armco Iron 850 24 Slight attack. 

1000 50 Complete dissolution. 
1040 Steel 1000 22 Intermetallic layer, <S0 μτα. 

thick. Cr preferentially 
segregated. 

304-Stainless 850 97 Intergranular, < 100 μτη. depth. 
Steel No attacks found in vapor 

316-Stainless 700 97 
phase. 
Slight dissolution. Decarburiza-

Steel tion, <5 μτη. depth including 
vapor phase. 

High Purity 600 99 No attack. No wetting. 
Alumina 850 52 Partly wetted and greyed. 

1000 72 Partly wetted and greyed, not 
electrically conducting. 

mersed in Bi203-added B i was 0.51%, compared with 0.28% for pure B i 
at 550°C. in a 210 hr. test. 

Meyer et al. (80) reviewed the compatibility of graphite with B i , Pb, 
Sn, and their alloys. 

Manzone et al. (79) and Nair et al. (82) have compiled data on corro
sion resistance of Mo and Mo-base alloys to Bi and its alloys. 

A review on B i corrosion to 1962 has been made by Thamer (97). 
Corrosion studies on B i and Pb at Harwell, England have been re

viewed by Finniston (50). 
The Nernst equation has been applied by Ward et al. (100, 101) to 

correlate dissolution rates of solid Cu in liquid B i and Pb at the temperature 
range 360°C.-460°C. obtained by rotating a specimen in the liquid metal. 
The dissolution rate was expressed in the following form. 
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12. S H I M O T A K E A N D H E S S O N Corrosion 167 

Steels, and Alumina by Bismuth and Tin 

Tin 

Temp. Time 
( °C) (Hrs.) Results 

1000 26 Penetration, <15 μτα. depth. 
1000 24 Slight dissolution. Intermetallic with 

dendrites, < 20 μηι. thickness. 
1000 96 Penetration, < 2 0 μ π ι . depth. 
1000 96 Penetration, <5 μηι. 
1000 67 No corrosion. 

~1000 >850 No visible deterioration. Inter
metallic, ~100 Mm. thickness. 

1000 63.5 No apparent attack. 

1000 160 Intergranular attack, <100 Mm. depth. 

1000 87.5 Slight dissolution and pittings. 
— — In view of high solubility of Fe, 

no test was made. 
— — In view of high solubility of Fe, 

no test was made. 

— — In view of high solubility of Ni, 
no test was made. 

— — In view of high solubility of Ni, 
no test was made. 

600 77.5 No attack. No wetting. 
850 29 Slightly wetted. 

1000 74 Completely wetted. Slightly conducting. 

Nt = N0(l - e-K*w) 
where 

Nt = solute concentration at time t 
N0 = saturation concentration at a fixed temperature 
Κ = solution-rate constant 
S = surface area of solid exposed 
V = volume of solvent 

The activation energy estimated from the results for the Cu-Pb 
system, 3500 cal./mole, agrees well with that predicted from viscosity data 
for diffusion of C u in Pb, 3950 cal./mole and suggests that the rate deter
mining step is the diffusion of dissolved material through the liquid layer. 
However, the calculated activation energy for the C u - B i system, 6400 
cal./mole, is too large to account for solution rate control by liquid phase 
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diffusion alone. A similar analysis on a Cu-Pb loop has been made by 
Forgeng (52). 

Covington et al. (88) have shown that isothermal mass transfer with 
an alloy layer formation on an insoluble metal occurs in the systems: 
A l -> Mo, A l -> Fe, N i -> Fe, A l Cr, Co -» Nb, and Co Ta in liquid 
B i at 500°C. They pointed out that the layer formation may not take 
place at the surface if the solubility of the "insoluble" metal is increased 
by adding the soluble metal to the liquid metal. Reaction products may 
then be precipitated in the liquid metal as in the case of two soluble 
compound-forming metals. The formation of compounds of the soluble 
metal with the liquid metal may prevent the formation of intermetallic 
compound layers. 

An extensive study of the solubilities of elements in liquid B i has been 
conducted at Brookhaven National Laboratory (74, 92,102) by equilibrat
ing B i with the solute for 18-66 hrs. in an "inert" (graphite, fused Si0 2 , 
or Ta) crucible and taking a filtered sample of the melt at each of several 
temperatures. The resulting solubility equations are presented in Table III. 
Some earlier work was conducted in England (58, 64) on Nb, Pd, Sr, Rh, 
Ru, Fe, and Be. 

Shepard et al. (94) studied dissolution of 405- and 410-stainless steels 
at up to 800°C. by B i in Vycor capsules. The ultimate solubility of Fe in 
B i was obtained in less than 5 hrs. for temperatures below 800°C, while 
the amount of Cr dissolved in B i was still increasing after 70 hrs. At 730°C. 
the solubility of Fe was 117 p.p.m. and that of Cr, 119 p.p.m. 

Parry et al. (87) reported that the solubility of Nb in oxygen-free B i 
is approximately 100 p.p.m. at 600°C, but that it is approximately 200 
p.p.m. at 600°C. in B i containing 0.01% of 0 2 . Because of this solubility, 
they deduced that Nb loops in nonisothermal systems would probably 
suffer more serious mass transfer effects than systems constructed from 
low-alloy steels. 

Dynamic Corrosion by Bismuth 

An intensive study was conducted at the Nuclear Engineering Dept. 
of Brookhaven National Laboratory in connection with the L M F R project 
(12-24). Both thermal convection loops and forced circulation loops were 
constructed. Various materials and additives were studied. The maximum 
reported temperature of the tests never exceeded 650°C, however, and 
most of the work was conducted below 550°C. (12-24, 91). Romano et al. 
(91) summarized the dynamic corrosion of ferritic materials by B i as 
follows: 

1. Zr is the most effective inhibitor of mass transfer of low alloy 
steels by B i , U-Bi , and Pb-Bi eutectic. A minimum concentration of 100 
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12. SHIMOTAKE AND HESSON COTTO81071 169 

Table III. Solubilities of Elements in Bismuth 

Solubility Equation 
Β 

logio (p.p.m. Solute) = A - ^ r r 

Temperature Source 
Elements A Β Range (JC.) Literature 

Be 2.50 2750 600-800 102 
C — — — 102 
Mg 7.46 2210 300-550 102 
Al 6.40 1992 350-620 102 
Si — — 650-850 102 
Ca 10.34 4.365 320-440 102 
T i 6.046 2230 310-630 102 
V 4.54 2520 400-800 102 
Cr 6.26 3580 400-700 74 
M n 7.804 2177 <446 102 
Mn 6.214 1030 446-560 102 
Fe 5.69 3490 425-725 74 
Co 4.376 1520 340-600 102 
Co 5.433 2440 600-900 102 
Ni 6.496 1465 480-630 74 
Ge 6.78 2566 270-500 92 
Sr 8.43 2760 310-440 92 
Y 6.00 2690 320-730 92 
Zr 6.69 2780 330-700 92 
Nb 4.12 2158 400-650 102 
Mo insoluble -800 92 
Ru 3.12 808 300-560 92 
Rh 7.90 2460 280-490 92 
Pd 6.864 1280 260-450 92 
Ba 7.01 1590 280-370 92 
La 6.75 2330 280-720 92 
Hf 6.098 2000 320-700 102 
Ta insoluble -788 102 
W insoluble -798 102 
Re insoluble -800 102 
Os insoluble -800 102 
Ir — — -1450 102 
Pt 6.987 1654 280-450 102 

p.p.m. Zr is required, and higher concentrations are more effective. Adding 
Mg is essential to protect both Zr and U from oxidizing, but Mg concentra
tions of > 1000 p.p.m. seem to be detrimental. Ti , Th, and Te are far 
less effective than Zr as inhibitors; similarly, Ca and Th are less effective 
than Mg as oxygen getters. 

2. Generally, difficulties such as inability to maintain the additive 
concentration level and enhanced corrosion or deposition arise in loop 
operation when fission products and corrosion products are added rather 
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than the nominal concentrations of Zr, Mg, and U . High concentrations 
of Zr and Mg cause similar difficulties due to solubility limitations. 

3. Corrosion in dynamic systems increases with increasing rnaximum 
temperature and temperature differential. Very high Zr concentrations 
seem to offset the effect of raising the maximum temperature to 650°C. 
and the temperature differential to 150°C. in carbon steel loops. 

4. Corrosion in dynamic systems in the presence of Zr and Mg in
hibitors increases with the Cr content of a steel; carbon steels are the most 
resistant, low alloy steels (< 2\% Cr) are moderately corrosion resistant, 
and high Cr steels (> 2\% Cr) are least resistant, being subject to gross 
attack. 

5. Corrosion increases with decreasing C content in 2JCr- lMo steel 
and with decreasing N / A l ratio in all ferritic steels. 

6. In general, l i C r - | M o steel welds are selectively attacked in \ \ 
Cr-^Mo steel loops because of lower N / A l ratios and a lower C content 
in the weld rod; conversely, 2£Cr-lMo steel welds are more resistant to 
attack than 2£Cr-lMo steel. 

7. Nitrided 2£Cr-lMo steel is more corrosion resistant than the 
"as received" material. Heat-treating 2 jCr - lMo steel seems to enhance 
attack by B i , probably because of the effect on the Ν and C activity of the 
steel. 

8. Low temperature and long-time preconditioning runs (pretreat-
ment with Zr) are effective in retarding corrosion of low alloy steels and 
carbon steels, whereas high temperature preconditioning is detrimental. 

The Pb-Bi eutectic and unalloyed Pb are less aggressive fluids than 
B i or U-Bi . Both T i and Zr when protected by Mg are effective inhibitors 
for Pb-Bi in l JCr -JMo steel and carbon steel loops. Uninhibited Pb-Bi 
can be circulated for nearly 10,000 hrs. without appreciable corrosion so 
long as the maximum temperature does not exceed 400°C, even at a 
temperature differential of 200°C. 

To study the effect of velocity on corrosion and mass transfer several 
pumped high velocity loops were constructed of 2JCr steel (12-24). The 
maximum bulk B i temperature was 520°C. and the temperature gradient 
was 108°C. The flow was 1.2 g.p.m., and the highest velocity reached was 
8 ft./sec. Electromagnetic pumps circulated the Bi , and the flow measure
ment was made with a submerged orifice. No quantitative information 
is available from this experiment. Waide et al. (99) discussed an in-pile 
corrosion test loop made of 2JCr- lMo steel operating at temperatures 
of 500°C. and 425°C. 

In connection with the feasibility study of the Liquid Metal Fuel 
Reactor at the Babcock and Wilcox Company (8, 43), 2£Cr-lMo steel 
and graphite have been evaluated as possible materials of construction. 
The loops were operated with centrifugal-type pumps and had a maximum 
temperature of approximately 500°C. and a temperature differential of 
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approximately 75°C. The corrosion specimens which were placed in the 
hot leg indicated that the heat treatment used on the specimens affected 
the corrosion rate. 

Prior to the extensive Brookhaven National Laboratory work, 
Elgert et al. (47, 48) and Egan (46) conducted thermal convection loops 
made of 5Cr-0.5Mo steel. T i + Mg was studied as an inhibitor. A reduc
tion greater than a hundredfold (from 2000 to 20 mils/yr.) in the corrosion 
rate of 5Cr-0.5Mo steel was caused by adding more than 50 p.p.m. T i 
and 350 p.p.m. Mg while the loop was running with hot and cold leg 
temperatures of 700°C. and 615°C, respectively. 

Stephan et al. (96) reported a study made on a forced circulation 
liquid B i loop at a hot leg temperature of 950°C. with a 280°C. temperature 
gradient. The loop was made of a 347-stainless steel tube. The flow velocity 
reached 20 ft./sec, and after 100 hrs. of operation, only limited corrosion 
was found. 

Coultas et al. (37) made a "convection-diffusion tube" in which the 
mass transfer effects could be induced by reflux of boiling liquid metals. 
In this device, a tube of the steel test material was sealed with B i in a 
Vycor capsule which was then arranged in a furnace with the top pro
truding so that the bottom of the steel was at a high temperature and the 
top, at a lower temperature. This method is relatively inexpensive but, 
because the corrosion is induced from both vapor and liquid in this system, 
the results must be treated differently from those of loops. 

Hallett et al. (68) found no mass transfer or corrosion in a graphite 
by bismuth with a hot leg temperature of 1400°C. and a cold leg tempera
ture of 875°C. after 279 hrs. 

Because of difficulties in fabrication, only a few loops have been made 
of refractory metals despite their high corrosion resistance to liquid 
metals at elevated temperatures. 

Fisher et al. (61) built a Ta loop, 0.030" X f" O.D., enclosed in an 
outer envelope of Inconel, in which 5 w/o U-Bi alloy was circulated by an 
electromagnetic pump. The hot leg temperature was maintained at 950°C, 
and the cold leg, 850°C. Samples of the liquid metal were taken at the 
end of 2000, 4000, and 5000 hrs., and the tantalum content was found to 
be less than 6 p.p.m. at all times. After 5250 hrs., the loop was dissected 
and no corrosion or erosion of the Ta was noted, but there was evidence 
of pitting 5 to 6 mils deep at points wherever Inconel contacted the Ta 
under extreme pressure. The Ta remained shiny and ductile throughout 
the experiment. Another Ta loop containing an alloy of 10 w/o U-0.5 w/o 
Mg-Bi was operated with the hot leg temperature at 1160°C. and a tem
perature differential of 400°C. After 957 hrs., the experiment was inter
rupted by failure of a weld in the Inconel sheath. No Ta was found in the 
800-hr. sample. Still another Ta loop containing 5 w/o U-0.3 w/o Mg-Bi 
was run with a hot leg temperature of 1050°C. and a temperature differen-
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tial of 250°C. Samples which were taken during the operation showed that 
the alloy contained less than 6 p.p.m. Ta. After 4500 hrs., the loop opera
tion was terminated. Metallographic examination showed that one section 
of the Ta loop contained many inclusions. Consultation with the manu
facturer revealed that this particular piece of Ta had been fabricated from 
reclaimed metal and not from virgin Ta. 

Lloyd (76) has shown that Mo exhibits good resistance to dynamic 
corrosion by B i at low flow velocities. A thermal convection loop con
structed from 1 cm. bore quartz tubing was used. The most successful loop 
ran continuously for 2500 hrs. with hot and cold leg temperatures of 825°C. 
and 400°C, respectively. The estimated flow velocity was approximately 
0.5 cm./sec. 

Horsley et al. (68) studied dynamic corrosion of 2 jCr - lMo silicon-
killed steel tubing in liquid B i with a maximum hot leg temperature of up 
to 625°C. and a temperature differential of 150°C. At a fluid velocity of 
3 to 4 mm./sec, the corrosion rate was 0.65 in./yr. An addition of 250 to 
500 p.p.m. of Zr reduced the corrosion rate to 0.17 in./yr. The Zr film, 
however, occasionally spalls off the tube wall and is not re-formed. Under 
this condition, intergranular corrosion of the underlying steel proceeds 
rapidly. If the steel is heavily plated with ZrN, its corrosion rate is reduced 
to a maximum of 0.01 in./yr. The film re-forms, if broken, and intergran
ular penetration is prevented. 

The Colburn-Chilton analogy can be applied to mass transfer in 
liquid metal where the rate-determining process is the diffusion in the 
boundary layer. The following form of the Colburn-Chilton mass-transport 
equation has been proposed by Horsley (62) for a circuit with a small 
thermal gradient AT: 

where 

r = 0.023 d-°'W0-*D0-*p-oA ^ AT 
al 

r = corrosion rate 
V = velocity of liquid metal 
ν = kinematic viscosity 

D = diffusion coefficient 
d = diameter of pipe 
S = solubility of container material 

Seifert et al. (98) studied dynamic corrosion effects of liquid B i on Ta, 
Mo-0.5 Ti , and Be. The specimens were placed in pumped loops which 
were fabricated from 2£Cr-lMo steel pipe. The maximum temperature 
in the loop was 488°C, and the minimum temperature was 412°C. The 
corrosion rates of Ta, Mo-0.5 Ti , and Be were 0.004, 0.229, and 0.690 
mil/yr., respectively, at a liquid-metal flow velocity of 8 ft./sec. 
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By measuring weight losses of steel pins after immersion in the hot 
leg of a thermal convection loop, James et al. (69) studied the corrosion 
of several steels in liquid Pb and B i in the temperature range 600°C. to 
900°C. In uninhibited Bi , low alloy steels are more corrosion resistant 
than 13% Cr-Fe or 18-8 stainless steel. Both N i and Mg in steels have 
deteriorative effects on the corrosion resistance of 2 jCr - lMo steel. Add
ing 500 p.p.m. of Zr greatly reduces steel corrosion in B i and are both 
important in this inhibition process; some protection is afforded by the 
alloying constituents in the steel, such as W, Cr, and Si which govern the 
availability of C and Ν at the Bi-steel interface. 

Dawe et al. (41) studied low carbon steels with varying concentrations 
of Cr up to 550°C. A 12% Cr steel showed the least mass transfer rate. 
No mass transfer of the steel was observed after 2500 hrs. of operation. 

Yajima et al. (113) have constructed a loop completely from graphite, 
including a centrifugal pump, a valve, a liquid level gage, and a flow 
meter. This system was designed for an operating temperature of 550°C. 
and a maximum temperature of 700°C. The unit has been run only briefly. 
Potter et al. (88) conducted exploratory work on 28 different insulating 
and refractory materials up to 540°C. in liquid Bi , using a thermal convec
tion loop. 

In connection with the regenerative, bimetallic emf cell program at 
Argonne National Laboratory (3, 95), thermal convection loops made of a 
low carbon steel and 316-stainless steel containing B i and Na-Bi alloys 
were operated. 

Fluid flow and energy balance of thermal convection loops are dis
cussed by Hamilton et al. (59) and Cordovi (36). 

Static Corrosion by Lead 

The principal interest in liquid Pb today is directed toward its applica
tion as heat-transfer media in nuclear- and conventional-fueled power 
plants. Pb has two advantages over B i and Sn as a heat transfer medium: 
(1) Pb contracts upon freezing, whereas B i expands and this may cause 
pipe ruptures, and (2) Pb has less ability to dissolve Fe than Bi or Sn and 
probably most of the other elements present in engineering materials (i.e., 
Cr, N i , and Co base alloys) (91). Pb possesses a low absorption cross 
section for thermal neutrons. A disadvantage as the heat transfer medium 
is its slightly higher melting point (Pb, 327°C.; B i , 271°C.; Sn, 231°C.). 

In the regenerative emf cell application, Pb has two more advantages 
over B i or Sn in addition to the two mentioned above: (1) Pb has slightly 
lower vapor pressure than Bi , although Sn has the lowest vapor pressure 
of the three metals (77), (2) Pb does not form high melting point inter
metallic alloys with alkali metals (60). A disadvantage is that it produces a 
lower emf when coupled with an alkali metal. 
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Parkman et al. (86) found by the Vycor capsule method that Mo, W, 
Ta, and Nb are inert to Pb at 980°C, and 446-stainless steel, Ti , and Zr 
show poor resistance. 

In the work done by Collins et al. (34) 18-8 stainless steels proved to 
be inferior to 446-stainless steel in Pb-Bi eutectic up to 760°C. because of 
selective solubility of Ni . 

By spectrographic examination, Grassi et al (55) found no dissolution 
of Nb at 870°C. or of Mo at 1090°C. in Pb after 500 hrs. 

Cash et al. (26) studied the corrosion of Nb, Ta, Y , and a Ni-Cr-Fe 
alloy by Pb at temperatures ranging from 600°C. to 1100°C. No penetra
tion was found in Ta which had been kept in Pb at 1100°C. for 1255 hrs. 
Pb wet Ta slightly at this temperature. Nb which had been immersed in 
Pb at 1100°C. for 1255 hrs. showed 0.001-in. penetration. The Ni-Cr-Fe 
alloy showed 0.011-in. penetration at 800°C. after 100 hrs. Y was com
pletely penetrated by Pb at 700°C. after 50 hrs. 

Agrawal (1) tested polished 18-8 stainless steel in liquid Pb at tem
peratures of 400, 500, 600, and 700°C. The tests were conducted in air 
atmosphere. No corrosion was observed at 400°C; but 0.106 mm./yr. at 
500°C., 0.180 mm./yr. at 600°C, and 0.569 mm./yr. at 700°C. of corrosion 
were observed. In all cases, the specimens were wet by the Pb. 

Corrosion resistance of ceramics and cermets engaged the attention 
of Cook (85), who observed that none of the ceramics, including various 
borides, carbides, nitrides, oxides, and suicides, was attacked in 100-hr. 
exposure to static Pb at 815°C. Under similar conditions, cermets consist
ing of 87 ~ 94% WC-13 ~ 6% Co showed no sign of attack. 

Brasunas (10) reported extensive static corrosion tests on various 
metals by liquid Pb. Inconel, 309-, and 446-stainless steel were tested in 
Pb for 100 hrs. up to 700°C. None showed any attack except for Inconel, 
where 0.5 mil attack was noted. There was almost no interaction of Fe 
with Pb at 1000°C. Two other metallic elements showing little or no 
visible reaction in static tests at 1000°C. were W and Zr. Austenitic stain
less steels containing Ni (300 series) were attacked intergranularly by Pb. 
The ferritic stainless steels (400 series) appeared generally to have better 
corrosion resistance to Pb at 1000°C. than did the 300 series stainless 
steels. At 815°C, the severity of attack of N i and Ni-base alloys by Pb 
remained fairly high, but the attack on Fe-base alloys was considerably 
reduced. Even the 310- stainless steel, containing 20% N i , appeared to be 
unattacked in 100-hr. tests. 

Brasunas (10) ran 100-hr. static tests by liquid 50 w/o Na-Pb alloy 
at 815°C. Inconel, 317-, and 446-stainless steels showed no evidence of 
attack, but 316-stainless steel showed 0.5 mil attack. 

Attack of various materials by Pb at 1000°C. was investigated by 
Wilkinson et al. (112) BeO, fused silica, Ta, Nb, and a sintered mixture 
of BeO and urania showed no attack by Pb. AISI 1020 carbon steel, 430-
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stainless steel, Cr, 347-stainless steel, 302-stainless steel, Ni-Cr-Fe alloy, 
Mo, and Armco Iron dissolved in Pb slightly. T i and Zr were deeply 
attacked. Cast iron and U underwent complete dissolution. 

Eldred (46) studied corrosive effects of Pb on Cu, Fe, Ni , C, and 
steels up to 550°C. for 300 hrs. Very little corrosion was observed for Fe, 
C, and steels while N i and Cu were severely attacked. 

Research by Covington et al. (38) has shown the existence of iso
thermal mass transfer of A l —> Mo in liquid Pb at 500°C. 

In the findings of Imai et al. (65), it was shown by adding PbO in Pb 
at 800°C. that the oxygen content in liquid Pb accelerates the corrosion 
rate of pure iron, carbon steels, and 13 Cr steel. Adding A l and M g fix 
oxygen as their oxides and reduce the corrosiveness of Pb; however, exces
sive amounts of A l diffuse into steel and form intermetallics. 

An examination of the resistance of 40 refractory materials by Gangler 
(54) has been published. He rotated the samples in liquid Pb-Bi eutectic 
at 816°C. and 1100°C. With the exception of ZrC, all the ceramics and 
cermets resisted attack by the liquid metal at 1100°C. Of the 13 refractory 
metals listed, only arc-cast Mo showed resistance at 1100°C. 

Surveying the literature, Manzone and Briggs (79) and Nair and 
Briggs (82) compiled corrosion data on Mo and Mo-base alloys by 
liquid Pb. 

A review on corrosion by Pb on Ta and Nb has been presented by 
Miller (81). 

Dynamic Corrosion by Lead 
Cathcart and Manly (27, 28, 29, 30) have studied dynamic corrosion 

by Pb of various metals and alloy coupons inserted in a small quartz 
thermal convection loop. The hot- and cold-leg temperatures were 800°C. 
and 500°C, respectively. The loop plugged after 86 hrs. of operation. The 
mass-transferred material had collected in the bend at the bottom of the 
cold leg. Of the metals tested, only Nb and Mo exhibited a high resistance 
to mass transfer. N i and Ni-base alloys were susceptible to mass transfer. 

In connection with the Aircraft Nuclear Propulsion Project, a series 
of investigations has been conducted at Oak Ridge National Laboratory 
(61, 85). Using small quartz thermal convection loops, Ni-Cr-Fe alloy, 
Nb, Mo, 304-, 347-, 446-stainless steels, and Armco Iron were tested. 
The hot leg temperature was 800°C. and cold leg temperature was 500°C. 
Results indicate that alloys with a high N i content, for example, Ni-Cr-Fe 
alloy and 347-stainless steel, show little resistance to mass transfer or 
corrosion. Stainless steels containing no N i suffer relatively little mass 
transfer as compared with the Ni-rich alloys. Nb and Mo show no mass 
transfer. 

Zr and T i as inhibitors of the corrosion and mass transfer of steels 
by Pb are discussed by Kammerer et al. (71). In studying various Cr-Ni 
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alloy steels, James and Trotman (69) measured weight losses of steel pins 
after immersion in the hot side of a thermal convection loop. The hot leg 
temperature was kept at 800°C. with a temperature differential of 100°C. 
For serving as a deoxidant, 2000 p.p.m. of Mg was added to the Pb. The 
corrosion of the steels in uninhibited Pb was about T Vth as much as in 
uninhibited B i under similar conditions. Addition of 500 p.p.m. of T i to 
the Pb reduced the corrosion substantially. 

Romano et al. (91) summarized the work on container materials for 
B i and Pb alloys at Brookhaven National Laboratory. A 2 i C r - l M o steel 
loop containing Pb with 225 p.p.m. Mg in solution was operated at an 
average temperature differential of 105°C. (550° ~ 445°C.) for 27,765 hrs. 
with no corrosion detected and only a slight deposition in the cold leg. 
Adding Zr into this loop failed due to the low solubility of Zr in Pb. Liquid 
Pb, Pb-Mg, and Pb-Bi eutectics were found less corrosive than B i and U-Bi . 

Day and Brasunas (42) reported the testing and examination of ther
mal convection loops operated with Pb. 

Two sets of thermal convection loops were compared by Cygan (89, 
40). One was made of a low-carbon steel and one of 400-series stainless 
steel. They contained Pb-Bi eutectic with a hot leg temperature of 450°C. 
and a temperature differential of 270°C. The low-carbon steel loop op
erated for 220 hrs., but the stainless steel loop ran for 950 hrs. before 
stoppage due to plug formations. Chemical analysis of the plugs suggested 
they were Bi 2 0 3 , Pb 30 4 , and Fe 30 4. When a small pocket containing a 
permanent magnet was attached to the cold leg exit, the low-carbon steel 
loop was able to operate for over 11,000 hrs. without stopping. A forced 
circulation loop with a centrifugal pump was also operated. A sizable 
quantity of oxide dross collected in the pump sump after 500 hrs. of op
eration. 

Clifford (81, 82) built three thermal convection loops, two from 347-
and one from 430-stainless steel to circulate a Pb-Bi mixture. They were 
run with maximum hot leg temperature of 700°C. and maximum tempera
ture gradients of 400°C. Al l three, with operating durations ranging from 
250 hrs. to 4300 hrs., failed because plugs were formed by mass transfer 
products. A forced circulation loop was also tested, using an experimental 
diaphragm pump to circulate liquid Pb. 

Akutagawa and Ogawa (2) studied 304-, and 316-stainless steel, 
mild steel, 5A1-Fe, 5Cr-£Mo-l?Si steel, Monel, and N i in Pb-Bi eutectic, 
using a quartz thermal convection loop. The specimens were kept in the 
hot leg section of the loop at 800°C. The 304, 316, 5Cr-$Mo-l£Si steel 
and 5A1-Fe alloy showed little corrosion, while other metals were severely 
attacked. 

A dynamic corrosion test method using a rocking apparatus has been 
proposed (11). 
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Static Corrosion by Tin 

Applying tin as a heat transfer medium has been prohibitive because of 
its severe corrosiveness. No materials have been found to be resistant in 
liquid Sn above 300°C. (77, 73) or inert (95). Despite the severe corrosive
ness, Sn is an attractive cathode metal in the regenerative emf cell applica
tion because the attainable emf is relatively high. Also, its vapor pressure 
is the lowest of the three heavy metals discussed in this survey and this 
indicates that, aside from corrosive problems, efficient regeneration of an 
anode metal from Sn should be achievable. The literature data to date are 
very limited. Available data are briefly presented below. 

The corrosive effects of Sn on Cr and ferrous and nonferrous alloys 
up to 550°C. for 300 hrs. were examined by Eldred (46) and Woolf (38). 
Covington has demonstrated the existence of isothermal mass transfer in 
the systems: A l —> Mo in liquid Sn at 500°C. 

Imai et al. (65) studied mild steel, pure iron, and 13 Cr stainless steel 
at 400°C. While a considerable amount of FeSn2 formation was found with 
pure iron and mild steel, only a minute amount was found with Cr stain
less steel. 

The resistance of Mo, W, Nb, Ta, Ti , and some Ni-Mo-Cr alloys 
were tested by Thwaites (98) in Sn at 300 to 350°C. for 30 hrs. Refractory 
metals, except Mo and Nb which contained Co binders, showed complete 
resistance. Other materials showed limited resistance. 

Lance and Kemeny (75) tested Mo, Nb, Ta, and W in static Sn at 
temperatures ranging from 630 to 830°C. for approximately 100 hrs. Ta 
showed the best resistance (0.00001 mils of corrosion/hr. at 790°C.) fol
lowed by W and Mo. Nb showed the highest corrosion rate of 0.000421 
mils/hr. at 800°C. 

Cash et al. (26) tested Nb, Ta, Y , and Inconel at temperatures up to 
1100°C. Sn did not wet Ta at 700°C. At temperatures above 900°C., very 
slight attack and up to 0.001 in. inward diffusion of Sn atoms into Ta 
were observed. Nb was attacked slightly, but Y and Inconel were attacked 
severely at 700°C. 

Blumenthal et al. (9) reported compatibility of 304-stainless steel in 
Bi-Sn eutectic in connection with their study on the top seal of E B R II. 
A rotating disk was used. After 70 days* operation at approximately 200°C, 
a large amount of dross was found over the surface of the eutectic. The 
analytical data indicated that Sn was preferentially oxidized. In conjunc
tion with the same project, the dissolution kinetics of 304-stainless steel 
in Bi-Sn eutectic have been under investigation at Argonne National 
Laboratory (4). 

In connection with the regenerative, bimetallic emf cell program, a 
series of static corrosion tests has been conducted on steel, refractory 
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metals, and alumina in Sn at Argonne National Laboratory (3, 95). The 
results are presented in Table II . 

Coultas (37) tested several refractory materials at 980°C. Listed in 
decreasing order of resistance to attack, they are graphite, A1 2 0 3 , Vycor, 
W, M o S i 2 , TaC, Kennametal K-138A (WTiC 2 ) , Haynes Metamic LT-1 
(Cr bonded A1 2 0 3 ) , Ta , and M o . M o showed pronounced dissolution in Sn. 
W recrystallized and was attacked slightly. T a showed a suggestion of 
solution attack. 

Macintosh (78) presented a literature survey, up to the year 1960, 
on Sn and its alloys' properties. 

Nair and Briggs (82) and Manzone and Briggs (79) have compiled 
data on the resistance of M o and its alloys to liquid Sn. 

Dynamic Corrosion by Tin 

Keen and Cygan (72) circulated liquid Sn in an all-graphite loop for 
60 hrs. at temperatures ranging between 850°C. and 1000°C. The graphite 
was found to be completely intact with no evidence of erosion or corrosion. 

No data on dynamic corrosion of metallic material by Sn are available. 
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Design Features and Performance of a 
Lithium-Chlorine Cell 

ROBERT ELIASON, J E R R Y ADAMS, and JOHN K E N N E D Y 

General Motors Corp., Santa Barbara, Calif. 

A fuel cell—i.e., fuel storage external to the power module 
based on the reactions: 

Anode: L i --> Li+ + e-

Cathode: ½Cl2 + e- --> Cl-

Total: Li(l) + ½Cl2(g) --> L i C l (LiCl electrolyte, 625°C.) 
was constructed and delivered 650 watts (370 amp. at 1.75 
volts). Power density was 8000 watts/sq. ft. at maximum power. 
The cell was self-sustaining under load and, in fact, required 
cooling when operated at maximum power. Principles of second
ary operation of lithium-chlorine batteries have been developed, 
and laboratory investigation is in progress. The design features 
necessary to build a cell which does not fail in the presence of 
these energetic and highly corrosive reactants are given. 

Tn the quest for high energy batteries and fuel cells, it is apparent from 
any list of oxidation potentials that an alkali metal-halogen couple 

would be an attractive prospect. Of the many combinations which exist, 
Li-F, L i -Cl , and Na-F have the highest specific energy (watt-hr./lb.). 

Theoretical specific energies for a number of alkali metal-halogen 
couples are given in Table I. 

High-power density (watt/sq. ft.) is another factor necessary for light
weight fuel cells and can only be achieved with low resistance electrolytes. 
Pure alkali metals cannot be used in the presence of water and, of the 
many nonaqueous solvents, fused salts offer the lowest resistivities. 
Resistivities of various electrolytes are given in Table II. In addition to 
low resistivity, using the corresponding alkali halide as electrolyte has the 
advantage of invariance—i.e., no change in electrolyte composition during 
discharge. Thus, a more stable cell voltage would be observed with varying 
load compared with a similar system using a different electrolyte. 

186 
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Table I. Theoretical Specific Energy 
Open-Circuit Voltage 

Anode Cathode la 
2b WattrHr./Lb. 

Li F 2 (2.55) 4.85 2263 
Li C l 2 3.53 1008 
Li Br 2 3.22 449 
L i I 2 2.87 259 
Na F , (2.78) 4.53 1834 
Na Cl 2 3.25 673 
Κ F 2 (2.84) 4.31 900 
Κ C l 2 3.40 552 

β Decomposition potential of the pure halide at the melting point (/). 
6 Calculated from free energy of formation : Li-F, K-F at 1227°C., Na-F extrapolated 

to melting point (992°C.) (δ). 

Table II. Electrolyte Resistance 

Solvent 

H 2 0 
NH3 
Nitromethane 
Acetonitrile 
Propylene carbonate 
LiCl 

Electrolyte 

35% H 2 S0 4 

38% K S C N 
2M (LiCl-AlCk) 
2M NaC104 

1.2M AICI3 

LiCl 

Resistivity 
(Ohm-Cm.) 

1.4 
2.5 
12 
16 
67 
0.17 

(4) 
(4) 
(4) 
(4) 
(4) 
(5) 

Finally, the gaseous reactant must be considered in terms of handling, 
polarization, and diffusion rates. The first consideration, handling, elim
inates fluorine from the list of halogens with present technology. Alkali 
fluorides melt around 1 0 0 0 ° C , and at these temperatures fluorine is highly 
corrosive to all materials. In addition, it is especially corrosive to elec
tronic conductors which could serve as electrode materials. Thus, theoret
ical voltage would not be obtained. Comparing free energy data shown in 
Table I (5) with experimental decomposition potentials (1), one can see 
that fluorine-handling problems have prevented observation of potentials 
predicted by thermodynamics. The next choice, then, is a lithium-chlorine 
electrode system having a theoretical, open-circuit voltage of 3.53 volts and 
a specific energy of 1008 watt-hr./lb. Chlorine electrodes in fused salts 
have been used as reference electrodes and, on graphite, give reversible 
potentials (3). 

The last limiting factor, diffusion rate, cannot be eliminated, but the 
solubility of chlorine in molten lithium chloride offers a mechanism by 
which high current densities may be attained (6). Chlorine travels through 
pores in the graphite cathode, dissolves in the electrolyte, and picks up 
electrons at the graphite surface. In this way, the delicate three-phase 
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boundary equilibrium required for hydrogen and oxygen electrodes is not 
necessary, and a large area is available for the charge-transfer process. 
Because the solubility increases with pressure, maximum current density 
will increase with increasing pressure, and future work will be directed 
toward realizing this performance. Small, experimental cells were con
structed to study chlorine electrode polarization and attainable current 
densities at atmospheric pressure. The results of these experiments were 
reported previously (#). With proper graphite porosity, chlorine showed 
little activation polarization, and current densities as high as 8 amp./sq. cm. 
were observed. The maximum current density calculated for the Li -Cl 
system with 0.5 cm. electrode spacing is 20 amp./sq. cm., but this value has 
not been achieved because of electrode and contact resistances and polar
ization effects. These polarization effects include decreased chlorine activity 
because of accumulation of impurities (e.g., nitrogen, carbon dioxide) at 
the cathode surface. 

The next step was to design and test a cell capable of producing 
large amounts of power because performance data with electrodes of 1 sq. 
cm. can rarely be extrapolated to 1 sq. ft. 

Cell Design 

Power density is usually limited by gas electrode performance, and for 
this reason the cell was designed around a given cathode area. In order to 
study currents in the 200 amp. range, the cathode was assigned a 4-in. 
diameter (81 sq. cm.). It is reasonable to conclude that performance charac
teristics with this cell could be achieved with smaller cells and possibly 
up to 400-500 amp. The cell components for Model A are shown in Figure 
1. From left to right are cathode chamber, cathode, electrical insulator, 
anode-retaining ring, anode, and anode chamber. In the background is an 
assembled three-cell battery showing how the individual cells can be 
stacked in series without electrical leads between the cells. Figure 2 is a 
cut-away drawing illustrating the various components in an assembled, 
single cell. 

The cathode material was 0.25 in.-thick, porous graphite. Various 
porosities have been tested in the range 1-12 μ pore size, and all function 
effectively as chlorine electrodes. The cathode was sealed in the cathode 
chamber with National Carbon C-9 cement. This decreased the active 
area a small amount around the circumference, and all performance 
figures are based on 80 sq. cm. The cemented cathode was then cured as 
prescribed by the manufacturer. An additional treatment with H 2 followed 
by C l 2 at 800°C. removed any material which would be liberated during 
operation. 

The cathode chamber consisted of high-density graphite having a low 
resistivity (0.00027 ohm-in.). The chlorine inlet was machined to fit 
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Figure 1. Lithium-chlorine power cell. Model A 

Figure 2. Cut-away drawing of Model A 

graphite feed tubes, and the channel design allowed chlorine to reach all 
portions of the cathode surface. Flow rates in excess of 8 liters/min. at 
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625°C. (equivalent to 350 amp. at 100% efficiency) were achieved. At 
these flow rates, it was found necessary to pre-heat the chlorine to avoid 
thermal shock to the cathode. Pre-heating was accomplished by packing 
the chlorine feed tube with aluminum oxide chips over the length in the 
furnace compartment. 

Electrical contact with the bottom of the cathode chamber was made 
with a solder pool (60-40 Pb-Sn) on a steel plate. This method gave 
cathode resistance as low as 2.5 X 10~4 ohms. The cathode chamber also 
served as a container for the electrolyte. An inlet for addition of molten 
L i C l for start-up and an outlet for drainage of molten LiCl as it formed 
during operation were also provided. 

The anode consisted of 0.063 in.-thick metal disks (3.5 in. diameter) 
of varying densities. A high density sheet (50-60%) was exposed to the 
electrolyte but was backed by low density material (5-20%) which aided 
the distribution of molten lithium across the surface of the electrode. 
Three different materials were found to function well as anodes: nickel, 
Armco iron, and stainless steel. Performance figures given in this paper 
were obtained using stainless steel. The anode was secured to the anode 
chamber with a retaining ring and machine screws. 

Armco iron was used to fabricate the anode chamber because this 
material has been reported to have long life in the presence of molten 
lithium (2). Lithium metal was added to the feed tube in the form of 
0.5 in.-diameter sticks (5-10 gram). The anode chamber was vented to 
prevent pressure build-up as the lithium entered. When the cell was as
sembled, a 0.25-in. space between the anode and cathode served as the 
electrolyte spacing. However, a LiCl back-pressure around the sides of the 
anode chamber (see Figure 2) helped to prevent lithium shorting. Elec
trical insulation was provided by a beryllium oxide ring placed between 
the cathode and anode chambers (Figure 2). Aluminum oxide was also 
tested as an insulator and gave satisfactory performance. 

This cell design allows for certain malfunctions without failing. For 
example, gas blowout at the cathode will bubble through the L iC l to the 
gas space above the electrolyte and finally out the L iCl drain. Any elec
trolyte carried into the drain by gas bubbles was replaced by excess LiCl 
present around the anode. The electrical insulator ring need not be sealed 
to the anode or cathode because the electrolyte level is below this point. 
Any material liberated from the cathode (e.g., carbon particles) which 
tends to float on the L iCl would leave through the drain during operation 
or be washed out with addition of LiCl . Even if the particles coagulated, 
a significant quantity must be present to short-circuit the cell because of 
the large space between anode and cathode at the electrolyte surface. 
Lithium shorting (caused by adding too large a quantity at one time) 
could be handled by reaction with a fast flow of chlorine gas. 
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Open-circuit voltage offered a means of noting these malfunctions. 
Partial shorting by carbonaceous materials in the electrolyte caused 
low voltages. Fluctuating voltages were observed when chlorine bubbled 
out of the cathode surface. Zero voltage was observed with lithium 
shorting. 

The assembled cell was held together with a set of steel clamps which 
were electrically insulated from the cell with aluminum oxide. The cell was 
then mounted in a furnace compartment heated with two, 1-kw. Chroma-
lox ring-heaters (above and below the cell) and packed with Fiberfrax 
insulation. 

A modified design, Model Β (Figure 3), has been studied which is 
2.5 in. high while still retaining the 4-in., active cathode area. This cell 
is more compact and incorporates a number of improved features. Ce
ramic feed tubes bonded to the graphite chamber are used in place of 
graphite tubes. The ceramic tubes allow parallel chlorine feed without 
shorting and are considerably smaller and lighter in weight. A second 
chlorine line has been incorporated to provide an exit for the chlorine. 
This system is much less sensitive to changes in flow and pressure than 
"dead-ended" cells and allows impurities to be purged from the cathode 
chamber without bubbling out into the electrolyte. The purity of chlorine 
is extremely important and, in addition to the "flow-through" system, the 
purity of the chlorine supply itself was improved by using Teflon lines and 
purging large tanks for long periods of time to decrease the amount of 
air present. 

Figure 3. Lithium-chlorine power cell, Model Β 
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The purity of lithium was also improved by purchasing oil-free lithium 
and casting sticks in a vacuum dry-box which would fit the lithium feed 
tube. The anode housing was also modified by using 347 stainless steel in 
place of Armco iron, incorporating the L iC l inlet in the anode instead of 
the cathode chamber and soldering the top contact to the anode housing 
similar to the cathode contact. The furnace compartment was sealed to 
prevent attack of the graphite by traces of air and redesigned to keep the 
L iC l exit tube sufficiently hot at all times to prevent freezing of salt 
in the line. 

Recent studies have shown that J in.-graphite frits give better results 
than J in. (for most grades), and Model Β was fabricated to utilize the 
thinner cathode frits. 

Cell Performance 

The cell assembly took approximately 1 hr. to reach the operating 
temperature of 625°C. (1.5-2.0 kwh.). The lowest operating temperature 
is set by the 613°C, melting point of LiCl . Molten L iC l was added after 
heating the cell in the dry state. This was followed by replacing argon in 
the cathode with chlorine. Finally, lithium was added to the anode cham
ber. Within minutes the voltage rose. Theoretical open-circuit is 3.5 volts 
(thermodynamic values range between 3.47 and 3.53), and values between 
3.45 and 3.50 were observed with Model B. On the other hand, voltages 
as low as 3.2 volts were observed with Model A, the "dead-ended" chlorine 
electrode design. This effect may have resulted from low chlorine activities 
because of inability to flush the pores without blowing out the electrolyte. 

Carbon pile resistors or a bank of 400 low voltage light bulbs (1.25 
volts or 2.5 volts) served as a load for the cell output. Figure 4 shows 
voltage-current performance for two of these cells. An apparent cell 
resistance of 0.0034 ohm was calculated from the initial slope for curve A 
(Figure 4). The electrolyte contributed 0.0016 ohm while the remaining 
0.0018 ohm resulted from electrode resistance, contact resistance, and 
small polarization effects. This cell remained in operation for 2 hrs. before 
shutting down. During this time it idled between open circuit and 130 
watts and delivered a maximum power of 456 watts for 3 min. A power 
level of 130 watts was maintained for 1 hr. 

Performance for design Β is also shown in Figure 4. In this experi
ment, a maximum power of 650 watts was observed during the 2-hr. run. 
The straight line discharge curve observed at high current densities 
reflects the small polarization of the chlorine electrode. The initial slopes 
for the two runs were nearly identical, which is understandable because 
the electrolyte, electrolyte spacing and electrode materials were the same 
for the two experiments. A l l external heating was turned off during opera-
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I ι I ι I . I I I 

100 200 300 
CURRENT, amps 

Figure 4· Performance of lithium-chlorine cells 

tion. Cell temperature was maintained at the 130-watt level, and insulation 
was sufficient to allow short periods of time at open circuit. At maximum 
power, the cell temperature increased as much as 100°C. in 5 min. The 
cell continued to operate even at 720°C, but no attempt was made to 
study operation at higher temperatures with Model A. A thermocouple 
was inserted in the graphite frit in one Model Β cell in order to study the 
temperature rise during operation. The frit temperature was within 10°C. 
of the graphite chamber wall temperature until powers in excess of 200 
watts were drawn. Under these conditions, the frit temperature increased 
to 850°C. within 10 min. During the same period, the temperature in the 
wall adjacent to the frit rose to 800°C, while the temperature at the top 
of the cell rose to 750°C. The performance did not degrade under these 
conditions, which indicates the wide temperature latitude the cells possess. 
The heat balance problems will be amplified in the operation of batteries, 
and for that reason cooling will be provided. For the small, one-cell units, 
heat balance can be maintained at normal load with proper insulation, 
and operation at maximum power with resulting temperature increases 
can be sustained for short periods of time. 

Problems associated with liquid lithium control made it necessary to 
design a modified cell, Model C, which is 2.87-in. high. Photographs of 
Model C, Figures 5 and 6, were taken after 221 hrs. of operation. A sum
mary of the performance is presented in Table III, and the discharge curve 
is shown in Figure 7. These data presented are typical of the 40-50 cells 
that have been operated. Except for the 650 watts, studies are normally 
conducted at lower power densities, 300 to 500 watts per cell. Also, the 
normal length of time of cell operation is usually 6 hrs., but in four experi
ments the cells were operated for more than 50 hrs. 
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Figure 5. Lithium-chlorine power cell, Model C, after 2 2 1 hours operation 

Figure 6. Cathode assembly, Model C, after 2 2 1 hours operation 

Lithium^ Chlorine System as a Secondary Battery 

Because the lithium-chlorine cell can deliver theoretical open-circuit 
potential and does not show large polarization effects on discharge, it is a 
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logical, next step to make a secondary battery with this system. In prac
tice, though, the charging cycle is much more difficult to achieve. 

There are two general approaches: (1) using the same electrodes for 
charge and discharge, and (2) using a separate electrode system for charg
ing. The first approach has the advantage in weight and size but creates 
problems at the chlorine electrode because the gas will normally be gen
erated at the surface. There are two general approaches which can be used 

Table III. Summary of Performance, Model C 
(Run 1/10/66; Cell 17-6B) 

Time-
Run Under Open- Lithium Efficiency 
Time Load Circuit Load Current Power -
(Hrs.) (Hrs.*) Voltage Voltage (Amps.) (WatU) Coulombic Voltage Overall 
0-102 102 3.47 3.45 13.5 47 93.5 99.4 92.9 

102-103 1 3.47 3.39 27.2 92 Not meas. 97.7 
103-168 0 Banked idle 
168-175 7 3.47 3.40 27.5 93 97.0 97.9 95.0 
175-192 0 Banked idle 
192-199 7 3.47 3.32 39.8 132 97.4 95.7 93.2 
199-216 0 Banked idle 
216-220 4 3.47 2.99 68.0 203 98.9 86.2 85.2 
220-221 1 3.44 2.97 67.8 201 Not meas. 85.5 

221 122 

β Including periodic open-circuit checks. 
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to collect the chlorine: (1) allow the gas to remain in the electrolyte and 
collect at the surface, and (2) force the chlorine back into the feed system 
used for discharge. The first approach is used by lithium producers where 
electrode separation is greater than the \ in. used in the power cells des
cribed here. With a small electrode separation, it becomes difficult to pre
vent low current efficiencies because of direct recombination between 
chlorine gas and lithium metal. The second approach requires a pressure 
differential such that chlorine will flow through the porous cathode struc
ture instead of through the electrolyte. In addition, this pressure dif
ferential cannot be so high that the cathode is flooded with electrolyte. 
Theoretically, wetting properties can be used to establish the pressure 
differential (7), but the choice of materials is severely limited by the 
environment of chlorine gas and molten lithium chloride containing dis
solved lithium at 650°C. Fortunately, lithium chloride does not wet 
graphite, and fairly large pressures (0.1-0.6 atm. typical) are required to 
flood the porous graphite cathode. The same problems exist at the lithium 
electrode, and again a pressure differential must be established to force 
the liquid metal into the anode chamber. Gravity can be used in some cell 
designs because lithium floats on molten lithium chloride. Actually, the 
ideal cell would operate under pressure, and in this case the establishment 
of pressure differentials would be incidental to high-pressure operation. 

It is also known by lithium producers that lithium chloride is not a 
good medium for electrolysis. Lithium has a definite solubility (0.5-1 
mole %) in its own salts, and because the chlorine is in close proximity the 
resulting current efficiency is poor. The use of a L i C l - K C l eutectic allows 
high-efficiency operation at a lower temperature (approximately 400°C.) 
and still produces pure lithium metal. Even with 1- to 2-in. electrode 
spacing, the operating cell voltage is less than 5 volts. It is reasonable to 
assume that by decreasing electrode spacing to 0.5 in. or less (as has been 
done in the discharge cycle in this study) the operating voltage can be 
reduced to 4.0-4.5 volts. A battery discharging at 2.8 volts and charging 
at 4.2 volts would have a voltage efficiency of 67%. If the current effi
ciency were 90%, an overall efficiency of 60% would be achieved. Experi
ments have shown that these efficiencies can be realized in the laboratory 
provided the current density during charge is kept low (less than 0.5 
amp./sq. cm.). Methods to increase charge acceptance are presently under 
investigation. The lithium chloride product from discharge would flow 
into a cell containing sufficient KC1 to form a low melting mixture. In the 
charging cycle, lithium could be deposited and pumped to the discharge 
cycle reservoir. Chlorine would be collected at the top of the cell and 
compressed in a tank for future delivery in the discharge cycle. With two 
sets of electrodes, optimum configurations and active areas for the two 
operations could be used. Also, if this part of the cycle were at a stationary 
depot where weight is not a significant factor, large charging electrodes 
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could be used to decrease charge time. The charge/discharge time ratio 
is often an important consideration, depending on application, and this is 
one way to circumvent the problem. 

In conclusion, technical achievement of two-electrode, lithium-
chlorine, secondary battery cells is being pursued by General Motors Corp., 
(6*, 7), but there are some applications for which a four-electrode system 
will be a more practical development. 
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Regenerative Chloride Systems for 
Conversion of Heat to Electrical Energy 
C. ROLAND McCULLY 
Prospect Heights, Ill. 
TED M . RYMARZ 
IIT Research Institute, Chicago, Ill. 
STANLEY B. NICHOLSON 
U. S. Naval Ordnance Plant, Forest Park, Ill. 

Closed cycle combinations of thermochemical and electrochemical 
reactions provide a potentially simple and efficient mechanism 
for conversion of heat to electrical energy. Several chloride 
systems meet the primary criteria for this cyclic process. 
Molten tellurium dichloride is ionic and a suitable anode 
material but is gaseous at the regeneration temperature com
plicating the separation from chlorine in this step. Antimony 
trichloride is less ideal as an anode but is easily separated in 
the regeneration step. Successful operation of the cyclic process 
in a single device has provided potentials from 0.3 to 0.5 volts. 
Projected operating efficiencies range to 28% of the accepted 
heat. 

'T'he theoretical principles involved in conversion of heat to electrical 
A energy by thermally regenerative electrochemical systems are well-

known and have been discussed in a number of publications (6, 9, 12, 18). 
In essence, such systems combine an electrochemical process which yields 
electrical energy with a high temperature regeneration that is a thermal 
reversal of the electrochemical process. 

The study of chloride systems reported herein was part of a more 
general investigation of most classes of simple inorganic compounds for 
applicability in the chemical conversion of heat to electrical energy. 
Compounds capable of undergoing endothermic dissociation or dispropor-
tionation reactions were detected by searching the literature and by 
making computations with thermodynamic and thermochemical data (1, 
8, 8y 11). Ultimately, the computations were made by a computer pro
gram (16) which supplied family plots of the variations of free energy of 
formation with temperature. It was found that many chlorides should be 
susceptible to useful dissociation or disproportionation reactions. 

198 
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As a class the simple chlorides were interesting also because of the 
low melting points of many compounds and eutectic mixtures, thereby 
facilitating materials transport within a device. The molten state also 
tends to be more ionic, a property important to galvanic cell performance. 
A combination of these factors, the free energy of formation calculations, 
some preliminary experimental work, and projections of possible conver
sion efficiencies led to the selection of the chlorides of antimony and 
tellurium for the most intensive study. It is these systems that will be 
primarily discussed herein. 

Galvanic Cell Studies 

Figure 1 depicts the galvanic cell system used for preliminary studies 
with most of the chlorides. The system was constructed from borosilicate 
glass, and care was taken to maintain uniformity in the glass construction, 
the asbestos plugs, and the electrodes to permit quantitative comparisons 
between cells. The bottom plug separated the anode and cathode compart
ments, while the top plug equalized pressure and minimized convective 
mixing of vapors. These cells were filled with dry powders in a dry box 
and were usually sealed under vacuum. In some cases, the lower plug was 
saturated with a molten salt electrolyte before adding the respective 
anode and cathode chemicals. Potentials and currents were measured with 
the cells immersed in a temperature-controlled oil bath. The usual operat
ing temperature was approximately 200°C. 

Figure 1. Glass cell with platinum electrodes 
used for study of molten chlorides 
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Voltages obtained with tellurium chloride cells are presented in Fig
ure 2. The anodes contained mixtures of divalent and tetravalent tel
lurium chlorides dissolved in aluminum chloride. The cathodes contained 
cupric chloride dissolved in aluminum chloride. Data labeled "high Te" 
were obtained with cells in which the Te /Al mole ratio was greater than 1, 
while data labeled "low Te" were from cells in which the mole ratio was 
from 0.02 to 0.35. The experimental slopes of both lines are consistent 
with the theoretical Nernst-slopes; however, the large effect of the tel
lurium chloride to aluminum chloride ratio suggests that there is an 
appreciable interaction between the two chlorides. This is not altogether 
surprising, since complex chlorides of tellurium and aluminum have been 
reported (7). 

T e ( l l ) / T e C I V ) , M O L RATIO 

Ο 
Κ) 

m 
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Ο Ο 

CO 

ο 
00 

Ί I ι ι ι 1111 ι ι ι ι ι 1111 I I 

L O W Te 

HIGH T e 

Figure 2. Potentials of tellurium dicMoride-cupric chloride galvanic cells 
at 200°C. in molten aluminum chloride 

Discharge curves for tellurium chloride cells are given in Figure 3. 
In these experiments, the cells were allowed to discharge continuously 
through either 50 ohm- or 100 ohm-load resistors. At intervals, the voltage 
under load was recorded, and the circuit interrupted briefly to allow 
measurement of the open-circuit potential. At the 50-ohm load, 88 mah. 
of cell current were drawn, compared with 72 mah. at the 100-ohm load. 
The former figure translates to a current efficiency of more than 75%. 

For preliminary tests with cells of the antimony chlorides, SbCU and 
SbCl 3, elevated temperatures and pressures were not required. Simple 
cells were constructed of two concentric glass tubes; the bottom of the 
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Figure 3. Discharge curves for tellurium diehloride-
cupric chloride cells under SO and 100 ohm loads 

outer tube was closed and the bottom of the inner tube was packed with 
asbestos fibers. Electrodes rested in both the tubes, which were open at 
the top to a dry nitrogen atmosphere. The anode composition containing 
the trivalent antimony chloride, sometimes dissolved in arsenic trichloride, 
was in the outer tube. The cathode composition, rich in pentavalent 
antimony chloride, also sometimes containing arsenic trichloride, was in 
the inner tube. As evident from Figure 4, which presents the effects of 
SbCU/SbCl 3 mole ratio on the cell potential, these systems do not yield 
simple concentration cells. It is noteworthy that the ratio changed from 
100/1 to less than 1/1 before an appreciable decrease occurred in the cell 
potential of 0.68 volt. 

With both the antimony and tellurium systems, acceptable high-cell 
potentials are possible. The chief limitation on cell power per unit electrode 
area has been found to be the ionic conductivity of the cell electrolytes. 
The antimony chlorides are poor electrolytes, however, additions of ar
senic trichloride and smaller amounts of aluminum trichloride made it 
possible to increase the specific conductivity for these systems to the 
order of 10~3 ohm~1-cm.~1 This low conductivity would, of course, require 
a cell design with a small interelectrode spacing in order to have substan
tial power to volume ratios. 

Because the ionic conductivities in the tellurium chloride cells are of 
the order 10"1 ohm~1-cm.~1, high current densities are possible. The 
electrode reactions at both the anode and the cathode are, nevertheless, 
limited primarily by ion transport and activation overpotentials are rela
tively insignificant. For example, limiting currents greater than 1000 
ma./sq. cm. are achievable with TeCl 2 anodes, and exchange currents of 
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Figure 4- Effect of SbCh/SbCh ratio on potential 
in AsClz solvent 

more than 100 ma./sq. cm. have been obtained with anodes comprising only 
16 mole% of TeCl 2 in A1C13. Cupric chloride cathodes show poorer per
formance, but current densities of 35 ma./sq. cm. have been achieved at 
0.1 volt polarization exclusive of the IR drop. 

Regeneration Studies 

The regeneration studies required different equipment for each of the 
chemical systems studied. Dissociation of TeCl 4 to TeCU and C l 2 was 
studied in both equilibrium and nonequilibrium conditions. Direct measure
ments on the equilibrium vapor pressures reported in the literature are 
concerned with molecular weight measurement (14, 15), with the dis
sociation never more than 10%. As sketched in Figure 5, an apparatus 
was constructed in which the sickle gage of borosilicate glass served as a 
null device to determine the total pressure. Samples of TeCl 4 were weighed 
approximately and sublimed into the gage in the presence of CI2. After 
being evacuated and sealed, the gage was immersed in a Wood's metal 
bath, and the total pressure was measured at several temperatures. 
Finally the samples were sublimed out of the gage through a frangible 
seal and weighed or analyzed. 
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Figure 6 presents the data obtained on the dissociation of TeCl 4 . 
The data are in the form of plots of pressure on a log scale as a function 
of reciprocal temperature. There are two slopes, as expected, and the 
initial slope corresponds well with the data of Simons (15). 

A successful experiment in separation of TeCU and C l 2 by quenching 
led to a quantitative measure of the recombination kinetics in an apparatus 
capable of following very rapid changes in pressure. A weighed amount of 
TeCl 2 was sealed in the thin glass bulb of this apparatus (see Figure 7). 

η 
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GAUGE 
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Figure 5. Sickle gage for measurement of equilibrium pressures 
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Figure 6. Equilibrium pressures for the thermal decomposition of tellurium 
tetrachloride 
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(—THIN B U L B 
C O I L 

I—I f IRON S L U G 

V A C . 
Figure 7. Apparatus for measuring the reaction rate of tellurium di-

cMoride with chlorine 

The surrounding volume was then evacuated, and CI2 was admitted to 
achieve the desired pressure. With the system at the desired temperature, 
the thin bulb was broken by manipulating the glass encased iron slug with 
the solenoid. Reductions in pressure, indicating the extent of the recom
bination reaction, were followed with the pressure transducer-oscilloscope 
combination, which had been equipped for photographic recording. 

Studies with the above apparatus found that the recombination was 
complete in approximately 20 msec, at a temperature of 500°C. With the 
TeCl 2 in the liquid state at 250°C, the reaction was much slower. 

A system for regeneration studies with SbCl 6 is sketched in Figure 8. 
This device permitted operation over a wide range of controlled pressures 
by the simple means of controlling the temperature of the C l 2 reservoir. 
Circulation was obtained with the heating coil, and temperatures were 
measured with thermocouples. The device was first flushed with C l 2 gas, 
the SbCl 6 or an SbCl 6 rich mixture was then added, and the system was 
sealed and weighed. The extent of the dissociation was determined by the 
amount of liquid C l 2 in the calibrated reservoir. 

Data for the dissociation of SbCl 6 at various pressures are plotted in 
Figure 9, giving the C l 2 recovery as a function of temperature. Total con
version to SbCl 3 and C l 2 corresponds to about 0.46 gram Cl 2 . Corrections 
have been made for the temperature of the liquid C l 2 collected and for the 
temperature and pressure of C l 2 in the gas phase. It was assumed that the 
C l 2 extended only to the observed condensate ring of SbCl 3 which appeared 
in the neck of the boiler. Separation of the C l 2 gas from the SbCl 3 liquid 
and vapor was essentially complete in all of the experiments, and no SbCl 3 

was detected in the C l 2 reservoir. 
Figure 10 shows a larger system, made primarily of nickel, which was 

constructed to obtain design information. Its filling system and sight 
gage were of glass, and the condenser was of copper tubing. Concentric 
tube construction of the boiler permitted upward circulation in the annular 
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SbCI 5 —- SbCI3 -h c i 2 

Figure 8. Small glass regenerator for decomposition of 
antimony pentachloride 

volume and downward circulation in the center. Filling was accomplished 
by first evacuating the system. A C l 2 bottle was available for pres&uriza-
tion. The rate of dissociation was determined by the rate of rise of C l 2 in 
the gage glass when the lower valve was closed for a short period. 

With this nickel regeneration system, the initial C l 2 evolution with 
SbCl 6 and a pressure of 120 psig began at 180°C. In the case of a 1;1:1 
mole composition of SbCl 6, SbCl 3, and AsCl 3 , the temperature for initial 
C l 2 evolution was 240°C. The highest rate at which C l 2 could be generated 
without having liquid carried over into the outlet tube was 0.8 cc. of 
liquid C l 2 per min., which is calculated to be a gas velocity of 0.4 cm./sec. 

Regeneration of the antimony chloride system is thus possible with 
the simplest equipment and proceeds in a straightforward way. The prod
ucts of the endothermic dissociation reaction are essentially C l 2 gas and 
SbCl 3 liquid at all of the pressures tested up to 25 atm. Regeneration of 
the tellurium chloride system is more difficult because, at the dissociation 
temperature and pressure, TeCl 2 is mainly in the gas phase and will 
recombine rapidly with C l 2 as the temperature is lowered. Attempts to 
separate TeCl 2 from C l 2 at high temperatures have led to studies of the 
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C H L O R I N E C O L L E C T E D , G M S 

Figure 9. Effect of pressure on the decomposition temperature of 
antimony pentachloride 

solution of TeCl 2 in molten salts. Because this work is still in its early 
stages, no conclusive results are yet available. 

Integral Systems 

Integrated systems combining the thermochemical and electrochemical 
phases were studied with the antimony chlorides. The galvanic cell of one 
such system comprised two recessed nickel flanges separated by an elec
trolyte membrane, thus providing the anode and cathode compartments. 
The anode compartment was an integral part of the circulation path of a 
regeneration system of borosilicate glass similar to that of Figure 8. A 
glass loop integral with the cathode compartment connected to the C l 2 

reservoir of the regenerator and allowed the C l 2 gas from the regeneration 
process to be continuously absorbed in the cathode liquid. Anode and 
cathode sides of the integral system were filled with identical compositions 
rich in SbCl 6, and the system was then sealed under a C l 2 pressure of 1 atm. 
The system was provided with thermal insulation as required and was 
carefully instrumented. 

Temperature data for the system disclosed that the regenerator could 
not be operated up to the desired maximum temperature without having 
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the cell temperature and the absorber temperature rising to undesirable 
levels. A potential of 0.3 volt was achieved and maintained when the 
initial, filling composition was SbCl 6 without additives. When the filling 
composition contained arsenic trichloride in 1:1 mole ratio to the antimony 
chlorides, potentials of 0.4 volt and 0.5 volt were attained. The internal 
resistance was high for all of the experiments, although the addition of the 
AsCl 3 , along with 4% by weight of A1C13, did afford some improvement. 

With the help of information and experience gained, a larger device 
was designed and built. This battery of cells was nominally designed for 
500 watts and had 10 cells connected in series, each with electrode areas 
of 120 sq. in. The interelectrode spacing was 0.125 in., and the anode and 
cathode compartments were separated by an ionic solid electrolyte of 
woven glass cloth impregnated with doped lead chloride. For testing this 
system, filling was with an anode composition of SbCl 3-AsCl 3 in a molar 
ratio of 2:1 and a cathode composition of SbCU-AsCU in a molar ratio of 
1:4. Both compositions contained 4% by weight of A1C13 in order to 
improve further ionic conductivity. 

The regenerator of this device was modeled after the smaller system 
of Figure 10, and a regenerative heat exchanger was placed between the 
regenerator and the battery of cells. 

Figure 10. Metal regenerator for the 
thermal decomposition of antimony penta-

chloride 
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Although the regeneration system operated successfully, performance 
of the cell stack was below expectations. For example, the measured 
impedance of the stack was 5 ohms. A maximum charging current of 3.5 
amp. was attained with an external source of 17 volts, and this current 
dropped to 2.0 amp., indicating the development of 7.3 volts. The system 
could be charged to an output potential of only 1.4 volts, which decreased 
rapidly without appreciable load. It was determined that minute fractures 
had developed in the ionic solid membranes and did permit mixing of the 
anode and cathode liquids through slight changes in pressure between the 
two systems. Tests have not been conducted with other membranes. 

Interpretations of Data 

Galvanic cell potentials obtained in this study have been higher in 
most cases than can be reasonably explained from reference to free energy 
data (1, 8, 8, 11, 16). The couple with the chlorides of tellurium and cop
per, for example, gives potential the opposite from what was expected. 
The potential of 0.9 volt for high mole fractions of tellurium chlorides and 
the potentials of 0.5 volt for low mole fractions indicate free energies of 
— 37 kcal. and —23 kcal., respectively, per mole. Values given in the 
literature for the standard free energy are about 8 kcal. Without change 
in activity coefficients, a change in concentration by a factor of 10 results 
in a change of potential of only 0.10/z volt at 200°C. Further, within the 
respective high and low ranges of mole fraction, the observed potentials 
are consistent with the molar ratios of TeCl 2 to TeCl 4 . Interpreting the 
data given in Figure 6 for the experiments on dissociation of TeCU, it can 
be stated that the lower portion of the slope corresponds to the vaporiza
tion of TeCl 4 . The slope of the succeeding curve is then determined by 
increasing temperature and dissociation. A plot of equilibrium constants, 
on a log scale, vs. reciprocal temperature, 1000/^K., has been calculated 
from the data for the upper segment of the dissociation curve and appears 
in Figure 11. The heat of dissociation predicted from the slope of the 
curve is 27.2 kcal./mole. This value is still not large enough to be compat
ible with the free energy values for the association reaction as indicated 
by the galvanic cell measurements. 

Circumstances similar to those for the tellurium chlorides are encoun
tered in attempting to explain the potentials up to 0.68 volt delivered by 
galvanic cells embodying anodes based upon SbCl 3 and cathodes based 
upon SbCl 6. From Figure 4 it is apparent that an insignificant change in 
cell potential occurred when the ratio of SbCl 6 to SbCl 3 in the cathode 
system was varied from 100/1 to 1/1 with the anode remaining unchanged. 
The 0.68 volt, furthermore, points to a free energy of reaction of —31 kcal. 
This cannot be reconciled to the literature of —6 kcal., which corresponds 
to an anode, half-cell reaction as follows: 
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SbCl 3 + 2 C l - ^ S b C l 6 + 2e 
It appears that mixtures of antimony and arsenic chlorides can be 

oxidized by free chlorine to form complex chlorides containing pentavalent 
arsenic {10). The total cell reaction thus may be: 

SbAsClio + SbCl 3 2SbCl 6 + AsCl 3 

Postulating this sort of reaction would be consistent with the results 
presented in Figure 4 because it involves different reactions at the anode 
and cathode, leading to a definite chemical change rather than to changes 
in concentration. 

The data of Figure 9 concerning the dissociation of SbCl 6 into C l 2 and 
SbCl 3 require little interpretation in the intended application. It has been 
of interest, however, to calculate equilibrium constants from the data. 
The variability of these values at a fixed temperature and the lack of 
adherence to a fixed slope in plots of the equilibrium constant as a function 
of reciprocal temperature indicate that these systems are far from ideal. 
Values for the heats of dissociation cluster around 20 kcal./mole and 30 
kcal./mole; however, the lack of observations in the mid-range of the 
dissociations and the general precision of the experiments possibly do not 
justify the calculation of these values. 

Discussions of combinations between TeCl 4 and A1C13 appear in the 
literature 7), as do discussions of compounds of the type AsSbClio (5, 
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10). There are also numerous suggestions for the existence of such species 
as TeCl3+, AlCLr, SbCle~~, and AsCLf. At present, insufficient data are 
available for determining the extent of the influence of such species upon 
cell potentials, or upon heats of reaction. Such information is of interest 
for the design of integral systems combining both the thermochemical and 
electrochemical phases. 

Conclusions 

This study has explored a number of simple chlorides for applicability 
in electrochemical systems for converting heat to electrical energy. Several 
of the chlorides have been found to combine the properties which are 
necessary to the application; however, only the chlorides of antimony and 
tellurium were investigated in sufficient detail for inclusion in these dis
cussions. 

In the case of the chlorides of antimony, SbCU and SbCU, it has been 
found possible to convert heat energy to chemical energy in a straight
forward fashion by the reaction 

SbClôU)—• SbClao) + Cl2(g), 

where the subscripts 1 and g refer respectively to liquid and gas, with the 
dissociations approaching 100% for temperatures that range from about 
252°C. to 352°C. for the respective pressures of 1 and 25 atm. Separation 
of the C l 2 is accomplished with the simplest equipment and without 
apparent prejudice to heat conservation. Additives necessary for adequate 
ionic conductance do not adversely affect this operation. The potential of 
0.68 volt can be maintained over a rather wide range of SbCl 3 to SbCl 5 

ratios. Again, this is favorable to heat conservation. 
It is noted that a regeneration temperature of 352°C. and a galvanic 

cell temperature of 77°C, the heat rejection temperature, indicate a 
Carnot maximum efficiency of 44%. Projections completed in conjunction 
with the detailed design of a 500 watt integral system give overall conver
sion efficiencies ranging from 28% to 16%, the latter being the value for 
operation at maximum power. So far the ionic conductivities of the anode 
and cathode chemicals and particularly that of the electrolyte membrane 
are the factors most restrictive in achieving maximum system perform
ance. None of the porous membranes tested—for example, porous Teflon, 
fiber glass filter media, and combinations of fiber glass and Teflon, is 
deemed satisfactory. The ionic solid electrolyte of lead chloride cast on 
woven fiber glass was not physically stable in the thin membranes re
quired and was also found to be subject to thermal transport. Present 
indications are that porous membranes offer the best route toward im
proved galvanic cell performance. 
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Although the operation of integral systems was not accomplished for 
the tellurium chlorides, TeCh and TeCl 4, the high ionic conductances 
observed are favorable to galvanic cell performance. Despite the fact that 
the tellurium anode regeneration reaction, 

TeCl4(e) —> TeCl2(g) + Cl2(g), 
does indeed take place at temperatures higher than 577°C, the products, 
as indicated, are both gases at normal pressures. The products were found 
to recombine rapidly as the temperature was lowered; for example, the 
recombination was complete in 20 msec, at 500°C. in the apparatus of 
Figure 7. It is expected that separation of the TeCh and C l 2 gases can be 
accomplished by selective retention of the TeCU in a melt, perhaps as a 
complex (#, 7). There is precedent in the literature (4) for such retention 
of compounds of high vapor pressure. In addition to favorable galvanic 
cell performance, there are other incentives for proceeding with such 
efforts. Carnot efficiency for operation between the limits of 597°C. and 
147°C. is above 51%, and galvanic cell operation is amenable to tempera
tures of at least 327°C. for applications in which heat rejection must be at 
a high temperature. 

The conclusion is that both the chlorides of antimony and the chlo
rides of tellurium are inherently suitable as bases for the development of 
integral devices for converting heat energy to electrical energy via thermo
chemical and electrochemical reactions. For the chlorides of antimony, 
attention must be directed toward improved galvanic cell performance. 
For the chlorides of tellurium, the principal interest should be in improved 
separation of TeCl 2 and C l 2 . 
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15 
Thermally and Photochemically 

Regenerative Electrochemical Systems 

L. B. ANDERSON, S. A. G R E E N B E R G , and G. B. A D A M S 

Lockheed Palo Alto Research Laboratory, 3251 Hanover St., Palo Alto, Calif. 

Expressions derived for assessing theoretical performance char
acteristics are applied to regenerative emf cells with molten salt 
electrolytes. Predicted efficiencies for systems based on metal 
iodides range from 15-30%, with power densities of 5-140 milli
watts/sq. cm. Rapid recombination rates severely limit systems 
regenerable by thermal dissociation, and regeneration by high 
temperature electrolysis and by thermal dissociation are thermo
dynamically equivalent processes. Nonisothermal processes sug
gest that there is little evidence for ionic entropy of transport 
effects in molten salt electrolytes. For a photoregenerative system, 
observed conversion efficiencies are below 1% and agree with pre
dictions based on a theoretical model. 

\ 7arious devices have been developed for converting heat or light into 
^ electricity; thermoelectric generators and solar cells are familiar exam

ples. A major disadvantage of such converters is a lack of energy storage 
capacity. This limitation is removed by coupling the energy converter 
with a galvanic cell which has the required energy storage capacity. The 
converter-secondary battery combination remains the most reliable method 
for accumulating energy from heat or light for conversion to electricity on 
demand. 

An alternate system for conversion and storage of the energy from 
heat or light is the regenerative electrochemical cell in which favorable 
energy storage characteristics are combined with thermal or photoregenera-
tion of cell reactants to produce a closed-cycle electrochemical system. A 
thermally regenerative system of this type is basically an electrochemical 
heat engine with consequent Carnot limitation on thermal efficiency. 
Theoretical thermal efficiencies for such systems are often higher than 
thermoelectric, thermionic, and photovoltaic-secondary battery combina
tions. In a practical sense, however, potential gains in efficiency for regen-

213 
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erative electrochemical systems must be weighed against added system 
complexity and serious materials problems in the circulation and contain
ment of highly corrosive substances at high temperature. Hence, it is 
necessary to compare realistically candidate systems based on a careful 
analysis of relative advantages and disadvantages of each competing sys
tem for the application involved before a proper system choice can be 
made. The first step in this analysis is to outline the thermodynamic and 
kinetic performance limits for an idealized model of the system. This anal
ysis, when correctly made, then serves as a foundation for a realistic 
appraisal of a proposed system. 

In the work presented here, two classes of regenerative electrochemical 
systems are discussed. These comprise systems regenerable by absorption 
of heat or by absorption of light. 

Within the first class, four different types of thermally regenerative 
cells are analyzed. These are thermocells; galvanic cells used in thermo
cycles in which regeneration of cell reactants is accomplished by electrolysis 
at elevated temperatures; galvanic cells which are regenerated by elec
trolysis at reduced partial pressure of gaseous reactant; and galvanic cells 
regenerated by thermal dissociation. 

General expressions for both theoretical and operational thermal effi
ciencies are derived for these four types of thermally regenerative cells; 
these are then applied to selected electrochemical systems. It is shown that 
the most important factor involved in achieving high overall efficiency is 
establishing the widest possible operational temperature limits over which 
the cycle operates. Molten salt electrolytes are selected for use in these 
systems because long liquid ranges can be obtained and because electrode 
polarization problems are minimal. 

The thermocell represents one approach to a thermally regenerative 
electrochemical device. The thermocell is analogous to a thermoelectric 
device and consequently has both advantages and disadvantages when 
compared with thermogalvanic systems. Advantages of simplicity, reli
ability, and no moving parts or valves are offset by lack of energy storage 
capacity and low thermal efficiency owing to direct coupling of thermal 
and electrical paths. Galvanic systems regenerable by electrolysis have the 
advantage that separating regenerated materials is inherent to the elec
trolysis process. In thermally dissociative regenerative systems, product 
separation can be a major problem because of high back-reaction rates of 
dissociation products (a necessary consequence of the system chemical 
reaction kinetics). Thermal regeneration of galvanic systems by electrolysis 
or by thermal dissociation is a thermodynamically equivalent process. Some 
of the kinetic limitations on the latter process are discussed in detail. 

Photoregenerative electrochemical systems appear at first sight to have 
advantages of inherent energy storage as well as high limiting thermo
dynamic efficiencies. Actually, this potentially high photochemical energy 
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conversion efficiency is drastically reduced in practice owing to the ab
sorbed light being degraded into heat via recombination mechanisms. 

A photoregenerative electrochemical system is discussed in which light 
enters the cycle by absorption on a dye-coated electrode with concurrent 
photo-oxidation of one component of an organic redox couple contained 
in an aqueous electrolyte. Regeneration is accomplished electrically by 
galvanic discharge in a second cell where the photo-oxidized material is 
reduced and returned to the photocell. This system is discussed in terms 
of energy conversion efficiency and the photoelectrochemical reaction 
kinetics; results are interpreted through using a solid state mechanism by 
analogy to inorganic semiconducting systems. 

Regenerative electrochemical systems of the types discussed here will 
require a large amount of research and development before they become 
practicable. The present discussion serves as a guide for meaningful anal
ysis of new thermally or photochemically regenerative electrochemical 
systems and points out some of their inherent advantages and deficiencies. 

Irreversible Thermodynamic Approach to a Generalized 
Regenerative EMF System Analysis: Application to 
Molten Salt Thermocells 

Irrespective of the detailed mechanisms by which an energy conver
sion system functions, an important consideration is its overall efficiency— 
i.e., the work obtainable from a specified net quantity of energy transferred 
into the system. Energy for which there is no conjugate driving force or 
energy which is degraded by irreversible processes occurring in the system 
becomes unavailable for useful work. Through using the entropy func
tion S, a perfectly general method becomes available for assessing the 
maximum fraction of the energy which is usable. This assessment can be 
made readily through using methods of irreversible thermodynamics. 

For an analysis of the efficiency of a cycle which absorbs energy as 
heat and produces electrical work, it suffices to know the pertinent coeffi
cients of electromotive force of all electroactive elements within the system 
and the extent of the dissipative processes—i.e., it is not necessary to know 
the actual cell voltages themselves. For example, the net emf for an energy 
conversion cycle which includes electrical regeneration steps at uniform 
pressure is given by the line integral over temperature of the temperature 
coefficients of electromotive force in the cycle. The electrically active com
ponents in an electrochemical system are the individual electrodes or half 
cells. In general, the temperature dependence of these half-cell emfs will 
change with time as thermal diffusion effects (Soret effect) act to alter local 
concentration ratios among the various species. When the various half-cell 
reactions in the system take place concurrently in a common pure fused 
ionic salt, however, the thermal diffusion process is inhibited by the elec-

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

7 
| d

oi
: 1

0.
10

21
/b

a-
19

67
-0

06
4.

ch
01

5

In Regenerative EMF Cells; Crouthamel, C., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1967. 



216 R E G E N E R A T I V E E M F C E L L S 

trical neutrality requirement. Furthermore, it appears that available evi
dence indicates no large effect of thermal diffusion on the electrical behavior 
of nonisothermal cells which employ mixed molten salt electrolytes. Devel
oping a theory of temperature coefficients of electrode potentials in fused 
salt electrolytes is potentially quite useful for estimating ideal efficiencies 
in generalized regenerative emf cell systems because it allows one to 
analyze nonisothermal galvanic cell systems. 

The molten salt thermocell affords a simple means for studying the 
temperature coefficient of electrode potential in an experimentally acces
sible system. In this section, the theory of irreversible thermodynamics 
will be applied to analyzing simple molten salt thermocells to illustrate the 
methods. This analysis will clarify the concepts needed for generalized 
application to regenerative galvanic cell systems—i.e., for systems based 
on galvanic cells with molten salt electrolytes in the presence of tempera
ture gradients. In the subsequent sections which treat regenerative galvanic 
systems, however, the methods of irreversible thermodynamics will be 
replaced by the more familiar thermodynamic methods because normally 
galvanic cells are experimentally investigated under isothermal conditions. 

The theory of irreversible thermodynamics is a phenomenological the
ory of near-equilibrium systems—i.e., the theory is best suited to systems 
in which forward and reverse reaction rates are large compared with the 
drift rate of the perturbed system as it approaches equilibrium. This is the 
usual situation in electrochemistry when exchange current densities at 
electrodes are large—which is true in molten salts. The theory assumes 
that the system can be divided into subsystems which behave as if each 
were in local thermodynamic equilibrium, despite the gradients which give 
rise to the irreversibility. Then, for each subsystem, the requisite varia
tions in thermodynamic state variables may be evaluated in the usual way 
along hypothetical reversible paths. The state function most expedient for 
analysis of systems in temperature gradients is the entropy function, S. 

A change in the entropy of a subsystem may be written as a sum of 
entropy transferred across the subsystem boundaries and an additional 
term dSint., the entropy created internally by irreversible processes which 
take place. In principle, dSint. is evaluated for each subsystem, and the 
results are summed to give the total internal entropy produced, S-mt.-

Miller (87) gives a concise review of these ideas. If the time rate of change 
of Sint./unit volume is denoted by A § i n t . , then in the irreversible thermo
dynamic formalism one may always write 

iSmt. = Σ JkXk (1) 
where the Jk's are flows of matter, or heat, and the Xk's are generalized 
thermodynamic forces, such as electrical potential gradients or gradients 
of chemical potential or temperature. The only requirement on the choice 
of flows and their conjugate forcçs is that the product must always give 
the entropy production, /§ i n t . , according to Equation 1. 
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The theory is a linear one; the flows must be linearly related to the 
driving forces. For completeness, each flow is given by the linear sum of all 
the driving forces: 

Jk = Σ LklXt (2) 
ι 

Each constant, L , is a rate constant for the linear response of a particular 
flow to a particular thermodynamic driving force in the system. If an L is 
zero, the flow and force related to it are mutually independent. 

For purposes of analysis, one may choose a single uniform electrolyte 
containing two identical immersed electrodes. Such a cell may be repre
sented as M/MX„/M where the liquid electrolyte comprises vX~ ions for 
each M+" ion of the parent metal M . The cell is at true equilibrium only 
when there are no flows of heat or electricity through it. For temperature 
and voltage imbalances the system is subject to two fluxes. Following 
deBethune (13) one takes the flow of current as positive when positive 
charge flows through the cell from left to right under the influence of a 
potential difference, — dV, supplied by an external potentiometer. The 
flow of entropy, J, is positive when it flows from high to low temperature 
(right to left by convention). Equation 1 now becomes: 

A„,,,(=f) + J(f) w 

where X j = (—dV/T) and Xj = (dT/T). 
Equation 2 is expanded as follows: 

/ = LrrXi + LuXj (4) 

J = LjiXj + LJJXJ (5) 

The rate constant Lu is related to electrical conductivity, the usual pro
portionality constant between the driving force for current flow—i.e., 
voltage, and current, / . Likewise, the coefficient LJJ is related to ordinary 
thermal conductivity. The "cross coupling" constants, Lu and LJI, are 
rate constants for current flow produced by a temperature gradient and 
entropy flow arising from a voltage drop, respectively. According to 
Onsager's general relation (39) : 

Lu = LJI (6) 
so that there are only three independent rate constants, L , in Equations 
4 and 5. 

If the electrodes of the cell are maintained at different temperatures 
(thermocell) and a current is allowed to flow, the question of possible inter
action between the current and the temperature gradient arises. This 
question is easily examined (15). If the parameters X j and J in Equa
tion 3 are eliminated by means of Equations 4 and 5, the result is: 
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Analysis of Equation 4 for current flow under isothermal conditions shows, 
by Ohm's law, that Lu — T/R. Thus, the first term in Equation 7 is the 
entropy production from Joule heating. Through explicit evaluation of the 
other constants, L, the third term in Equation 7, is found to be the entropy 
production due to thermal conduction. The second term is the entropy 
production arising from interaction of the current / with the temperature 
gradient term X j . As a consequence of Equation 6, this second term is zero. 
Thus, for the "cross effect," $ i n t . = 0, which means that all irreversibility 
in the system arises from the Joule heating and from the flow of heat 
necessary to maintain the temperature gradient. The chemical electrode 
heats associated with production, consumption, and transfer of current-
carrying species may be treated separately as reversible quantities. 

Application to Thermocells. One of the most useful connections 
between half-cell entropy changes and measurable quantities is the rela
tionship between thermoelectric power of a thermocell and its electrode 
reaction entropy. This relationship is easily derived (12) by eliminating 
the ratio of rate constants Ln/Lu in Equations 4 and 5. For 1 mole of 
charge transported through the cell, the result is: 

ff(^L-(Afi)4M (8) 

where AS is the reversible half-cell entropy change for passing one equiv
alent of charge through the isothermal cell and (de/dT)i-o is the thermo
electric power, measured at zero current. The entropy AS is transported 
into the hot electrode region through transport of ions, molecules, and 
electrons, as a consequence of the half-cell reaction. This entropy is ex
changed with the surroundings to keep the half-cell temperature constant. 

The fraction of the current carried by each ion in the bulk electrolyte 
depends on its transference number r. Thus, the thermoelectric power of 
the pure ionic thermocell has been found by several investigators (H, 24, 
26, 36) to be, in the notation of Agar and Breck (1), 

= - Σ ^ - ^ - Δ & ΐ β ο . (9) 

where Sî, S*, rk, and Zk are ionic and electronic "entropy of transfer/' 
transference number, and charge of the kth ion; ASe\ec. is the appropriate 
sum of partial molal entropies for the electrode reaction, which involves 
only the ion to which the electrode is reversible. The terms S* are included 
to allow for possible entropy flow arising from interaction of transported 
species with their environments. The sum of transport numbers for anions 
and cations is unity, so that for a pure salt, MX„ Equation 9 may be 
written as follows: 

= ~ ( ^ Γ + - ^ " S' ~ ^ . e c . (10) 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

7 
| d

oi
: 1

0.
10

21
/b

a-
19

67
-0

06
4.

ch
01

5

In Regenerative EMF Cells; Crouthamel, C., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1967. 



15. ANDERSON E T A L . Thermal and Photoregeneration 219 

Pitzer (41) asserts that the quantity in parenthesis, which is just the 
entropy of transport of the salt itself, cannot be finite: 

Sïi« + vSt- = 0 (11) 
Thus, the thermoelectric power of the pure salt thermocell is independent 
of transport number, an important and occasionally overlooked result (17). 

For a thermocell with salt electrolyte M X , and with metal elec
trodes, M , Equations 10 and 11 combine to give 

= _ « ! Ζ _ / 8 ΐ ( Μ ) + 5 S M ^ _ 5 ( M ) ( 1 2 ) 

\ d l / M e l e e . V V 

For the corresponding thermocell with gas electrodes G : X 2 

ff ( JOo-x, = s * ' ~ s t ( G ) + S x ~ " i S x ' ~ S < ( G ) ( 1 3 ) 

where G refers to an inert conducting electrode such as graphite. The sum 
of electronic entropies St + S e is obtained from the integrated Thomson 
coefficient of the electronic conductor G or M (48). The electronic terms 
are negligible for most thermocell considerations. 

By a straightforward analysis which includes application of Equa
tions 10 and 11 the following general relationship may be derived. 

( * ) - ( * ) _ ( * ) . ( * ) (14, 
\ d l / X J : G elec. \ d l /M elec. \ d l / G - M \ d l /galv. 

Mazur (86) and Holtan (24) have derived similar expressions for particular 
types of cells, without explicit use of Equation 11. Equation 14 shows how 
the temperature coefficient of a galvanic cell (de/dT)gaiy. may be attributed 
to various thermoelectric powers, which may themselves be expressed in 
terms of half-cell entropy changes. The first term on the left in Equation 14 
is the thermoelectric power of a thermocell with electrodes reversible to 
the anion of a pure salt. The second term is the thermoelectric power for 
the corresponding thermocell with electrodes reversible to the cation of the 
same salt. The third term corresponds to the thermoelectric power for a 
thermocouple with legs of the parent metal of the salt cation and the inert 
conducting material used to form the anion-reversible gas electrode. 

The entropy of a salt is just the appropriate sum of individual ion 
entropies, 5. From statistical mechanical considerations, Pitzer (41) arrives 
at a simple method for partitioning the salt entropy between the ions in 
simple molten salts. Pitzer points out that for a fused salt in which positive 
and negative ions are identical in every respect, except for the sign of the 
net electrical charge on each, the measured molal salt entropy may be 
divided equally between positive and negative ions. If the cation and anion 
masses differ, then there will be a mass correction effect on translational 
entropy for each ion. There may be further small correction terms for 
effects of differences in ion size, shape, charge, and polarizability which 
would affect the space configurational portion of the liquid phase partition 
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function. Such effects are difficult to assess but are likely to be small in a 
simple ionic melt. Applying the Pitzer concept to a molten salt, M X , , 
leads to the following expressions for the individual ion entropies. 

= ^ ( W + \ Rvln ^ ) (15) 

ΓΜ*~-¥*·Κ) <1Β> 
In Equations 15 and 16, SM+, and Sx- are the partial molal entropies of 
the cation and anion; SMX , is the thermodynamic molal entropy of the 
salt; and M M and M x are the gram atomic masses of M and X , respectively. 

When Equations 15 and 16 are substituted in Equations 12 and 13 
and the ionic entropies of transports, and electronic terms are ignored, 
expressions of the type shown in Table I are obtained for various thermo
cells. 

In addition to the type of differential relations shown in Table I, one 
may derive integral expressions for the electromotive force Ae given by 
the thermocell for a finite temperature difference AT between the electrodes. 
The integral of entropy over a range of temperature gives the free energy F: 

f^SdT= - ( f t - ft) (17) 
Thermodynamic data in the literature are conveniently tabulated in terms 
of "free energy function," here abbreviated as F. 

Y = (18) 
Thus, one may write 

f*SdT= T2Y2- TtYi (19) 
Integration of the expressions in Table I and applying Equation 19 leads 
to the expressions shown in Table II. 

Table I. Application of Pitzer's Method for Specific Types 
of Molten Salt Thermocells 

Cell s r d t 

M / M X / M S M - ^ OMX £ Μχ 

M / M X 2 / M ^ S M - g SMXI — 

l D l M M 

2 Μχ 

X 2 / M X / X 2 2 S M X - -R ln^r-p-4 M x 

X 2 / M X 2 / X 2 2 SMXI " 
1 D 1 M M -R ln^-r-2 Μχ 
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Table II. Integral Relations for Specific Thermocells 

Cell $ ΔΕ 

Tu M / M X / M , T2 ( T 2 7 2 - TxYùi* - \ (T2Yz - KYJMX - S R ( T 2 ~ T L ) l n ^ 

7\, M / M X 2 / M , T 2 - in — 

τ Y / M Y / Y τ {T*Y* - TiKQx, , ( Γ 2 Κ 2 - - ΓΧΚΟΜΧ 3Β (Γ , - ΓΙ) , Μ Μ 
i 1, λ 2 / Μ λ / λ 2 , i 2 - 2 1 2 4 M x 

Φ γ /ΛΤΥ /γ τ7 (Γ 2Κ 2 - (T^Qx, , (Γ 2Κ 2 - ΤιΥι)Μχί Α ( Τ , - Γ ι ) 1 η Μ Μ i 1, Α 2 / Μ Α 2 / Α 2 , i 2 — ~ 1 ~ 2 1 

Senderoff and Bretz (4^) have verified Equations 11 and 14 experi
mentally for the silver-chlorine system and have calculated thermoelectric 
powers for the thermocells by the Pitzer method. The calculated and 
observed thermoelectric powers agree reasonably well in view of the 
theoretical uncertainties. There seems to be no adequate basis at present 
for attributing small disagreements between theory and experiment to 
"entropy of transport" effects. These govern the Soret equilibrium in cells 
for which concentration gradients can exist in the electrolyte. B. R. 
Sundheim and J. D. Kellner (47) have recently examined the Soret steady 
state in the mixed salt system AgN0 3 /NaN0 3 . In this system there seems 
to be no evidence for large ionic entropies of transport. 

In some cases the choice of species thought to be present in an ionic 
salt can significantly affect the calculated thermoelectric powers. For pur
poses of illustration, the following two extreme mechanisms in a molten 
salt M X 2 may be considered : 

2e~ + M++ = M ( A ) 

2e~ + MX+ = Μ + Χ " (Β) 

If one neglects the entropy of transport and electronic terms in Equation 12, 
the thermoelectric powers are 

2 f f J ^ = S M - 3 M * * ( A ) 

2 S ^ = £ M + 3 X - - S M X + ( B ) 

The internal entropy of a complex ion M X + can be estimated. In many 
cases the results of Calculations A and Β will be quite different. 

If one disregards entropy of transport and if complex species are not 
involved, using the Pitzer method for calculating individual ion entropies 
leads to an interesting result: the thermoelectric powers of thermocells 
with electrodes which are reversible to a particular ion should be nearly 
independent of the counter ions in the salt. The calculated chloride and 
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iodide entropies in Table III illustrate this. The chloride ion entropies are 
all similar, so that Cl2:MX„:Cl2 thermocells which utilize the chloride 
electrolytes shown in the table will have similar calculated thermoelectric 
powers. This would also be the case for the iodide salts shown. Of course 
the above assumptions of negligible effects from complex species or entro
pies of transport may not always be verified by experiment. 

Energy Conversion Efficiency. As shown by Equation 7, there is 
no irreversible entropy production arising from interaction of the current 

Table III. Single Ion Entropies at 1000° K. 

& -
Salt (cal./mole °C.) 

KC1 20> 
AgCl 20.7 
CuCl 20.3 
T1C1 21.3 
FeCl 2 

20.7 
MnCl 2 20.0 
ZnCl 2 20.5* 
PbCl 2 20.3 
L i l 24.5» 
Nal 24.9» 
KI 24.0* 
Rbl 23.8* 
Csl 23.4* 
Agi 24.6* 
C d l 2 23.3* 
Pbl 2 26.2 

° Extrapolation of liquid data to 1000°K. 
6 Salt entropy estimates (5, 6). 

with the temperature gradient. The analysis of the efficiency of a molten 
salt thermocell as a thermoelectric generator is straightforward if one 
neglects uncertainties associated with entropy of transport and unknown 
ionic species. One has only to compare the electrical energy produced to 
the sum of reversible electrode heat and irreversible conduction heat 
absorbed. Analyses of molten salt thermocell efficiencies are given by 
Wartanowicz (50) and Meissner et al. (28). The procedure can be illus
trated by a specific example. To estimate the conversion efficiency for a 
simple AgCl thermocell with C l 2 electrodes—e.g., the equivalent circuit 
shown below: 

Rc 
Equivalent J_ V W | Rc = cell resistance 
Circuit Τ W V ' RL = load resistance 

RL 
Assumptions—1 sq. cm. electrodes in cell; 

no polarization at gas electrodes 
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15. ANDERSON E T A L . Thermal and Photoregeneration 223 

The condition for maximum power through the load is 

RL = Rc 

The Cl2:AgCl:Cl2 thermocell may be taken as an example of a system 
with several desirable properties. The liquid range of AgCl is long (455 to 
1550°C). The thermoelectric power de/dT is -665 μν.°0Γι for the above 
cell (45). If one assumes that a Δ Γ of 1000°C. is achievable, the open-
circuit voltage will be 0.665 volts. The specific conductance of fused silver 
chloride is 4.44 ohm^-cm. - 1 at 600°C. (9). For numerical comparison 
with other systems, one may assume a spacing of 0.5 cm. between electrodes 
of 1 sq. cm. cross section. 

Rc = M = 0.11 Ω 
4.44 

Now the maximum load power may be calculated : 

Maximum power per sq. cm. of electrode = 7^-; (RL = Rc) 
4/tc 

Maximum power density = == 1 watt/sq. cm. 

One may compare this electrical flux to the heat flux dQ/dt = Q through 
the cell. 

K A A = 1 sq. cm. 
Q = - p AT L = 0.5 cm. 

AT = 1000°C. 

The thermal conductivity, K, is not known for molten AgCl but an 
average Κ for alkali metal salt melts is Κ = 1.5 Btu/hr. ft.-°F. (22), which 
is about 6.3 X 10~3 cal. cm." 1 sec.-^C.- 1. 

A (6.3 X 10-3)(1)(1000) 1 0 a cal , Λ Q = irk ' = 12.6 — for 1 sq. cm. path (0.5) sec. 

Q = (12.6) (4.2) = 53 watts 

The rate of absorption of the reversible electrode heat at the hot 
electrode is easily computed from the current and the entropy change, 
which amounts to about 11 cal./mole/°C. for the Cl 2 /AgCl half-cell at 
1800°K. From the power density above, one computes a current of about 
3 amp., or 3 Χ 10 - 6 equivalents of charge/sec. The reversible heat, TAS, 
at 1800°K. is about 20 kcal./mole. Thus, the reversible heat flux associated 
with the electrode reaction is 0.6 cal./sec, or about 2.5 watts. The effi
ciency i7max. is then 

= electrical power out 1 Q r 

rate of heat flux through cell 55.5 ' 

Since 1 watt/sq. cm. implies a current density of about 2 amp./sq. cm., 
it is totally unrealistic to ignore electrode polarization. It would be reason-
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able at this Current density to reduce the 0.665 volt open-circuit value by 
at least one-half and, since this term appears as a squared term, it repre
sents a drastic reduction in the energy efficiency. However, the data for 
K C l - L i C l of A. G. Turnbull (49) indicates that the value of 6.3 X 10-* 
for Κ may be high by as much as a factor of 3 or 4. Solid AgCl has a Κ of 
about 2.6 X 10~3, and the liquid should certainly be lower. The reduction 
in calculated efficiency resulting from polarization may thus be partially 
offset by introducing the lowered value for thermal conductivity. 

Experimental Results. Several molten salt thermocell systems 
have been investigated at the Lockheed Palo Alto Research Laboratories. 
The work of Senderoff and Bretz (46) on AgCl was repeated in cells of 
varying geometries. In every case, the thermoelectric powers in AgCl were 
nearly identical with those found by Senderoff and Bretz. Graphite con
ducting electrodes were used with chlorine and iodine. Molten lead metal 
electrodes had quartz capillary tubes connected in such a way that a 
continuous column of lead formed the wire leading from the hot electrode 
to the potentiometer at room temperature. Most of the thermoelectric 
powers measured were relatively insensitive to absolute temperature. A 
summary of calculated and observed powers at 900°K. is given in Table IV. 
Calculations are based on the equations in Table I. Uncertainties of ~ 1 % 
in thermochemical entropy data lead to the uncertainties shown for the 
calculated thermoelectric powers. The experimental uncertainties shown 
are the standard errors calculated from the spread among the individual 
A*/AT values. 

Table V compiles calculated and experimental Seebeck coefficients for 
molten salt thermocell systems studied elsewhere. Pitzer's method for 
calculation of single ion entropies was used. The residual terms in Col
umn 5, expressed in entropy units, correspond to differences between the 
calculated thermoelectric powers and the experimental literature values. 

Summary. The utility of the theory of irreversible thermodynamics 

in treating the near equilibrium steady state and its ability to treat non-

Table IV. Summary of Calculations and Results at 900°K. 

I 2 /Pbl 2 / I 2 -47: 
I 2 / L i l / I 2 -53: 
Cl 2 /AgCl /Cl 2 - 4 & 
Ag/AgCl/Ag -23( 
C l 2 /PbCl 2 /C l 2 -52: 
Pb/PbCl 2 /Pb +9.: 
Pb/Pbl 2 /Pb -34.! 

Cell (cal./mole °C.) 

-3.7 =b 0.6 
-1.3 ± 1.7 
-4.1 ± 0.5 
-3.5 ± 0.5 
-1.3 ± 0 . 5 
-0.4 ± 0.3 
-0.3 db 0.5 

Residual 

a Salt entropy estimated. 
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isothermal processes has been illustrated. Application has been made to 
molten salt thermocell systems through the Pitzer statistical mechanical 
method. The theory is used to calculate thermoelectric powers for thermo
cells studied in this laboratory and elsewhere. The calculated values are 

Table V. Molten Salt Thermocells Studied Elsewhere 

Calculated Experimental 
Thermo Thermo
electric electric 

Τ Power Power Residual 
Cell (°K.) W O W O (cal./mole °C.) Reference 

CI2/L1CI/CI2 900 -530 -534 -0.1 20 
Cl 2 /NaCl/Cl 2 1100 -480 -450 +0.7 17 
CU/NaCl/Cl, 1100 -480 -483 -0.1 20 
CU/KCl/CU 1100 -475 -400 +1.7 17 
CI2/KCI/CI2 1100 -475 -504 -0.7 20 
Cl2 /RbCl/Cl 2 1000 -480 -544 -1.4 20 
CI2/C8CI/CI2 1000 -475 -533 -1.3 20 
Ch/AgCl/CU 900 -495 -665 -3.9 20, 45 
c u / P b c y c i i 900 -520 -587 -1.5 20 
Cu/CuCl/Cu 900 -280 -430 -3.5 38 
Ag/AgCl/Ag 900 -255 -375 -2.8 45 
Ag/AgCl/Ag 800 -250 -440 -3.7 
Ag/AgBr/Ag 750 -250 -450 -4.6 34 
Ag/Agl/Ag 850 -240 -500 -5.9 34 
Ag/AgNOs/Ag 580 -245 -320 -1.8 17, 47 
Pb/PbCh/Pb 900 +9 - 6 -0.3 17 
Pb/PbBr2/Pb 800 +18 -40 -1.3 17 
Sn/SnCl2/Sn 550 0» -28 -0.6 42 

° Entropy value estimated: S&ncu = 47.5 entropy units at 550°K 

compared with experimental values. It is suggested that, in light of other 
ambiguities such as self-complexing, specific electrode effects, etc., there is 
insufficient reason to assign differences between theory and experiment to 
"ionic entropy of transport," although one may choose so to define the 
term. Using the theory in its present form provides a method for estimating 
thermocell efficiencies, which are generally expected to be quite low, 
because of high fused salt thermal conductivity. The theory also provides 
a method for estimating absolute temperature dependencies of half cell 
emfs in molten salt electrolytes. The individual electrode temperature 
coefficients in fused salt galvanic cells should be almost equivalent to the 
thermoelectric powers of the corresponding thermocells, with the residual 
entropies discussed above as the remaining uncertain quantities. 

Thermally Regenerative Galvanic Systems: Regeneration by 
High Temperature Electrolysis 

General Considerations. The importance of a galvanic cell lies in 
the fact that chemical energy is directly converted into electrical energy. 
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The maximum useful work obtainable is equal to the change in the free 
energy of the reaction. The theoretical energy conversion efficiency limit 
in the cell itself represents 100% of the free energy change. The situation 
is quite different when one considers a galvanic cell together with an energy 
source for regeneration. If energy taken into the system is heat, the 
temperature of regeneration and the temperature at which the galvanic 
cell operates impose the Carnot efficiency limit on the total system. It 
appears desirable, therefore, to operate the galvanic cell at as low a tem
perature as possible and to perform the regeneration at the highest possible 
temperature. However, it is important to realize that if any system is 
constrained to absorb some heat at less than the upper temperature, Γ 2 , 
it can never achieve the efficiency limit (Γ 2 — Γι)/TV For this reason, it 
is imperative that an analysis of thermally regenerative galvanic systems 
shed light on the seriousness of such a constraint, often a limitation for 
chemical systems, even under ideal conditions. 

Furthermore, some attempt must be made to estimate the extent to 
which nonideal, or irreversible processes actually take place in a thermally 
regenerative galvanic cell. One of the major arguments put forth in favor 
of the regenerative galvanic heat engine, as compared with other thermal 
devices or conventional mechanical heat engines, is that electrochemical 
devices operate closer to thermodynamic reversibility, with relatively fewer 
irreversible heat losses than other systems and should, therefore, operate 
at relatively high thermal efficiencies. A realistic evaluation of operational 
efficiencies of proposed regenerative chemical systems often casts consider
able doubt on the validity of such an argument. 

In many well-known cyclic or regenerative energy conversion devices, 
a difference in electrical potential is established between hot and cold 
junctions. When current passes through the external load, heat is absorbed 
at the upper temperature. The electrical potential arises from the finite 
temperature coefficients of the chemical potentials of the circulated sub
stances, or differences between these coefficients. A regenerative galvanic 
system, in which regeneration is accomplished by the high temperature 
electrolysis of the product of the low temperature galvanic cell reaction, 
is an example of such a cyclic energy conversion device. Any galvanic cell 
in which two simple elements react to form a compound can establish 
the basis for such a cyclic device if the requisite physical requirements are 
met. The standard free energy of formation of the simple compound will 
increase (become less negative) as temperature increases, so that less elec
trical energy is required to electrolyze the compound at elevated tempera
tures than that which is available from the galvanic cell. Therefore, a net 
potential remains for performing useful work. During electrolysis, heat is 
absorbed in the regenerator. An electrical path is provided for regeneration, 
but this does not alter the fact that it is thermal energy which is converted 
to electrical energy by the cycle. 
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In the previous section the value of applying the methods of irrevers
ible thermodynamics to molten salt thermocells was shown to lie in 
elucidating the nature of fused salt electrode temperature coefficients. If 
galvanic cells in a cycle are operated as nonisothermal cells, the methods 
of the previous section may be used for system analysis by considering 
each half cell separately. In the analysis of thermally regenerative galvanic 
systems in this section, isothermal cell operation is assumed and the famil
iar reversible thermodynamics suffices to treat adequately the selected 
systems. 

The thermodynamics of "coupled" galvanic systems has been discussed 
by Liebhafsky (82), deBethune (18), Matsen (86), Johnston (27), and 
Ludwig (88). In what follows, expressions are derived for appropriate opera
tional parameters, based on thermodynamic considerations. These param
eters are evaluated for regenerative systems in which iodine is combined 
with lead or lithium in the fuel cell. Relative merits and limitations of 
these systems are discussed, and the most important conclusions are 
summarized. 

Theory. In principle, a simple cycle which utilizes an electrolysis 
cell and a galvanic cell can operate to convert thermal energy to electrical 
energy. To illustrate this, consider the electrolysis of a molten salt, M X 2 , 
at temperature, T2. Liquid metal, M , is to be formed at one electrode and 
gaseous X 2 at the other. These two substances are cooled and transferred 
to the galvanic cell, where they react at temperature Γι to form M X 2 . 
The M X 2 is heated to T2 and returned to the electrolyzer, which completes 
the chemical cycle. The corresponding electrical circuit is completed when 
the electrolyzer is driven by the galvanic cell—i.e., when the two are 
connected to oppose each other electrically. If the difference in heat capaci
ties of reactants and products ACP is not zero, the efficiency of the revers
ible cycle is no longer given by the familiar Carnot efficiency expression, 
where heat input to the cycle occurs only at the higher temperature, Γ 2: 

_ net work done _ Γ 2 — Ti 
V l " heat absorbed at T2 T2

 } 

The efficiency can most easily be discussed, however, if it is assumed that 
ACP is zero, in which case Equation 21 is correct (13, 82). 

The above cycle is now equivalent to a heat engine, with electrical 
rather than mechanical work being produced. The details of such a cycle, 
or paths by which it operates, cannot alter the validity of Equation 21, as 
long as the operation is completely reversible and there is no net heat 
absorbed between T2 and Γι. 

The heat absorbed reversibly at Γ 2 is T2AS2f where AS2 is the entropy 
change for the reaction MX(i) = M(l) + X 2(g) at Γ2. (In this, and in the 
following discussion, reactants and products are assumed to be in their 
standard states.) If the open-circuit potential for electrolysis is 82, the net 
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= ~ΎΓ~ ~ Ttàih ( 2 2 ) 

potential for the system is Si + 82, due regard being taken for sign. In 
practice, 8i is positive, 8j is negative, and the magnitude of 8i exceeds that 
of 82. Thus, a net positive potential for electrical work remains. 

For reversible operation, one may write: 
Ti-Ti _ nJ(Sx + 81) 

S2 

Equation 2 2 may be rewritten as follows: 

n _ nff(8i + 8») _ — (AF1 + AFj) _ 

where AF and AH are molal free energy and enthalpy changes. Thus, it is 
seen that the heat absorbed reversibly is the difference between the 
enthalpy and free energy changes for the reversible electrolysis reaction, 
while the net reversible electrical potential obtained from the cycle arises 
from the temperature dependence of the free energy of formation of M X 2 . 
One cycle, operating reversibly between temperatures T2 and Th might 
absorb more heat and produce more work per equivalent of chemical 
reactant than some other reversible cycle which also operates between 
T2 and T\. However, the efficiency for each cycle, a ratio of work and heat, 
must be the same. 

To examine in more detail the net work output for the reversible cycle 
and its conversion factors, the restriction ACP = 0 is removed in order to 
obtain suitable expressions for maximum efficiencies attainable with real 
chemical systems. The M X 2 cycle is as follows: 

MX2(Z) = M(0 + X 2(g) ; T2, Q2, 8 2 (24) 
(M(Z) + X2(g))r2 -> (M(0 + X ,(g))Ti T2 > Tx (25) 

M(Z) + X,(g) = MX 2(0 ; Th Qi, δχ (26) 
MX 2(Z, ΓΟ-^ΜΧ, ί ί ,Γ ι ) (27) 

The simple cycle, with return of M X 2 to the electrolyzer and of M 
and X 2 to the galvanic cell, is represented schematically in Figure 1. The 
system considered is a constant pressure system because the gas path is 
continuous. If the work done, W, consists solely of electrical and pressure-
volume work, the first law of thermodynamics states that 

dH = dQ- dWdee. (28) 
where Q is heat absorbed, and H is enthalpy per mole of M X 2 . 

For the cycle, £ dH = 0 and W cycle = £ dQ; the total electrical 
work for the cycle equals the integral sum of all heat terms. If 1 mole of 
M X 2 is taken reversibly around the cycle, one writes 

η*(δ 2 + 8t) = Q2 + f* (CPu + CPJ dT + Qi + f* C P M X , dT (29) 

where Cp is the molar heat capacity of the substance designated by sub
script. 

From the second law of thermodynamics, the sum of all entropy 
changes in a reversible cyclic process is zero : 
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dS = 0 = § + f* (CPu + CPJ d\nT + | | + j\Pmd\nT (30) 

When Equation 30 is solved explicitly for Qi, then substituted into 
Equation 29, the result is as follows: 

nfr(8i + &) = - [Tt ACP dT + Τι Γ ACP dlnT (31) 
12 J Γι ./ Ti 

where AT = T2 - Tx and AC P = C P l I + CPxt - C P l | X t . 

R 2 (CELL) 

LOAD 
Figure 1. Thermally regenerative cycle and equivalent circuit 
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The two integral terms in Equation 31 are usually small in comparison 
with the first term, and they tend to cancel one another; hence, the first 
term usually serves as an accurate expression for estimating the net revers
ible work for one cycle. Because the electrolysis step is isothermal, one 
writes 

Q2 = Γ 2 Δ & ; AS2 = S M + / S X T - SMX* at Γ 2 (32) 

Therefore 

* + . . . ^ (33, 

From Equation 33 , it can be shown that the net emf available from 
an electrolytically regenerative galvanic system is largely determined by 
the temperature difference between galvanic cell and electrolyzer. This is 
true because entropies of formation per equivalent of salt are very nearly 
the same for feasible chemical systems. 

To examine the conversion factors (efficiencies), two cases are con
sidered. In the first case, the efficiency is taken as the ratio of the work 
done reversibly to the total net heat absorbed reversibly above Γι. 

It is assumed that the heat exchanger shown in Figure 1 reversibly 
transfers all heat available in the cooling of X 2 and M to a salt, MS 2 , which 
is warmed reversibly from Γι to Γ 2 . If ACP (as defined) is negative, addi
tional heat will be required to heat reversibly the remainder of the salt 
to Γ 2 in order to close the cycle. 

The heat required is 

Qheatin* = £ C p M X , dT + j " ( C p M + CPXI) dT = j " ACP dT (34) 

Hence, the ratio between the net electrical work done and the net heat 
absorbed at all temperatures above Γι is 

( T t - Γ ι ) Δ & - ACP dT + Ti ACP dlnT 

T2AS2 - δ JTi ACP dT 

where 

(35) 

for ACP < 0 
for ACP > 0 

This can be simplified to 

net work done — (AFi + AF2) 
V2 = net heat added above Γι Γ ί Δ & __ δ A C p d T 

(36) 

The factor δ is arbitrarily introduced to distinguish between positive and 
negative values of ACP. For ACP > 0, there is, on balance, net heat liber-
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15. ANDERSON E T A L . Thermal and Photoregeneration 231 

ated in the heating and cooling steps. This liberated heat cannot be fully 
used within the cycle. From Equation 35 it is evident in this case that 
m < Vh the Carnot efficiency. For ACP < 0, there is a net uptake of heat 
in the heating and cooling steps above 7\; from Equation 36 it is again 
evident that η2 < τη. For ACP = 0, r?2 = m, and Carnot efficiency is achieved. 

As the second case, assume the heat exchanger is removed entirely so 
that none of the heat from the cooling step is reclaimed. Then the heat 
added reversibly in the warming step is 

Cheating = C p M X , dT 

The corresponding maximum conversion factor in this case is as 
follows: 

net work done — (AFi + AF2) 
m = 

total heat added above Ti T2AS2 + jTiCP dT 
(37) 

Efficiency ηζ is the ratio of net work done to the total heat added 
above T\. It does not reduce to the Carnot expression. Calculations for 
typical reactions show that the Carnot term AT/T2 is dominant for all 
three efficiency expressions. 

The discussion above concerns one galvanic cell carried around a 
modified Carnot cycle. When two identical fuel cells are connected in one 
circuit, one at T2 and the other at Th the situation differs in some respects 
from the case studied above. There is, at least, a temperature gradient 
down the connecting wires. In a regenerative system, some continuous 
transfer of products and reactant from one cell to the other might be 
included, and these connections might entail other temperature gradients 
and transfer processes. However, as a good first approximation, the max
imum net voltage of the system is given by Equation 31 and the maximum 
thermal efficiency by Equation 36. 

Further examination of Equation 31 shows that the right-hand side is 
simply the negative of the change of free energy for the reaction: 

nSF(82 + δι) = -(AF2 + AFi) (38) 

Because δι is positive, the counter potential δ 2 is negative, by convention. 
The free-energy function F, a product of the third law of thermo

dynamics, is 

YT = _W-H%) { 3 9 ) 

These functions are extensively tabulated, and the net voltage is given 
by 

8 l + ε , = W . + W ( 4 0 ) 
71$ 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

7 
| d

oi
: 1

0.
10

21
/b

a-
19

67
-0

06
4.

ch
01

5

In Regenerative EMF Cells; Crouthamel, C., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1967. 



232 R E G E N E R A T I V E E M F C E L L S 

Therefore, the maximum electrical work obtainable from systems utilizing 
high temperature electrolysis can be readily estimated from tables of 
thermodynamic data. 

Irreversible Operation. Efficiencies η2 and ηζ were derived for re
versible operation of the fuel cell and the electrolyzer. Irreversibility is 
introduced at Γ 2 and Γι when an appreciable current flows through the 
system. As before, the maximum efficiency is sought for the system under 
such conditions. For this reason, no attempt is made to take into account 
the consequent additional irreversibility introduced into the heating and 
cooling steps as the materials begin to circulate at finite rates to support 
appreciable current flows in the cycle. Coulombic efficiencies of 100% are 
assumed for the present discussion. 

The actual voltage, V, at which a cell operates (irreversibly) differs 
from the reversible potential δ by the product of the current I and the 
total cell resistance R, as measured when current I flows through the cell. 
The cycle to be considered is described by Equations 24 through 27. On 
completion of one cycle, there is no net change in any state function for 
the system. This is true regardless of path, whether the operation is per
formed reversibly or irreversibly. Thus, for the cycle, the following con
clusions may be drawn from Equation 28. 

^ n ( u i \ Txr reversible Σ Q (reversible) - Σ ^ e l e c t r i c a l 

= Σ Q (irreversible) - Σ W (41) 

In Equation 41, Σ Q (irreversible) is the total heat summation for the 
irreversible cycle, where all irreversibility has been introduced at T2 and 
at Γι. From the definition of V (above), the net irreversible work done for 
one cycle is r&(V\ + V2). From the previous remarks, one writes 

V2 = 82 - IR2; Vi = δι - IRi (42) 
The heat and work terms may now be summed around the cycle according 
to Equation 41. 

T2AS2 + TxASi + J* ACP dT - nff (δι + δ2) 

= Σ Q (irreversible) — n$(Vi + V2) Σ Q (irreversible) 

= T2AS2 + TiASi + jyt

làCp dT - n$I(Ri + R2) (44) 

The net work for the cycle is 
WVcie = r&(Vi + Vt) = η^[δι - IRi + 62 - IR2] (45) 

IFcycie = —(AFx + AF2) - niF/(Bi + R2) (46) 

(Ri and R2 are the resistances of the galvanic cell at Γι and electrolyzer 
at Γ 2, respectively, as measured when current / flows in the circuit shown 
in Figure 1.) 
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15. ANDERSON E T A L . Thermal and Photoregeneration 233 

Heat produced at T\ is rejected from the system and cannot be counted 
as useful heat; only those terms in Equation 44 which correspond to heat 
absorbed or produced at temperatures above T\ are potentially useful in 
the cycle. After eliminating the terms TiASi and n$IRi from Equation 44, 
one has the net heat absorbed by the cycle: 

Q (absorbed) = T2AS2 + f£ ACP dT - n$IR2 (47) 

Although the last quantity in Equation 47 represents irreversible heat 
produced in the electrolyzer, in the most favorable limiting case this heat 
can be utilized in the cycle, thereby diminishing the heat absorbed iso-
thermally from the surroundings at T2. The maximum efficiency which the 
system can have in actual (irreversible) operation is given by the ratio of 
Equations 46 and 47. This is maximum operational efficiency with max
imum power to load (reversible heat exchange). 

= W (cycle) = - (AFi + AF») - n$I(Ri + R2) fi = f l for Cp < 0 
* Q (absorbed) T A S _ a Γ * a c d T _ \0 for Cp > 0 

JTi v 

(48) 
Without the reversible heat exchanger shown in Figure 1, the maximum 
operational efficiency with maximum power to load becomes 

— (AFi + AF*) ~ n$I(Ri + fit) ( 4 9 ) 

T2AS2 + f " C P m dT - n$IR2 

These efficiency expressions are evaluated below for the lithium-iodine and 
lead-iodine systems. It should be mentioned that the expressions for η2 

through 775 are easily generalized for any chemical reaction and any number 
of cells and electrolyzers in series. Regardless of the number of series units, 
however, the efficiencies calculated for a given Th T2, and chemical system 
are maximum reversible and operational efficiencies for that system. These 
values can only be approached in practice. 

In order to make calculations for operational efficiencies of specific 
systems, an arbitrary condition is imposed on the current and on the nature 
of the cell and electrolyzer. The load resistor in Figure 1 is so selected that 
maximum power is obtained. In order to find the condition for maximum 
power in the equivalent circuit shown in Figure 1, something must be known 
about the nature of the cell and electrolyzer resistances. Let us assume 
that they are purely ohmic resistances. Then the circuit can always be 
reduced to one with a single voltage source of internal ohmic resistance Ri 
and a single load resistor RL. The power through the load is then given by: 

PL = ¥Ek (50) 

where 8 = I(RL + RT) is the open-circuit potential of the source. 
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It is easily shown that the condition for the optimum load resistor 
(maximum power) is 

RL = Ri (51) 
Condition 52 is perfectly general for maximum total load power when 

M cells (electrolytic or fuel cells) with ohmic internal resistances are 
arranged in series with η loads. 

Σ Ri = Σ RL (52) 
m η 

Equation 50 can then be written 
Σ ε ' 

P w = TT/Rt ( 5 3 ) 

m 

The smallest electrode in the series will have the highest, or maximum, 
power density. If this electrode is always taken for reference, then Equa
tion 53 (divided by the area of the electrode) is the condition for maximum 
power density. It is this condition which is imposed in the present analysis 
of chemical systems. For simplicity, the circuit shown in Figure 1 is 
assumed, and the area of the smallest of the electrodes is taken as unity. 
The maximum power density will therefore be given by the following: 

p ^ é ^ m ; + ™ 
The load voltage is always the same for a given chemical system at 

one pressure of X 2 with fixed values of T\ and T2y if the above "optimum" 
power is being drawn. Because, by Equation 52 the load resistance equals 
the sum of all internal resistances, the optimum load voltage is just half 
of the net open circuit potential: 

Vo = i Σ δ = J(Si + St) (55) 
m 

Application to Lithium-Iodine and Lead-Iodine Systems. 
Available data for systems based on lead iodide and lithium iodide have 
been collected to calculate and compare the relative contributions of vari
ous terms (such as ACP and TAS) with performance parameters (efficiencies 
and power densities). These systems were initially selected because Cou-
lombic efficiencies are virtually 100% for the electrolysis of lead iodide (#), 
and because lithium iodide has a long liquid range and a reasonably low 
melting point. The requisite data are presented in Table VI. The func
tion AY is the standard free energy function (AF — AHm)/T for forming 
the salt from iodine gas and the metal. The standard state of iodine has 
been taken as the perfect gas at 1 atm. at each temperature. Other standard 
states are conventional. Estimated quantities have been indicated. Specific 
resistances for the fused salts at their melting points have been estimated 
by extrapolating electrical conductivity data for temperatures above the 
melting point. 
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Table VI. Data for Calculation of Performance Parameters 
for PM2 and Lil Systems 

System Component 

Property Pbli Pb Lil Li It Reference 

Melting Point (°K.) Ti « 685 600 Ti - 713 454 β, 46 
Boiling Point (°K.) Ti = 1145 2024 Tt - 1444 1604 6, 46 
AH (fusion) (cal./mole) 6010 1225 1420 723 6, 46 
— AH (formation at 298°K.) 56,500 0 72,500 0 46 
AY at T°K. (cal. /°C. mole): 

298°K. 35.6 16.9 46 
500°K. 35.1 16.4 46 

1000°K. 30.6 16.1 46 
1500°K. 14.2 46 

C9 (solid); (cal . /°C. mole) 18 + 4.7 5.82 + 1.9 12.5 + 2 3.15 + 8.4 
X 10~*T X 10~*T X 10~*T x io-»r 6, 29, SI 

Cv (liquid); (cal. /°C. mole) 32.4 6.8 16° 7.2 - 4 
χ ιο-'Τ 6, 29, SI 

Cp (gas); (cal . /°C. mole) 8.89 29 
Specific Resistance at Ti 

(ohm-cm.) 2.14» 0.294» S, 9 

ο Estimated. 

Figure 2. Temperature dependence of free energies of formation (Standard state of 
iodine is perfect gas at 1 atm. for all T.) 
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The standard free energies of forming lithium iodide and lead iodide 
are plotted as a function of temperature in Figure 2. 

The following conditions have been assumed for calculating the quan
tities which appear in Table VII. Iodine in the cycle is maintained at a 
pressure of 1 atm. The temperatures T\ and T2 have been taken as the 
normal melting and boiling points of the salts, respectively. The cell resist
ance at Ti has been taken as that for a cell with electrodes of 1 sq. cm. 
area, separated by 0.5 cm., with the fused salt as electrolyte. The total 
resistance of the electrolyzer unit has been set equal to the cell resistance. 
The standard entropy changes at T2 have been calculated by the usual 
methods, with the aid of the heat capacity data and values of AH m given 
in Table VI . 

Discussion. We first examine the criteria for selection of systems 
suitable for thermal-electrolytic regeneration. An examination of Equa
tion 33 shows that a long liquid range for both metal and salt is essential 
for good performance. Equation 22 indicates why a lowering of the melting 
point of the electrolyte Tx increases thermal efficiency more than does a 

Table VII . Thermal Regeneration by Electrolysis: 

Parameter or Term Definition and 

m (%) 
AFi (cal./mole) 
AF2 (cal./mole) 

Ti (°K.) 
T2 (°K.) 
AT 

δι (V) 
δ 2 (V) 
δι + δ 2 (V) 
Τ2 AS2 (cal./mole) 

Cell temperature, Figure 1, 
Electrolysis temperature, 
Ti - T2) Equation 21 
Carnot efficiency, Equation 22 
Standard free energy of 
Free energy change for 
Open-circuit potential of galvanic cell, 
Standard reversible potential 
Net potential for reversible 
Reversible heat absorbed at 

Net reversible heat absorbed 
35, 36, and 37 

Reversible heat absorbed in 

Equation 31 

Po (mw./sq. cm.) Maximum power density with 

Vo(V) 
V2 (%) 

separation, Equation 54 
Load voltage at Po (above), 
Maximum efficiency, with 

Vz (%) 
* (%) 

Equation 36 
Maximum efficiency without 
Maximum operational efficiency 

* (%) 
separation, maximum 

Maximum operational efficiency 
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corresponding increase in the boiling point T2. Therefore, materials which 
have low melting points are to be sought. Equation 33 also indicates the 
importance of a large entropy change accompanying the reversible elec
trolysis. Above the boiling point of the salt and below that of the metal, 
this entropy change often becomes very small, as has been shown pre
viously (2). Thus, an increase in T2 above the boiling point of the salt is 
of no advantage; the standard free energy of formation ceases to change 
appreciably with temperature, and an additional separation problem is 
introduced. For these reasons, the melting and boiling points of the salts 
and metals are of utmost importance in the selection of systems regen
erate by either electrolysis or thermal dissociation. 

Another important consideration is that of Coulombic efficiency. Two 
related effects often act to reduce greatly Coulombic efficiency below 100% 
in metal-fused salt systems. Electronic conduction in the melt allows power 
to be dissipated internally. The presence of dissolved metal allows direct 
combination of reactants to take place in the cells without electrical work 
being produced. In general, more electrolyzer units than galvanic cells 

Performance Parameters for the Pbl2 and Li l Systems 

System and Value 

Place Referred to in Text Pbl2 LU 

Equation 21 685 713 
Figure 1, Equation 21 1145 1444 

460 731 
40.1 50.6 

formation at Th Equation 23 -32,700 -61,000 
electrolysis at T2, Equation 23; (standard) 21,200 51,600 
Figure 1, Equation 22; (standard) 0.71 2.65 
for electrolysis at T2) Equation 22 -0.50 -2.24 
cycle 0.21 0.41 
T2) Equation 22 19,610 15,670 

in heating and cooling steps, Equations 
7,680 3,562 

heating steps, Equations 36 and 37 14,900 11,700 

-5,850 -2,175 

optimum load and 0.5-cm. electrode 
5.2 142 

Equation 55 0.105 0.205 
reversible heat exchange, Figure 1, 

35.5 48.4 
heat exchanger, Equation 37 28.1 34.0 
with heat exchange (0.5-cm. electrode 

load power), Figure 1, Equation 48 19.6 27.2 
without heat exchanger, Equation 49 15.2 18.4 
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must be included in the circuit because low current efficiencies allow fewer 
equivalents of reactants to be regenerated from one electrolyzer than are 
consumed per faraday of electricity in the fuel cell. With individual elec
trolyzer cells arranged in series, all current in the circuit must pass through 
each unit, thereby regenerating reactants at each pair of electrodes. The 
units cannot function in the above manner if they are not isolated—i.e., 
if they have a common electrolyte, unless the electrolyte bridges between 
units have small cross sections. It is obvious that the net effect of low 
current efficiency is complex; however, it is clearly a detrimental effect 
not to be overcome by the beneficial effects of electronic conductivity 
which are occasionally obtained in systems utilizing solid electrolytes. 

The storage capability of the system may give rise to its use as a 
simple fuel cell for transient power demands—i.e., with the electrolyzer 
circuit open. For this mode of operation a large value of δι is desirable. 
Salts which have relatively low melting points and large free energies of 
formation are therefore indicated. 

As is seen from Equation 54, the maximum power density is inversely 
proportional to the sum of the internal resistances. The desirability of a 
salt with high electrical (ionic) conductivity when fused is obvious. Equa
tion 54 also indicates the dependence of power on the square of the net 
potential; an examination of Table VII shows the importance of this 
term (and of low cell resistance) in making the lithium-iodide system so 
much better theoretically than the lead-iodide system. It should be stressed, 
however, that the large value of δι + 82 for the lithium system arises as a 
direct consequence of the larger value of AT for that system. It is important 
to realize that the values of AS/n—i.e., the standard entropy of formation 
of the salt divided by n, the number of electrons transferred for the electro
chemical formation of one molecule of salt are very nearly the same for 
feasible chemical systems. As examples, we may take the values of AS^/n 
for various systems. Some of these are given in Table VIII. The values 
are based on a gaseous standard state for iodine at 298°K. 

From Figure 2 it is apparent that the change of free energy of formation 
with temperature is very nearly linear within the operating temperature 
ranges of the two systems. Thus one can see that, among feasible systems, 
it is the magnitude of the obtainable ΔΓ which limits the system—i.e., 
which largely determines the values of (δι + 82). Hence, one should seek 

Table VIII. Entropies of Formation per Equivalent of Salt 
for Feasible Regenerative Systems 

LiH PbU Suit LiBr IAI BiCU 

1 2 2 1 1 3 

16.4 17.8 17.0 17.0 16.9 16.0 
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those systems which allow large operational values of ΔΤ, whether thermal 
dissociation or thermal electrolysis is to be used for regeneration, because 
it is AT that most greatly affects the voltage obtainable from the cycle. 

Finally, as can be seen from Table VII, the magnitudes of the integral 
terms which contain ACP are so small in comparison with other important 
terms [cf. Equations 26, 31, 43, 47, and 48] that these integrals do not 
represent important criteria for system selection. 

Thermal regeneration by electrolysis has several advantages and limi
tations in comparison with other energy conversion schemes. One obvious 
advantage is that of product separation upon regeneration by electrolysis. 
The metal and gas are liberated at different surfaces and cannot readily 
recombine. This is ordinarily a serious limitation to practical thermal 
regenerative methods. Energy storage is an advantage of the electrolytic 
method which is not inherent to ordinary thermoelectric devices. The 
lithium-iodiné (thermal-electrolytic) system, for example, when operated 
temporarily as a galvanic cell, has a standard open-circuit potential of 
2.65 volts. 

Another advantage of the electrolytic cycle over thermoelectric con
verters, such as the thermocouple or simple thermocell, is that the galvanic 
cell and electrolyzer units are nearly isolable thermally—i.e., the thermal 
and electrical paths can be separated. Efficiency losses which arise through 
simple thermal conduction between Tt and Tx (as via the gas path) are 
neglected; this is done because these effects can be minimized in the 
thermal-electrolytic cycle. Thermal conduction losses cannot be ignored in 
a simple thermocell, however, where the thermal and electrical conduction 
paths are intimately related and inseparable. In this latter case, the heat 
conducted through the system is very large in comparison with the corre
sponding electrical work produced, and overall efficiencies are low. 

Fused salt electrode reactions are highly reversible so that efficiencies 
are relatively high for cycles utilizing thermal electrolysis. This advantage 
(reversibility) may be seen more graphically if one compares the reversible 
efficiency for the electrolytic cycle 171, Table VII, for lead and lithium 
iodides with the efficiency which would result if regeneration could some
how be carried out by an irreversible thermal dissociation process. In this 
case, the heat absorbed irreversibly at T 2 would simply be ΑΗ<Τύ calories 
per mole of dissociated salt. The efficiencies for the lead- and lithium-iodine 
systems would then be 19 and 13%, respectively, instead of 35 and 48% 
for the reversible electrolytic regeneration at T*. 

Plugging of critical regions in the fuel cell often presents a serious 
problem. This difficulty may be encountered in any system in which the 
boiling point of the salt (or metal) is approached in the regenerator. For 
example, in the system shown in Figure 1, the presence of MX*(g) in the 
Xj(g) line means that as the gas mixture approaches the galvanic cell 
at T\, MXs(l) will condense from the gas stream. The gas electrode will 
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eventually become plugged, or flooded, as a result. The practical considera
tion here is that one cannot actually raise 7* to the boiling point (1 atm.) 
of the salt, and AT (and therefore the net potential) is diminished below 
the theoretical maximum. 

A commonly encountered problem, at least from a practical, develop
mental point of view, is polarization at gas electrodes. In the theoretical 
treatment of power and operational efficiencies at maximum power, the 
tacit assumption was made that cell resistances follow Ohm's law. This 
assumption represents the limiting, most favorable situation, in which gas 
pressure and electrode porosity have been so adjusted that no gas polariza
tion develops in operation. As gas is consumed at the salt-electrode inter
faces within a porous electrode, the local pressure (or concentration) of 
the gas is reduced. Unless gas is able to diffuse into the low pressure 
regions as rapidly as it is consumed, the total cell resistance will rise. Such 
effects are minimized by maintaining a high pressure of gas within the 
system. Another effect which must be considered is the effect of gas 
pressure on the net potential (δι + 8*). 

It is easily shown that, because of the elevated electrolyzer tempera
ture, an increase in the pressure of Xî(g) in the system decreases the net 
potential (δι + δ*) in opposition to the beneficial lowering of polarization 
which is brought about by an increase in gas pressure. The logarithmic 
dependence on pressure makes the above effect quite small. 

There are many considerations involved in selecting suitable materials 
and conditions for energy conversion cycles which employ thermal regen
eration by electrolysis. Here, the underlying principles for such systems 
have been outlined so that meaningful evaluation and comparison may be 
made with other types of energy conversion devices. 

Conclusions. The following conclusions may be drawn from the 
thermodynamic analysis given in this section: 

• The magnitude of the net voltage output for the cycle is directly 
proportional to the temperature difference between the electrolyzer and 
the galvanic cell. 

• The net potential decreases slightly as the pressure of the gas X* is 
increased. 

• Although the cycle is not a simple Carnot cycle, in general, the 
efficiencies expected for reversible operation are only slightly lower than 
efficiencies for the corresponding Carnot cycles. (Comparison of m and 
nd 

• The importance of including an efficient heat exchanger in the cycle 
has been established. (Comparison of η% and m) 

• Theoretical operational efficiencies at maximum power are much 
lower than efficiencies for reversible operation. (Comparison of and 
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The method of thermal regeneration by electrolysis has the following 
merits: 

• Product separation during regeneration is inherent to the system. 
• The system may be operated temporarily as a galvanic cell alone, 

in addition to its normal function as an energy converter. 
• Theoretical operational efficiencies are higher, in general, than cor

responding efficiencies for conventional thermoelectric devices, where ther
mal and electrical conduction paths cannot be separated. 

Thermal regeneration by electrolysis has the following limitations: 
• The system is not physically simple; materials must be transferred 

between galvanic cells and electrolyzers. 
• The problems encountered for any regenerative system utilizing gas 

electrodes are also inherent to the type of system discussed here (plugging 
and flooding of electrodes). 

• Current efficiencies are always less than 100%; thus, even the sim
plest complete system would require two electrolysis cells coupled with one 
galvanic cell. 

Thermally Regenerative Galvanic Systems: Regeneration 
by Low Pressure Electrolysis 

It has been shown that Carnot efficiencies are theoretically approached 
in cycles utilizing thermal regeneration by electrolysis at elevated tem
peratures. However, these efficiencies cannot generally be realized because 
of the finite heat capacity changes which occur in simple electrochemical 
reactions and the thermal losses which accrue when these are integrated 
over an appreciable temperature range. An alternate approach is to examine 
nearby isothermal, regenerative, galvanic systems which exploit the change 
in free energy of formation with pressure and to compare the ideal efficiency 
deduced for this system with the Carnot efficiency. In such systems, the 
electrolyzer operates at or near the operational temperature of the galvanic 
cell. 

In this scheme, identical galvanic cells are run back-to-back (wired 
with polarities opposing); each cell is at the same temperature, but with 
the activity of a chemical element in one cell differing from the activity 
of that element in the other cell. If this elemental species is a gas, its 
activity is controlled by its pressure. In this case, the net driving force for 
a reversible electrochemical reaction is controlled by the gas pressure ratio 
in the two cells (raised to a power commensurate with stoichiometry). 
Because the effect of total pressure on the free energy of condensed phases 
is negligible under the conditions considered, the net driving force of the 
cycle is independent of any property of the electrolyte. The maximum 
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theoretical efficiency for the cycle then depends only on the temperatures 
and the thermal properties of the gas, in particular, its heat of condensation. 

Figure 3 depicts a schematic representation of the type of system 
considered in this section. Both cells are at the same temperature, and 

ν VWWV 
L 

Figure 5. Galvanic cell system utilizing electrolytic regeneration at low pressure 

either cell can function as a galvanic cell, utilizing the reaction between 
a liquid metal M and a halogen X 2 , with molten salt M X 2 as electrolyte. 
The porous carbon cathodes, C, are in series with load L. The electronic 
circuit is completed through the pipe connecting liquid metal anodes. Κ 
condensed X2 is present in each trap at temperatures Tx (trap at left in 
Figure 3) and T2 (trap on right, Figure 3), with Τ* > T i , the electrons flow 
from left to right through the load—i.e., the right-hand cell is a galvanic 
cell, and electrolysis of MX* takes place in the left-hand cell. Trap tempera
tures and valves may also be adjusted so that MX 2 can be transferred from 
the right to the left cell by gravity flow, with both cells at the same total 
pressure. In the same way, M can be transferred from left to right. The 
transfer of X 2 from left to right is accomplished by vaporizing condensed X* 
from the left-hand trap and condensing X 2 in the right-hand ( T i > T 2 ) . 

When a difference in gas pressure exists, the high pressure cell will 
generate current and electrolysis will take place in the low pressure cell. 
The halogen trap of the galvanic cell may be heated to supply gaseous 
fuel for the cathode. Alternately, or simultaneously, the trap of the elec
trolysis cell may be cooled to lower the pressure of the halogen at this 
cathode. The operation can be repeated in the opposite direction by 
reversing trap temperatures, or material may be transferred between cells 
through the valves. The electrolysis cell may also be maintained at a higher 
temperature than the galvanic cell. For this theoretical analysis, it is 
assumed that both cells are at the same temperature. The chemical cycle, 
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which starts and ends with M X 2 at cell temperature Te, may be written 
as follows: 

ΜΧ,Ο, T.) - M(l, Tc) + X2(g, Pi, Te) 
X 2 (g,Pi,r e )-X 2 (s,!Ti) 

X 2OS,ri)->X 2(g,P 2,r 2) 
X 2 (g ,P 2 , r 2 )^X 2 (g ,P 2 ,T c ) 

X2(g, P Î , Te) + M(l, Te) - MX2(1, Tc) 

Solid, liquid, and gaseous states are designated by s, 1, and g. 
For analysis, it is appropriate to specify a particular chemical system 

and compute the heat and work terms for transfer of 1 mole X 2 around 
the cycle. This has been done for the lead-iodine system. 

Analysis of the System: Lead-Iodine. The fuel cell reaction is: 

Pb(l) + I2(g,P2) = PbI2(l) 

while the regeneration reaction, at the same temperature, is 

Pbl2(l) = Pb(l) + I2(g,Pi) 

A net positive reversible potential for electrical work will exist for a 
complete chemical cycle in such a "coupled" system if the pressure P 2 

of I2(g) in the galvanic cell is greater than the pressure Pi in the electrolysis 
cell. 

Standard conditions in the galvanic cell are selected for convenience 
in applying available data. A cell temperature well above the melting 
point of the salt is desirable to ensure good electrolyte conductivity. The 
temperature Ti of a cold trap connected to the electrolyzer determines 
the equilibrium pressure of iodine in the electrolysis cell. A typical set of 
conditions chosen for analysis is presented in Table IX. 

For the lead-iodine system, the reversible electrolysis of Pbl 2 at low 
pressure is selected as the first step of the cycle shown in Table X. 

Open-Circuit Potential. The net maximum electrical work is given 
by Steps 1 and 9 of the above cycle: 

η*(8ι + δ 9 ) = - ( Δ Ρ ι + ΔΡ9) 

Table IX. Values of Parameters Chosen for Analysis of 
Iodine Pbl 2 Cycle 

Symbol Definition Value 
Te Cell and Electrolyzer Temperature 750°K. 
Pi Ij Pressure in Electrolyzer 4 X 10~4 atm. 
Tx Cold-Trap Temperature 273°K. 
Tu Melting Temperature of Iodine 387°K. 
Τ, Temperature of Traps Connected to Galvanic Cells 456°K. 
Pi Ii Pressure in Galvanic Cell 1 atm. 
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Table X. Analysis of Thermal Cycle for Low 

Step Change Thermal Function 

1 Pbl2(l, T.) - » Pb(l, T,) + I,(g, P., Γι) Qi = 

2 I*(g ,Pi,rj-»It(g ,Pi,ri) & = 

3 I»(g, Λ , Γ.) -> Ι*(β, Τι) Q» = AH. 

4 Ii(s, TO - * Ιι(β, Γ„ ) 4 = 

5 Il(8, I'm) -» IlG, Tm) AH. 
6 Ι ιΟ, Γ . ) -> Ij(l, ro c P (r 2 - Tm) 
7 1*0, Γ») - • Ii(g, P., 2V) AH, 

8 I.(g, Pt, r o - » I,(g, P „ Tt) « 8 = 

9 I«(g, Ρ», ΪΌ) + Pb(l, Tc) - » Pbl,(l, r e) TcAS=-TeAS° 

The thermodynamic symbols have their usual significance, and open-circuit 
potentials 8i and 89 correspond to the electrolyzer and galvanic cell reac
tions, respectively. 

AFi = AFi + RTC In P x 

ΔΡ? = —AFg 

Superscript zeros denote standard values. Because 1 atm. pressure of iodine 
was chosen (Table IX) for the galvanic cell, one has 

AF9 = AF% 
and 

r&(&i + 8«) = -RTe In Pi 

With substitution of the values from Table X , the net potential 8 = 8i + 89 
becomes 0.26 volts for a cold-trap temperature of 0°C. 

If the cold-trap temperature T\ is lowered from 0 to — 78°C, the 
temperature of a dry-ice slush-bath, the equilibrium vapor pressure of 
iodine in the electrolysis cell drops from 4 Χ 10"4 atm. to approximately 
10~10 atm. Vapor pressures for solid iodine were computed from the fol
lowing formula (23). 

log Ρ = 18.685 - ^ - 2.75 log Τ 

Thus, with a dry ice trap, the net emf would be 0.7 volts. 
Theoretical and Operational Efficiencies. The maximum theo

retical conversion efficiency for the cycle may be defined as the ratio of 
the net maximum electrical work produced to the net heat absorbed—i.e., 
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Pressure Reversible Electrolysis of PM2 

Heat Change 
(kcaL mole'1) Comments 

TCAS° + 11.7 AS = AS0 — R In P, is entropy change 
for low pressure electrolysis 

["CdT-lM Cp for I 2 = 8.94 cal. °C. mole - 1 is nearly 
JTC constant with temperature between 

T2 and Τι (29) 
-15.0 Heat of sublimation at Ti (40) is heat 

rejected in cycle (irrecoverable) 

1.1 Cp for h(S) = 9.59 cal. °C. mole"1 (29) 

3.77 Heat of fusion (29) 
1.33 Cp for I2(l) = 19.2 cal. °C. mole"1 (29) 
9.97 Heat of vaporization (29) 

2.63 Cancels first term in Step 2 

— Cancels first term in Step 1 

one considers a system with perfect heat recovery for the warming and 
cooling steps. The only rejected heat is the heat lost isothermally at the 
lowest temperature. The limiting Carnot efficiency ηι for the cycle, under 
the conditions specified in Table I X , is as follows: 

_ T c - r t _ 750 - 273 
V l ~ ~ ¥ c 75Ô~ = 0 M 

The maximum efficiency TJ 2 defined by Equation 36 in the previous sec
tion is: 

_ net work done _ nff8 
7 ) 2 ~~ total heat absorbed SQ 

The heat terms Q, corresponding to each step of the cycle given above, 
will now be examined. These terms were evaluated using parameters given 
in Table I X . Results are shown in Table X . 

If the only heat rejected from the system is Q3, the net heat absorbed is 

2Q = 26,230 cal. 

Hence, the maximum efficiency for the cycle is 

_ -RTelnP1_ 11,700 
7 ) 2 ~ 26,230 " 26^30 = ( λ 4 5 

As a consequence of the fact that net heat is absorbed below Te, Carnot 
efficiency ηι = 0.64 cannot be achieved. 

Without a heat exchanger, the maximum theoretical efficiency is given 
by: 
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= - f i T 7 In Pj 
Vz Qi + Σίρ 

To compute 773, TCAS° must be evaluated. 
The slope of the free energy of formation of lead iodide vs. temperature 

curve at 750°K. is approximately 26.6 entropy units (Figure 2), which is the 
standard entropy change for the electrolysis reaction. 

Therefore 

v _ 11,700 ^ n y 

Operational efficiencies are much lower, of course. For the same cell 
parameters as given in the preceding section for calculating operational 
efficiencies, the present system is only about 15% efficient when used 
without a heat exchanger. 

Discussion. As computed above, the net emf of a regenerative 
galvanic system based on P b l 2 with regeneration by electrolysis at reduced 
pressure (10~10 atm. I 2; dry-ice bath) is 0.7 volts. 

Because the standard open circuit potential for a lead-iodine fuel cell 
at 750°K. is 0.7 volts, a dry-ice bath theoretically fixes the iodine pressure 
in the electrolysis cell at about the same partial pressure of iodine which 
is reached by the equilibrium thermal dissociation of lead iodide at 750°K.— 
i.e., AF = 0 for electrolysis under these conditions. For still lower pressures 
of iodine, thermal decomposition of the electrolyte would occur sponta
neously. In any case, such low pressures could never be achieved in this 
system because the vapor pressure of lead iodide is approximately 10~3 atm. 
at 750°K. (29), which is much higher than the calculated partial pressure 
of iodine. 

Working pressures below that which corresponds to a trap tempera
ture 0°C. should be considered unfeasible for the lead-iodine system. One 
can expect a maximum net potential of about 0.26 volt for the coupled 
system. Clearly, intermittent operation of the fuel cell alone, at an open-
circuit potential of 0.7 volt, followed by regeneration (with several elec-
trolyzers in series), is the preferable alternative here. Although the net 
maximum potential for the coupled system does not depend on the iodide 
salt chosen as electrolyte, other factors may influence this choice. For 
example, the vapor pressure of molten lithium iodide at 750°K. is only 
10~6 atm. ( 6 ) , and the standard open-circuit potential of a single lithium-
iodine fuel cell is 2.6 volts at 750°K. (Table VII). However, the extremely 
corrosive action of lithium salts in contact with lithium metal is well-
known; no insulating (ceramic) material has been found which will suitably 
contain molten lithium salt systems (18). 

Several features of the systems, as disclosed by this analysis are 
summarized below : 
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• Efficiency—The step of the cycle in which the greatest amount of 
heat is absorbed is the isothermal electrolysis at reduced iodine pressure. 
For reversible electrolysis, the heat term associated with this step is ener
getically equivalent to the net maximum electrical work produced during 
one cycle. However, heat is also absorbed in phase transitions which occur 
between the cell temperature and the temperature of the cold trap, so that 
the ideal efficiency is considerably below the corresponding Carnot effi
ciency. For example, a system with a Carnot efficiency of 64% is found to 
have an ideal efficiency of only 45%. Without an efficient heat exchanger, 
the maximum possible efficiency for the same system is only 23%. Optimum 
operational efficiencies for the latter case are estimated to be in the neigh
borhood of 15%. 

• Net voltage—For standard conditions in the fuel cell, a feasible 
"coupled" regenerative system is expected to yield rather low reversible 
potentials, of the order of 0.3 volt, even though the standard potential for 
the fuel cell alone may be as high as 2.6 volts (for the lithium-iodine 
system). 

General limitations for the systems discussed in the previous section (sys
tems utilizing high-temperature electrolysis) also apply to the present 
systems. 

Thermally Regenerative Galvanic Systems: Regeneration 
by High Temperature Thermal Dissociation 

One of the simplest chemical systems on which to base a thermally 
regenerative galvanic cell is a compound, AB, and its elements, A and B. 
The regenerative galvanic cell operates by means of a heat cycle in which 
the molal heat of dissociation of A B , absorbed at an elevated tempera
ture T2j acts to dissociate a mole of A B into its elements. The elements 
A and Β are separated, cooled to a lower temperature Th and are then 
allowed to recombine electrochemically in the operation of a galvanic cell. 
In the operation of this cell, Q calories of heat are evolved. The electro
motive force, 8, obtained from such a cell is —AFf/n, where AFf is the 
molal free energy of formation of the compound A B at Th η is the number 
of faradays of electricity obtained per mole of AB formed in the cell 
reaction, and Œ is the value of the faraday. 

The efficiency of this cycle is given by Equation 36 for the case where 
all heat absorbed about Τι is included: 

_ net work done _ — (AFi + AF2) 
7 7 2 " net heat added above Tx " Γ ι Δ & _ δ J*> A C p d T 

In the derivation of Equation 56 all substances in the cycle are assumed to 
be in their standard states and all operations are carried out reversibly. 

American Chemical Society 
Library 

1155 16th St, N.W. 
Washington, OX. 20031 
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At first sight, it would appear for regeneration by thermal dissociation, 
where no electrical energy is required for compound dissociation at Γ2, 
that all of AFi would be available for electrical work in the cell, and hence, 
a higher net emf would be available than when regeneration is done by 
electrolysis. The point overlooked is that, for the dissociation process to 
be reversible at Γ2, it must be carried out at the vapor pressure P„ of the 
compound A B (Figure 4) in equilibrium with its gaseous dissociation prod
ucts. If the reactant gas produced at equilibrium partial pressure P. is fed 
to the galvanic cell at Γι the resulting emf would be identical to the net 
emf from an electrolytically regenerative system which evolves gas at 
1 atm. to feed to the cell at Γι. If the gas evolved at Pe were first compressed 
to 1 atm. at Γ 2 and then fed to the cell at Γι an emf equivalent to AFi 
would be generated. But to do this, an additional amount of energy would 
have to enter the cycle to effect the compression; the efficiency would 
remain the same—i.e., ?;2. For regeneration by thermal electrolysis, a more 
stable compound, such as C D (Figure 4), can be used which cannot be 
thermally dissociated at workable temperatures; the higher voltage given 
by the galvanic cell at Τ χ is advantageous, even though the net emf is about 

Figure 4. Regeneration by thermal dissociation vs. thermal electrolysis 
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the same as that for A B because the slopes of the lines, given by AS/, are 
approximately equal. (This point is discussed later in the section.) 

In the choice of a compound A B for use in such a system, several 
factors become of utmost importance. Many of these factors, such as 
electrolyte conductivity and operational temperature, are strongly influ
enced by the specific requirements for the overall system. However, there 
is one requirement which must be met regardless of other considerations— 
the dissociation products must be separable from each other. Whereas a 
conventional galvanic cell operates as an open system with continuous input 
of fresh reactants and output of the product of the cell reaction, a regenera
tive galvanic cell operates as a closed system in which the quantity of 
reactants is maintained constant by regeneration from the reaction product. 
The problem of separating chemically reactive species in a closed system 
at elevated temperatures is one of the most restrictive limitations to the 
selection of systems in which regeneration occurs by thermal dissociation. 

The possibility of utilizing a thermal dissociation reaction of the type 
discussed above has been widely considered: 

AB(1)->A(1) + B(g) 

The suffixes (1) and (g) denote liquid and gas. Probably the best known 
chemical systems of this type, which form bases for regenerative galvanic 
cells, are the Groups I and II metal hydrides. For example, the lithium-
hydrogen system (7) has been extensively studied. Molten lithium and 
hydrogen gas react, respectively, at the anode and cathode of a galvanic 
cell, with a molten salt electrolyte containing lithium hydride. The lithium 
hydride can then be heated, below its boiling point, and dissociated into 
liquid lithium and hydrogen gas. Because only one gas is present in the 
regenerator, the problem of separating the elements for re-use in the gal
vanic cell is greatly simplified. 

The desirability of having only one gaseous species liberated in the 
dissociation process leads to considering halides of the low-melting, high-
boiling metals for possible use in a thermally regenerating galvanic (TRG) 
system. Many of the electrochemical characteristics of galvanic cells based 
on these salts are excellent. For example, iodine electrodes in molten iodides 
support high current densities with low polarization. 

Furthermore, the exchange current density at the boundary between 
a liquid metal and a fused salt of this metal is large; consequently, these 
two phases are always in thermodynamic equilibrium (16). Hence, the 
primary consideration for T R G devices based on salts of the above type 
is the feasibility of regeneration by thermal dissociation. 

A guiding principle, of great assistance in understanding the changes 
in compositions of phases that are produced by changes in temperature, is 
the so-called "principle of successive entropy states" (44). According to 
this principle, the stable products produced by increased temperature must 
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always be phases whose total energy content and total entropy content are 
increased over those for the system at lower temperature. 

This principle is important in considering a thermally regenerative 
galvanic system in which thermal dissociation is the mechanism of regen
eration. In particular, it is desired to calculate the increase in extent of 
dissociation of a chemical system as the temperature is raised. Then one 
may know, if the desired amount of thermal dissociation can be achieved, 
whether experimental means to obtain it are available or not. 

The galvanic cells discussed here utilize the reaction between gases 
and liquid metal elements to form a compound. Such a reaction is exo
thermic at feasible fuel cell temperatures. The reverse reaction, or the 
regeneration reaction, is endothermic. Dissociation is accompanied by 
absorption of Q calories of heat: 

Q + A B <=> A + Β 

Raising the temperature of the system tends to shift the position of 
the equilibrium to the right, provided, of course, that the reaction remains 
endothermic. This does not necessarily mean that the standard free energy 
of the reaction must change as the temperature is raised. From the rela
tionship (dAF°/dT)p = — AS0, Κ for the above reaction must increase as 
the temperature is raised, but the product Τ log Κ will remain invariant 
if the standard entropy change is zero. This very situation is encountered 
above the boiling temperatures of several dihalide salts of the high boiling 
metals, as exemplified by stannous iodide. A thermochemical summary for 
this system is shown in Figure 5. For the calculations, it was assumed that 
the total pressure on the system is maintained at 1 atm. with an inert gas, 
so that the salt boils at its normal boiling temperature. No account has been 
taken of the species SnI in the equilibrium calculation. Liquid tin and 
gaseous iodine are the desired products of the thermal dissociation. The 
dissociation to tin and iodine is thermodynamically unfavorable, as is seen 
in Figure 5, and the situation becomes even less favorable for a more 
realistic appraisal, which takes into account the step-wise dissociation 
reactions. In all calculations, the standard state of iodine was taken as 
ideal gas at 1 atm. pressure for all temperatures. 

The general behavior shown in Figure 5 for stannous iodide is also 
exhibited by lead iodide. Above the boiling point of the salt, the standard 
free energy for the reaction remains nearly constant as the temperature is 
raised. As a result, the shift in the equilibrium with temperature is very 
small, and there is little point in raising the temperature further. As has 
been pointed out, the equilibrium constant slowly continues to increase 
with increasing temperature, even though the standard free energy of 
reaction remains constant. 

It is important to understand the far-reaching consequences of the 
restriction that only one gas may be produced in the reaction. As is well-
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300 400 500 600 700 800 900 1000 1100 1200 
TEMPERATURE ( ° K ) 

Figure 5. Stannous iodide: Thermochemical summary 

known, the negative of the temperature coefficient of free energy of reaction 
is the entropy of reaction AS. 

In the following table (44) average entropy changes are presented for 
a number of classes of reactions that involve changes in the number of gas 
molecules in the system: 

Number of 
Examples Average AS 

Reaction Type Averaged (cal.rC.) 
l/nM(8) + F2/2(g) = l/nMFn(s) 10 -21.5 ± 1.6 
l/nM(8) + X2/2(g) = l/nMXn(s) 30 -19.8 ± 1.8 

(X is Cl, Br, I) 
2/nM(s) + 02/2(g) = l/nM20n(s) 19 -23.2 ± 1 . 5 
2/nM(e) + S2/2(g) = l /nMA (g ) 15 -20.8 ± 3 . 2 
3/nM(s) +AT2/2(g) = l/nM2Nn(s) 7 -22.4 ± 2 . 3 

It is immediately apparent from an examination of this table that, as an 
approximation, an entropy increase of 20 cal./°C. occurs whenever 0.5 mole 
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of a diatomic gas is produced in a reaction that takes place under standard 
conditions. This is a consequence of the large translational entropy of the 
gas. Therefore, one might expect the entropy change to be small for simple 
reactions in which the number of gas molecules consumed and produced 
exactly cancel. For reactions of the type, 

i.e., above the boiling point of M X 2 , AS becomes small, and AF ceases to 
change rapidly with increasing temperature, unless AS changes with tem
perature. Values of ACP/T for reactions of the type considered above are 
generally so small that AS does not increase greatly again until the boiling 
point of the liquid metal is exceeded. 

In this discussion it has been assumed that the metal from the thermal 
dissociation is present as a condensed phase, which means that the vapor 
pressure of the metal at the temperature of interest is less than or equal to 
the partial pressure of gaseous M , as calculated for the overall dissociation 

reaction M X , = M(g) + ^ ^ ( g ) . This condition is satisfied for the tin-

iodine system. 
If the boiling point of the salt is not to be exceeded, the upper tem

perature limit is specified for a given system. Most important is the fact 
that the reversible emf of the galvanic cell operated near the melting 
temperature of the salt then places a practical upper limit on the degree 
of dissociation of the salt in the regenerator, for standard conditions, 
because the slope of the curve of free energy of formation per M X bond 
in the salt vs. temperature will have a value of approximately 20 entropy 
units. 

There are ν electrons transferred for each mole of metal consumed 
electrochemically in the galvanic cell. But AF° = —v$8>°. Therefore, 

MX,(g) = M ( e , i ) + | X 2 ( g ) (v= 1,2) 

M(1) + ^ X 2 = M X 

dAF°/v 
dT 

- 2 0 cal./mole °C. 

where ρ is constant. 
For the metal halides, the galvanic cell anode reaction is: 

M(l) = M ' + ve~ 

23,060 
20 ~ 8.7 Χ ΙΟ"4 volts/°C. 

This value generally decreases with increasing temperature. In any case, 
the negative temperature coefficients of galvanic cells of the above type 
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will not exceed 1 mv./°C. A cell giving an open-circuit potential of 0.5 volt 
at the melting point of the salt would require a liquid range of more than 
500°K. if an equilibrium constant of unity were to be reached at the 
dissociation temperature under standard conditions. The normal melting 
and boiling points of bromides and iodides for low melting, high boiling 
metals are given in Table X I , together with the standard reversible galvanic 
cell potentials at 500°K. The values of δ° were calculated from thermo
dynamic data (33). 

In light of these considerations and the data in Table X I , it is easily 
seen that none of these systems is very attractive for regenerative galvanic 
cells utilizing thermal dissociation. The higher voltage systems cannot be 
regenerated by thermal dissociation. For the trihalides, there is some merit 
in exceeding the boiling point of the salt because there is still a net increase 
of 0.5 mole of diatomic gas for the reaction: 

MX3(g) = M(l) + |X 2 (g) 

The entropy change for the above reaction will still be roughly one-third 
of the entropy value at temperatures below the boiling point of the salt— 
i.e., for the following reaction: 

MX,(1) = M(l) + fX2(g) 

Therefore, AF° will continue to change as the temperature is raised, and 
the equilibrium constant for dissociation will increase more rapidly with 
temperature than it would if AF° remained constant (AS0 = 0). 

Complex Ion Formation in Thermally Regenerative Galvanic 
Systems. Some of the primary drawbacks for utilizing regenerative gal
vanic systems arise from the rather high regenerator temperatures which 
must be reached in order to regenerate reactants for cells with appreciable 
voltages (~ 1 volts). This situation is a natural consequence of the fact 
that, for liberation of 0.5 mole of a diatomic gas from a simple salt of the 
gaseous element, the standard entropy change is ~ 20 entropy units. 

Table XI. Melting and Boiling Points of Some Metals and Their 
Bromides and Iodides, and Their Galvanic Cell Potentials at 500°K. 

Metal Bromide Iodide 

M. P. B. P. M. P. B. P. S° M. P. B. P. δ° 
Element (°C) (°C) (°C) (°C) (volts) (°C) (°C) (volts) 

Bi3+ 271 1450 218 453 0.69 439 500 0.29 

Ga8+ 30 1700 122 279 1.17 212 345 0.71 

In 3 + 
155 1450 436 subl. 1.22 210 500 0.84 

L i 1 + 
186 1340 547 1265 3.42 446 1190 2.80 

Pb2+ 327 1620 373 918 1.22 402 954 0.84 

Sn 2 + 
232 2260 216 620 1.15 320 720 0.80 

T 1 i + 303 1650 460 815 1.59 440 824 1.24 
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Therefore, the rate of change with temperature of the standard free energy 
of formation of a simple salt, M X , , is roughly 20 entropy units times the 
number of M - X bonds which are broken, when X 2 is the only gas formed. 
This limit for the temperature coefficient of emf of about —0.87 mv./°C. 
applies to metal-halogen galvanic cells in which the electrolyte is the pure 
salt. It does not apply as a limit for salt-solvent electrolytes in which 
appreciable complex ion formation can take place. In principle, a com-
plexing agent which acts to increase the open-circuit potential of a cell 
above the standard potential—i.e., the potential calculated for the same 
cell with pure salt electrolyte, can also increase the magnitude of the 
temperature coefficient. Under such circumstances, high cell voltage and 
regeneration by thermal dissociation become more compatible with each 
other than has been indicated thus far. 

In the M + X 2 galvanic cell, each X-ion formed by the galvanic 
reaction is accompanied by the transfer of one electron from anode to 
cathode via the external circuit. Each M - X ionic bond formed in the 
galvanic cell reaction must later be broken by thermal energy in the 
dissociator, if the standard open-circuit voltage for formation of M X , is 
to be achieved by the regenerative system. One consequence of this energy 
balance is that, in order to reduce AF to a value near zero for regeneration 
of a 1-volt system (23 kcal . /M-X bond), the dissociator temperature must 
be roughly 1000°C. above the temperature of the galvanic cell. This is 
desirable from the viewpoint of high ideal efficiency for the cycle. How
ever, in view of the definite relationship between temperature and maxi
mum electrical work, W, reversible heat absorbed, Q, and the ratio of work 
and heat (the efficiency), the range of choice among possible systems 
becomes extremely narrow. One seeks an additional independent variable 
so that, for given chemical elements M and X 2 , and a given ratio of W 
to Q—i.e., for a given efficiency, the voltage and the absorbed heat can 
both be increased by a similar factor. This could be done if the electro
chemical step, involving electron transfer, could be partially uncoupled 
from the heat step—i.e., from bond formation. 

There is a way in which this might conceivably happen. If complex 
ion formation can occur, heat may be associated with formation of a number 
of relatively weak bonds to the electroactive ion which bonds are not 
involved in the electron transfer step. These bonds may be broken easily 
by thermal energy at higher temperatures, but to do so requires a large 
heat input per ion because there are many bonds involved. Thus, the 
complex ion regenerative galvanic system absorbs more heat per coulomb 
and produces a higher voltage than a simple galvanic system which operates 
between the same two temperatures and at the same ideal efficiency (ne
glecting the differences in ACP between the simple galvanic reaction and 
the more complex reaction). 
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To illustrate further the above arguments, one may begin with the 
overall galvanic cell reaction : 

Suppose the M 2+ ion forms a complex ion with the element X when X 2 is 
dissolved in the electrolyte. The anode reaction then becomes 

Although the standard free energy of formation of M X 2 may be close to 
zero, the open-circuit voltage of the cell can be appreciable because of the 
lowering of the M 2 + ion activity through forming the M X J + complex. If 
ν is large and the solution (apart from the complexing) is an ideal solution, 
the entropy for dissociation of M X ? + can be very large, perhaps as great 
as 20*> entropy units. If all the M - X bonds are relatively weak bonds, 
thermal dissociation can be accomplished at moderate elevations in tem
perature above the cell temperature, in order to regenerate X 2 and M . 
The ideal efficiency for the complete cycle will be low because of the rela
tively small temperature difference between galvanic cell and regenerator, 
but the open-circuit potential can still be appreciably high. As far as the 
qualitative argument is concerned, the complexing agent might be any 
species in the electrolyte. A large ratio of ν to η (η is the number of electrons 
transferred per mole of metal consumed) is desirable—i.e., the complex 
ion M X ? + should have many ligands. 

This same general argument should also apply for redox-type regenera
tive galvanic cells—i.e., for electrode reactions involving dissolved ions of 
polyvalent elements. 

Suppose the following electrode reactions are considered : 

Suppose that only the M4+ ion can form a complex ion when a complexing 
agent is present in the electrolyte. The effect of this complexing in an 
otherwise ideal solution is to increase the reversible cell potential and the 
magnitude of the entropy change for reaction. It is then conceivable that 
conditions might be found for which high cell voltages and thermal regen
eration at only moderately elevated temperatures would become com
patible conditions. 

Product Separation. It has been stated that an inherent difficulty 
arises in devising a regenerative galvanic system whenever thermal dis
sociation and product separation are required. Before illustrating this, let 
us first review some of the previous remarks. 

Suppose substances A and Β are to react in a galvanic cell: 

M + X 2 = M X 2 

Anode 
Cathode 

M 2 + = M4+ + 2e~ 
M 3+ + 2e~ = M+ 

A + B - > C 
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For the cell to operate satisfactorily and with adequate current densities, 
the chemical reaction must be rapid at the low operating temperature. 
Generally, reaction rates increase with temperature. If the cell reaction is 
fast at low temperatures, then the back reaction of the thermal regenera
tion process must be very fast. 

A few representative examples emphasize the arguments given here. 
Suppose the cell reaction is carried out at 500°K., and the thermal regenera
tion process is conducted at 1500°K. Assume that the products of the 
regeneration process have at 1500°K. equilibrium partial pressures of 
0.1 atm. each. The half-time for the back reaction is 

= In 2 = In 2 
1/2 k(AU. k(BU. 

where k is the rate constant. The order of magnitude of the rate constant 
can be estimated from reaction rate theory and expressed as follows: 

k = 108 exp. (—j^) atm.- 1 sec ~ 

The activation energy is Εκ, and R is the gas constant. Thus, for 
A and B, the products of the thermal decomposition each at approximately 
0.1 atm., the half-life of the back reaction is as follows: 

tU2 = 10-7 exp. ( jp/rî ) sec. • (RT) 1 

If the back reaction has zero activation energy, the half-life for recombina
tion is about 10~7 sec. If the activation energy for the back reaction is 
7 kcal./mole, the half-life is 10~6 sec. If the activation energy for the back 
reaction is 14 kcaL, the half-life is 10~6 sec, etc. For the back reaction to 
be as slow as 0.01 sec. at 1500°K., the activation energy would have to 
be 35 kcal./mole. In this case, the half-life of the reaction at 500°K. would 
be ^ 1 yr. 

These principles of system analysis will now be applied to the 
cadmium-iodine system. 

Kinetic Evaluation of the Cadmium-Iodine System. For di
valent metal halides M X 2 , the following gaseous dissociation equilibria 
are commonly established at elevated temperatures: 

(1) M X 2 ± + M + X 2 

(2) MX 2±=>MX + £X 2 

(3) X 2 ± + 2 X 
Thus, one would expect to find five gaseous species present in varying 
amounts when M X 2 is heated above its boiling point. For cadmium iodide, 
these species would be Cdl 2(g), Cdl(g), 1(g), and I2(g). Polynuclear species 
formation might also be possible, Cd J v(g). However, cadmium iodide vapor 
has not been examined for the existing polymeric species; they will be 
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ignored here. In some cases, the M X radical may not be present in sig
nificant quantities in the equilibrium mixtures at high temperatures. Thus, 
Reaction 2 is apparently unimportant in the thermal dissociation of the 
mercury halides (4). In the case of cadmium iodide, however, radical 
formation is appreciable upon thermal dissociation. Weiland and Herczog 
(61) have calculated the theoretical partial pressures for each species in 
the equilibrium mixture of gases at elevated temperatures. The partial 
pressures of each of the five main species present in equilibrium with 
cadmium iodide at several temperatures and pressures are presented in 
Table X I I . 

An examination of the values in Table X I I shows that the main 
equilibrium which is established between cadmium iodide and its dissocia
tion fragments at 1400°K. at a total pressure of about 1 atm. is the 
following: 

C d l 2 ±=> Cdl + I 

From the free energy data (61), the pressure equilibrium constant may be 
calculated for the above reaction at 1400°K. : 

AF° = 13.8 kcal./mole, and KP = 7.25 X 10"8 atm. 
It is convenient to convert KP to K C , the concentration equilibrium 
constant. 

Ke = ^ = 8.25 Y 10-6 moles/liter 

The following mechanism is assumed for the thermal dissociation of 
cadmium iodide: 

Temperature 
(°K.) 

1200 

1300 

Table XII. Partial Pressures at Equilibrium 

Pressure (mm. of Hg) 

1400 

1500 

Cdh Cdl / Cd h Total 

6.15 0.57 1.94 0.75 0.07 9.48 
191.00 5.00 6.90 1.80 0.90 205.60 
581.10 10.00 10.50 2.40 2.10 606.10 

4.95 1.15 4.83 2.00 0.14 13.07 
197.10 11.80 18.60 5.40 2.00 234.90 
611.80 23.90 28.60 7.10 4.80 676.20 

2.95 1.65 9.53 4.12 0.19 18.44 
193.40 24.10 42.90 13.30 3.90 277.60 
624.60 50.00 68.60 17.70 9.40 768.50 

1.13 1.63 14.42 6.57 0.18 23.93 
176.50 42.30 86.50 28.50 6.50 340.30 
610.70 92.00 137.50 39.00 16.30 895.50 
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C d l 2 = Cd l + I 
1 + Cdl = Cd + I 2 

I 2 = 21 
Treating unimolecular decomposition leads to the following expression for 
the forward rate constant: 

k> = ~h e x p - \-Rf) 

In this mechanism, the activation energy Εκ may be taken as 50 kcaL 
mole - 1 (10), the dissociation energy of Cd-I bond. Substituting appropriate 
constants and substituting 1400°K. for Τ yield the following: 

h = 5.24 Χ 106 sec."1 

The specific rate constant for the recombination reaction may now be 
obtained : 

Cdl + C d l 2 

, = h = 5.24 Χ 105 sec."1 

2 kc 8.25 Χ 10"5 moles liter"1 

k2 = 6.35 Χ 109 liter mole"1 sec."1 ^ 1010 liter mole"1 sec."1 

Because a normal frequency factor for bimolecular reactions is about 
1011 liter mole - 1 sec. - 1 (21), the above value for k2 indicates a very low 
energy barrier for recombining Cdl and I. This result is as expected for 
radical reactions. A half-life of only 3 Χ 10 - 7 sec. is calculated for the 
above bimolecular association, as reckoned from the equilibrium concen
trations of Cdl(g) and 1(g). (Each partial pressure is taken as about 
Κδ atm. at 1400°K., at a total pressure of 1 atm.) 

Attempts to separate cadmium or iodine from the vapors in equi
librium with the thermally dissociated salt have been unsuccessful (2), as 
might be anticipated from the preceding analysis. 

Photochemically Regenerative Galvanic Systems 

Photochemically regenerative electrochemical systems may be ana
lyzed on grounds which are conceptually similar to those for thermally 
regenerative cycles. In absence of illumination, the half-cell reaction pro
ceeds in the usual way, as characterized by the thermodynamic and kinetic 
properties of the electrode-electrolyte system. However, light energy inci
dent on the system may raise the potential of the electrode or electrolyte 
by raising the average energy of the charge carriers or reacting molecules. 
This process might be brought about thermally, except that the distribu
tion of thermal energies at ordinary temperatures is such that only a very 
small fraction of the particles contain kinetic energies sufficiently great to 
collisionally excite a process in the energy range corresponding to the 
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visible portion of the spectrum. There is not much point in discussing the 
Carnot-limiting efficiencies for photochemical cycles; the source tempera
tures entering such an analysis are so high that the energy distributions 
no longer resemble those found at ordinary temperatures. Solar photons 
emanate from a blackbody whose surface temperature is about 6000°K. 
The limiting Carnot efficiency for such a high source temperature is 
obviously very high. 

The light energy absorbed is converted to potential energy in the 
absorber; this energy manifests itself as electrical energy through the 
mechanism of the electrode reactions, which may be used to reverse the 
normal or "dark" cell reaction, thereby storing energy for later use by 
regenerating the electrode reactant materials. 

Before proceeding to a detailed discussion of particular systems, it is 
worthwhile to consider some of the criteria for photochemical reactions 
suitable for solar energy utilization (11) : 

• The photochemical reaction must be endothermic for energy storage 
to be possible. 

• The quantum efficiency (i.e., ratio of the number of molecules of 
product formed to the number of photons absorbed) must be large. 

• The reaction must be reversible, with the forward reaction being 
significantly faster than the reverse reaction. 

• The reactants (or photosensitizer) should absorb a large fraction of 
the incident solar flux. 

• The energy stored in the photoproducts should be large. 

The conceptual basis for a photochemically regenerative galvanic sys
tem is a photo-induced reaction which results in products capable of being 
stored for use in a galvanic cell. Although many techniques have been 
suggested for incorporation into such a system, they can be generally 
classified into three basic approaches : direct or sensitized photolyses; photo-
galvanic effects; and photovoltaic processes. A detailed discussion of these 
processes is beyond the scope of this work, but is presented elsewhere (63). 

From a kinetic standpoint, the direct photolysis and photogalvanic 
approaches are limited by the general rapidity of the back reactions 
characteristic of endothermic dissociation reactions. However, a photo
voltaic process involving an electronic excitation followed by an interfacial 
electron-transfer reaction need not be subject to these limitations. Such 
a system would serve as an electrochemical analog of a p-n junction solar 
cell, while retaining an inherent electrochemical energy storage capacity. 

Model Photochemically Regenerative Galvanic System. Con
sider the system composed of a photosensitive electrode immersed in an 
electrolyte containing an oxidation-reduction couple and separated from 
the counter electrode by a semi-permeable membrane (Figure 6). 
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LOAD 
ΛΛΛΛΛΛΛΛτ 

hi/ — - 1 ^ . 

PHOTOSENSITIVE 
ELECTRODE 

INERT REDOX ELECTRODE 

Figure 6. Schematic representation of a photochemically regenerative galvanic 
cell 

At open circuit in the dark, the photosensitive electrode assumes a 
potential Ed, while the counter electrode assumes a potential E%. With 
light incident upon it, the photosensitive electrode assumes a photo-induced 
potential characteristic of the light intensity, h. The photopotential Εψ 
is the difference between the photo-induced potential and the dark potential 
(2SJ = #2 - Ed). Thus, the open-circuit potential for the cell 7° in the 
dark is equal to E% - E°d while in the light it is V° = E% - JE?. By a 
judicious choice of the couple B~B+ and an appropriate light intensity I0y 

it is possible to achieve the situation whereby E% = E2, so that the cell 
potential, V° = 0. If the light intensity is now changed by an infinitesimal 
amount, V° will be infinitesimally different from zero. Completing the 
circuit through a load now allows this cell to run in a reversible fashion. 

The regenerative aspects of such a system can be envisioned by con
sidering the electrode reactions. For convenience, it is assumed that upon 
illumination the photosensitive electrode assumes an open-circuit potential 
more negative than that in the dark (Εφ = J58 — E°d < 0). The reaction 
then proceeding at this electrode would correspond to an oxidation of 
component A 

A->A+ + e-

At the counter electrode, component B+ would be reduced 

B+ + e~ -> Β 
The overall cell reaction corresponds to 

hv + A + B+ -* A+ + Β 

If illuminating the photosensitive electrode is terminated, the electrode 
reassumes its dark potential, Ed, and the cell potential now becomes 
V° = E% - E°d. Since E% is more positive than E$, the cell will tend to 
operate in the reverse direction, thereby returning to the original cell 
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condition. This alternate light and dark cycle fulfills the conditions for 
regenerative operation of a galvanic cell. 

The experimental details and a consideration of the mechanism and 
efficiency of a typical photovoltaic regenerative system are discussed in 
the following section. It should be emphasized that this discussion of 
photochemically regenerative cells is not intended to be a comprehensive 
treatment of all such conceivable systems, but rather to serve as an illus
tration of the concepts involved in such an approach. 

Experimental Results. Photogalvanic systems consisting of inert 
electrodes immersed in photochemically active solutions have received 
considerable attention in relation to regenerative galvanic cells. The con
ceptual feasibility of systems such as thionine-iron (43) and proflavine-
ascorbic acid (19) has been demonstrated. However, such systems are 
limited by the fact that the photochemically generated species are created 
in the liquid phase and must diffuse to electrode surfaces to liberate energy. 
This diffusion process allows for considerable back-reaction of photochem
ical products and thus low operational efficiencies. These drawbacks can 
be overcome by restricting the photochemically active component to the 
electrode surface. The result of this type of modification is manifested in 
the occurrence of a photovoltaic rather than photogalvanic effect in the 
sense that the primary absorption act now occurs at the electrode surface 
rather than in the electrolyte. 

A detailed study of such a system has been conducted, utilizing the 
diphenylnapthylmethane derivative dye Victoria Blue Β (VBB) (26), de
posited on platinum electrodes. Absorption spectra of V B B dissolved in 
methanol and of V B B deposited on glass, as well as reflection spectra of 
dye deposited on platinum, were measured. The absorption occurs in a 
broad band between 500 and 700 πΐμ, corresponding to the absorption of 
approximately 25% of the energy in the solar spectrum. The threshold 
wavelength is about 700 πΐμ. The energy content of 1 mole of quanta, 
which is an einstein, is given by the relation 

A r , 2.86 Χ 10 4, . Nhv = kcal. λ 
where Ν is Avogadro's number, ν is the frequency of light, and h is Planck's 
constant (6.624 X 10~27 erg sec). Thus, at 700 πΐμ, 1 einstein is equivalent 
to 

2.86 Χ 104

 A n Q . . 
700 = 4 0 - 8 k c a L 

The voltage equivalent of this energy is given by 

g = 40.8 kcal 

where η is the electron exchange per molecule and $ is the faraday (—23.060 
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kcal./volt equivalent). Assuming a 1-electron change and a thermodynam-
ically reversible reaction, the maximum photopotential (i.e., the change of 
potential due to absorption of light quanta) to be expected is approximately 
1.8 volts. Measured photopotentials are about 0.450 volts or about 10.4 
kcal. Part of this loss is represented by the difference in electrochemical 
potential between the excited state of the dye and the electrolyte. The 
efficiency of energy absorption is (10.4/40.8) X 100 or ~ 25%. 

E F F E C T O F E L E C T R O L Y T E C O M P O S I T I O N . Dye-coated electrodes, un
like soluble dyes, exhibit large photopotentials in the absence of reactive 
species in the electrolyte. Thus, a VBB-coated platinum electrode will 
develop a photopotential of ~ 0.4 volts at pH 7.0 in a deaerated solution 
(dark potential = 0.240 volt and photo-induced potential = —0.192 volt 
vs. Ag/AgCl electrode). However, only negligible currents can be obtained 
under these conditions. 

Adding various inorganic redox couples influenced the direction and 
magnitude of the photopotential of VBB-coated electrodes, as shown in 
Table XII I . Both the dark and photo-induced potentials varied in the 
same fashion as the standard oxidation potential of the electrolyte. 

For the systems described in Table XI I I , only Sn2+ resulted in appre
ciable photocurrents. However, on repeated cycling of this system, the 
photocurrent and the photopotential decreased. Indeed, when equimolar 
solutions of Sn2+ and Sn4+ were used, the result was a rapid irreversible 
photobleaching of the dye. This suggests that the build-up of Sn4+ upon 
repeated cycling causes an irreversible bleaching of the dye. 

The failure of inorganic couples led to an investigation of ascorbic 
acid. At pH 1.0, ascorbic acid did not produce any appreciable current 
because the dissociated acid is required for the electrode reaction. However, 
when the pH was increased to above 4, this reagent proved to be very 
effective. Because dehydroascorbic acid, the assumed product of the photo
chemical reaction, is known to undergo an irreversible hydrolysis above 
pH5 (£), further investigation of this system was restricted to pH4.0. 

Table XIII. Photopotential of Victoria Blue B-Coated Electrodes 
with Various Inorganic Reagents 

Standard Dark Photo-induced 
Potential, PotentialJ

b Potential' Photopotential,c 

Reagent* E° (V) E°0 (V) E% (V) Ε°φ (V) 

Cr20? -1.10 0.705 0.765 0.060 
F e 2 + -0.77 0.360 0.330 -0.030 
C u 1 + -0.15 0.130 -0.047 -0.177 
Sn2+ -0.07 0.041 -0.385 -0.426 

a The concentration in all cases was 1 X 10~2 mole/liter of species indicated. The 
pH was 1.0. 

6 Potential vs. Ag, AgCL 
< Ε ° φ - E° - E$. 
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C O N C E N T R A T I O N O F A S C O R B I C A C I D . Increasing the concentration of 
ascorbic acid increased both the photopotential and the photocurrent. As 
shown in Figure 7, both the dark potential and the photo-induced potential 
increase logarithmically with the concentration of the ascorbic acid. How
ever, the absolute slope of the photo-induced potential, — 5 0 mv./log [H2A], 
where [H2A] is the concentration of the ascorbic acid, is larger than that 
of the dark potential —25 mv./log [H2A\. The net result is an increase 
in the photopotential. The slopes also indicate that the potential-deter
mining step in the light is a 1-electron change involving ascorbic acid, 
whereas that in the dark is a 2-electron change. This is based on assuming 
that the potential dependence on the ascorbic acid concentration is repre
sented by a relationship similar in form to the Nernst equation—e.g., 

Ε = K ^ l n Q 

or that the following expression for its derivative at 2 5 ° C . holds: 

dE _ 5 9 mv. 
d In Q η 

where Ε is the measured potential; Κ is a constant related to the standard 

PHOTO-INDUCED POTENTIAL VS Ag/Ag CI 

VICTORIA BLUE Β I ASCORBIC ACID, KBrll AglAgCI 
COATED ON Pt I - (IM/Ull 

pH: 4 .0 
LIGHT INTENSITY: 62 mW/cm 2 

AREA OF ILLUMINATION : 2 c m 2 

DYE COATING: 0.031 mg/cm 2 

10"' 1 2 
ASCORBIC ACID CONCENTRATION (moles /liter) 

Figure 7. Dark potential and photo-induced potential of Victoria Blue B-coated 
electrodes as a function of ascorbic acid concentration 
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potential; Q is a function of the concentration of ascorbic acid; and n, R} SF, 
and Τ have their usual meanings. 

In Figure 8 current-potential curves for the VBB-coated electrodes as a 
function of ascorbic acid concentration are shown. The differences in the 
curves observed at low current density merely reflect the variation of the 
zero current potentials of the electrode with concentration. At the limiting 
current, there is little difference between the curves except at a 0.1 
mole/liter concentration where the limiting current is appreciably smaller. 
These current-potential curves indicate that concentration polarization of 
some kind is limiting the current output. 

V I C T O R I A B L U E 8 ( P t ) | A S C O R B I C A C I D , K B r | | A g CI | A g 

4 0 6 0 8 0 1 0 0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 

C U R R E N T 1/xA) 

Figure 8. Effect of ascorbic acid concentration on current-potential curves for the 
Victoria Blue B-coated electrode 

W A V E L E N G T H D E P E N D E N C E . The photo-induced potential (and thus 
the photopotential) was found to be independent of wavelength. This 
confirms the threshold theory, which states that the incident quanta must 
contain sufficient energy to excite the electron and that any energy above 
this value is wasted. However, the current (and therefore the energy out
put) is a direct function of the rate at which quanta are absorbed and should 
be a function of the rate at which incident energy is absorbed. As shown 
in Figure 9, the relative energy conversion yield closely follows the absorp
tion spectrum, verifying that protons absorbed by the dye only are respon
sible for the observed photo effects. 

L I G H T INTENSITY D E P E N D E N C E . Light intensity is expected to have 
two effects. The limiting current is expected to have a linear dependence 
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4000 5000 6000 7000 8000 

WAVELENGTH (A) 

Figure 9. Spectral response of relative energy conversion 

on intensity, and the open-circuit, steady-state concentration of the elec
trode active material is expected to increase with intensity, resulting in a 
logarithmic change in the zero current potential. 

Figure 10 shows the variation of the logarithm of the current as a 
function of the logarithm of the light intensity. The current is shown to 
increase linearly up to a light intensity of 100 mw./sq. cm., followed by a 
current saturation region. 

The variation of the photopotential as a function of the logarithm of 
the light intensity is shown in Figure 11. It can be seen that the photo-
potential is a monotonie function of the light intensity. The linear portion 
between 1 and 100 mw./sq. cm. has a slope of 0.055 volt/log Ιφ. This could 
be explained by a Nernst-type relationship of the form 

Ε = E*-—\ogI* 
η 

where ΙΦ is the light intensity and the other symbols have their usual 
meanings. In this case, the slope of the straight-line plot is 0.059/n. The 
actual slope of 0.055 strongly suggests a reaction mechanism involving a 
1-electron change as the rate-determining step. 

E F F E C T O F T H E T H I C K N E S S O F T H E D Y E COATING . It was expected 
that, as the thickness of the dye coating increased, a larger percentage of 
the incident light would be absorbed, as was found to be the case. However, 
the quantum yield of electrons defined as 
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Figure 10. Limiting current as a function of light intensity 
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electrons produced 
λ "* photons absorbed 

at a fixed load and at a wavelength λ of 598 ηΐμ decreased (Figure 12). 
Figure 13 shows the effect of the dye thickness on the energy-conversion 

ratio energy (energy output/energy absorbed). It can be seen that the 
energy conversion efficiency decreased rapidly as the thickness of the dye 
film increased. The optimum value occurred with 5 X 10~6 gram of 
dye/sq. cm. electrode surface, corresponding to a surface coverage of 
approximately 10 monolayers of dye. 

0.4 

LIGHT INTENSITY ( mW/cm* ) 

Figure 11. Photopotential as a function of light intensity 

M E C H A N I S M O F D Y E - C O A T E D E L E C T R O D E E N E R G Y C O N V E R S I O N . It 

is generally accepted that photogalvanic effects are associated primarily 
with volume properties of material, whereas photovoltaic effects are asso
ciated with surface properties and the interfaces between phases. The 
interface may be between two solids such as a metal semiconductor, two 
semiconductors, a solid and a gas, or a solid and a liquid. The interface 
presents an energy barrier to the diffusion of electrons. Upon illumination, 
electrons are excited to higher energy levels and are transferred across the 
interface, causing a potential difference across the barrier. 

In the case of dye-coated electrodes, two such interfaces exist: one 
between the dye and the metal and the other between the dye and the 
solution. When the dye is illuminated, electrons are raised to the conduc
tion band of the dye. These electrons may recombine with the vacated 
holes, in which case they would not contribute to the photopotential; they 
may be transferred to the platinum electrode, in which case a negative 
photopotential would be observed; or they may migrate to the solution 
interface and generate a positive photopotential. The sign and magnitude 
of the photopotential are thus determined by the potential of the electrolyte 
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Figure 12. Quantum yield of electrons as a function of dye coating thickness 

in contact with the dye. Strong reducing agents will repel electrons so that 
the electrons will tend to flow toward the metal interface, thereby creating 
a negative photopotential. 

On the other hand, in the presence of weaker reducing agents or 
stronger oxidizing agents, the direction of electron migration will tend to 
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be reversed, causing more positive photopotentials. The dye thus acts as 
an electron pump between an electron reservoir and an electron sink. 

On this basis, an explanation of the effect of dye thickness on the 
quantum efficiency can be given. Increasing the film thickness of the dye, 
which is a poor conductor, presents increased resistance to the flow of 
electrons. In addition, for current to flow, the carriers generated by light 
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must migrate to one of the interfaces. The probability of a charge carrier 
diffusing to the interface falls off rapidly as the thickness of the dye layer 
increases. 

This model is most easily described in terms of band theory of solids. 
As shown in Figure 14, the valence band is separated from the conduction 
band by a forbidden energy gap, the electrochemical potential of electrons 
(Fermi level EF) residing in this gap. At equilibrium, the electrochemical 
potential of the solid dye coincides with that of the contacting solution. 

DISTANCE ~ ~ 

Figure 14- Band structure of dye-coated metal-electrolyte interface 

Upon illumination with photons of energy equal to the band gap value, 
hole-electron pairs are created, and the charge distribution at the dye-
electrolyte interface changes. In the presence of strong reducing agents 
(electron donors) the dye surface becomes negatively charged, repelling 
electrons from the region just below the surface, leading to a depletion 
region. For reducing agents, in a similar fashion, an accumulation region 
is created due to net positive surface states. The result is a net bending 
of the bands at the electrode-electrolyte interface as shown in Figure 15. 

Because the Fermi levels at the dye-electrolyte interface must corre
spond, the potential of the electrolyte must shift in accord with the amount 
of band bending induced in the solid dye layer. This amount of bending 
corresponds to the photopotential Εφ, because any electron transferred 
across the interface differs by precisely this amount of energy from the 
electron in the bulk. Upon passage of a finite current, the surface charges 
are dissipated, and the band bending is diminished. This effect accounts 
for the polarization phenomena observed with V B B on platinum electrodes. 

In the course of drawing current, the reducing or oxidizing agent in 
the electrolyte exchanges electrons with the electrode, leading to a product 
in the solution of a distinctly different oxidation state from the original 

ELECTROCHEMICAL 
POTENTIAL OF 
ELECTROLYTE 
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DISTANCE 

Figure 15. Changes in band structure of dye-coated electrode-electrolyte when 
illuminated in presence of reducing and oxidizing solutions 

reactant. In the case of ascorbic acid as the reducing agent, the product is 
dehydroascorbic acid. This stable species accumulates and can be used as 
fuel in a parallel cell or used to run the original cell in reverse of the photo
chemical mode. 

E N E R G Y C O N V E R S I O N E F F I C I E N C Y O F T H E V I C T O R I A B L U E B - A S C O R B I C 

A C I D S Y S T E M . The maximum power density box cell, using 2 moles/liter 
of ascorbic acid and an Ag/AgCl working electrode, was 135 MW . /sq. cm. 
at a power input of 62 mw./sq. cm. Thus, the overall power conversion 
efficiency was 0.22%. 

During the course of operating this system, the number of faradays 
of electricity generated at the dye-electrolyte interface was greater than 
1000 times the number of moles of dye on the electrode. This conclusively 
demonstrates that the Victoria Blue Β electrode is not consumed during 
the reduction of ascorbic acid, but functions as an inert electrode which 
exchanges electrons with the oxidation-reduction couple in contact with it 
under the influence of photons of appropriate energy. 

The properties of a dye-coated electrode dipping into an electrolyte 
may be likened to a p-n junction type of solar cell. The dye is considered 
to be a p-type semiconductor and the electrolyte with an η-type reducing 
agent. The losses of efficiency can now be compared to those of solar cells. 
Kleinman (SO) and Wolfe (52) attributed losses of efficiency in solar cells 
to the following: 

• Reflection loss. This is a surface effect and with dye systems is 
probably low. 

• Absorption of only part of the solar spectrum. 
• Utilizing only part of the energy of the incident photon in the 

excitation step. Only those photons whose energy is equivalent to the 
threshold energy can be completely utilized. Energy in excess of that 
needed to excite the electron is dissipated as heat. 
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• Incomplete collection of the current-carrying particle. Applied to 
the dye system, this is caused by radiative decay or collision with foreign 
particles before reaction with the reducing agent can take place. 

• Junction loss. This is the difference between the theoretical energy 
gap and the observed open-circuit voltage and is due to diffusion of charges 
across the p-n junction. 

• Resistive loss. 

For solar cells, the efficiency defined as the quotient of power output 
to incident solar power may be written as 

η = ί,ντπμ 

where μ is the ultimate efficiency based on energy gap considerations, ν is 
the ratio of the open-circuit voltage to the gap voltage, U is the probability 
that an incident photon creates an electron hole pair, and m is an impedance 
matching factor defined as the ratio of the power obtainable in a matched 
load to the product of open-circuit voltage and short-circuit current (52). 

The dye-coated electrode system differs somewhat from ordinary solar 
cells, so that two more factors must be introduced into the expression for 
the efficiency: / is the fraction of incident light absorbed in the visible 
region and must be included because the dye does not absorb all wave
lengths greater than threshold, and ηβ is the electrochemical efficiency at 
the dye-solution interface. Thus, the expression for overall efficiency is 
given by 

Coverall = ί$νΤΠμ^β 

In this work it has been found that 

μ = 0.42 
ν = 0.26 

m = 0.46 
/ = 0.40 

No estimates of ne have been possible, so that maximum values of 
unity have been assigned to these quantities. Using these values, an esti
mate of the maximum efficiency can be made. Based on quantum yield 
measurements, mobility estimates, and lifetime of hole-electron pair cal
culations, a value of 0.1 for U appears reasonable. 

Using the tabulated values, it is apparent that 

V £έ 0.2% 
under idealized conditions. 

The maximum power-conversion efficiency found under static condi
tions was of the order of 0.2%, corresponding well to the maximum 
calculated efficiency. 

Conclusions. This study clearly indicates the conceptual feasibility 
of a model photochemically regenerative emf cell but also strikingly demon-
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strates the practical efficiency limitations of such systems. The system 
described is by no means an optimum one, and efficiency improvements of 
at least an order of magnitude may be readily anticipated. However, it is 
unlikely that such systems could even approach such conventional power 
sources as solar cells and storage batteries in terms of simplicity, efficiency, 
and reliability. 

Nomenclature. Because some confusion exists in the literature, the 
definitions and symbols used in this section are summarized below: 

• The dark potential E* is the potential relative to a standard reference 
cell, which the photosensitive electrode assumes in the absence of light 
under open-circuit conditions. 

• The photo-induced potential El is the potential which the photo
sensitive electrode assumes upon illumination at open-circuit relative to a 
standard cell. 

• The photopotential Εφ is the change in the photosensitive electrode 
potential resulting from illumination. Thus, E$ = E% — Ε%. 

Conclusions 

The desirability of any power source is, in general, determined by two 
major considerations: efficiency and reliability. For regenerative systems, 
designed to operate continuously for long periods of time without 
maintenance, these factors assume even greater importance. Efficiency 
considerations demand that practical thermal or photoregenerative electro
chemical systems have efficiencies comparable with those of conventional 
devices, such as silicon solar cells or thermoelectric systems. High degrees 
of reliability and compatibility with environment demand simplicity of 
design and operation, a minimum number of moving parts, and, for space 
applications, operational characteristics independent of gravitational 
effects. 

Photochemically regenerative electrochemical devices must compete 
with solar cell-storage battery systems. Therefore, efficiencies must be 
comparable or storage capacity must compensate for lower efficiencies. 
The photochemical system described here, however, proved to have opera
tional efficiencies two orders of magnitude lower than desired. In this case, 
the energy storage capacity does not compensate for the low efficiency. 
Many of the factors which set an upper limit on the efficiency of solar 
cells, however, cannot be applied to photoregenerative chemical systems. 
Therefore, efficiencies of the order of 20% are theoretically possible. The 
possibility is not to be precluded that future developments in photo
chemistry may result in new systems that can be incorporated into photo
regenerative electrochemical systems capable of achieving more efficient 
conversion of light into electrical energy. 
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Thermally regenerative chemical systems pose many basic problems. 
Although high power density galvanic cells can be operated, continuous 
regeneration of the reactant materials is not easily achieved. Thermal 
dissociation of the cell reaction product is thermodynamically possible in 
many cases. However, efficient separation of dissociation products is com
plicated in most instances by rapid back reactions. 

Evaluation of alternative methods of regeneration has indicated that 
electrolytic regenerative methods conceivably could be incorporated into 
high efficiency systems. Any of these systems, while theoretically feasible, 
appear to be operationally limited owing to the inherent complexity of the 
complete assemblies. 

Thermocell devices are feasible, but efficiencies are low, and no energy 
storage capacity exists. It is in the studies of thermocells, however, that 
the key to understanding individual electrode temperature response is to 
be found. Such understanding is basic for analyzing nonisothermal electro
chemical systems. 

At present, developing reliable and efficient thermally regenerative 
electrochemical systems is severely hampered by materials problems. Lack 
of suitable construction materials resistant to high temperature corrosion 
by fused salts and reactive gases remains a major obstacle to future 
progress. It is evident that at the present state-of-the-art, neither photo
chemically nor thermally regenerative electrochemical systems can compete 
with conventional power sources. Advances in this area will depend upon 
well-conceived basic research efforts in photochemistry, high-temperature 
electrochemistry, and material sciences. 
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Chemically Regenerative, Fuel Cell Systems 

JOHN M . MATSEN 
Esso Research & Engineering Co., Linden, N. J. 

Chemically regenerative, fuel cell systems have long been studied 
in the hope of circumventing the problems of direct electrochem
ical reaction of fuels and air. These cells employ reaction inter
mediates which readily react at the electrodes and which are 
then regenerated with fuel and/or air. Such schemes received 
considerable attention at the turn of the century, and some 
studies have been made recently with difficult fuels such as coal. 
The present trend, however, is to highly reactive fuels which 
readily undergo direct electrode reaction and to military or 
space applications where the additional weight and complexity 
of chemically regenerative systems is highly undesirable. 

'Tphe possibility of obtaining electrical energy from an electrochemical 
A reaction between air and common fuels has been recognized for over 

160 years, almost as long as knowledge of any type of galvanic cell has 
existed. Progress toward this end has been slow, primarily for two reasons: 
(1) common fuels and air are typically unreactive in processes less violent 
than combustion; (2) difficulties exist in bringing even the more reactive 
fuels, such as hydrogen, properly to an electrode surface to cause the 
desired reaction, accompanied by the release of electrons. Chemically re
generated, fuel cell systems try to circumvent these problems. Such cells 
use reactive (but expensive) intermediate substances which readily partic
ipate in the electron-exchanging reactions of oxidation at the anode or 
reduction at the cathode. Having reacted within the cell to produce an 
electric current, the intermediate reaction products are then removed from 
the electrodes and regenerated by chemical reaction with fuel or air. The 
regeneration is facilitated because no electrodes take part and because 
it can be carried out under optimum conditions for regeneration with 
little regard for conditions within the fuel cell. 

Chemically regenerative systems are generally inefficient because 
intermediate reactions are introduced that can never be totally efficient. 
There are no inherent limitations, however, such as exist for thermally 
regenerative, fuel cell systems which are subject to Carnot cycle efficiency. 
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For research purposes, a regenerative, fuel cell system can be broken 
down into four reactions—anode reaction, intermediate fuel regeneration, 
cathode reaction, and intermediate oxidant regeneration, all of which may 
be investigated separately. These individual reactions are either already 
known or easy to postulate with pencil and paper. It is possible, too, to 
combine one regenerative electrode with another direct electrode or, for 
experimental work, with a driver electrode. Much of the effort on chem
ically regenerative cells has not resulted in complete integrated systems 
but has rather studied only one of the reactions or, occasionally, has 
postulated the entire scheme. 

Chemically regenerative cells may be classified according to the type 
of the reactant fed to the electrode. Many studies have been made with 
metallic and gaseous intermediates, although these are now mostly of 
historical interest. Redox fuel cells, using dissolved reactants, have histor
ical aspects but have also been subject to extensive research in the past 
decade. 

Cells with Metallic Intermediates 

Perhaps the first chemically regenerative, fuel cell system to be pro
posed was that of Faure (12) in 1891. His system used a consumable iron 
anode in an aqueous sodium chloride electrolyte. After the iron had been 
oxidized to ferrous ion, it was separated by precipitation as iron carbonate. 
The carbonate was then reduced to iron by reaction with fuel. 

Rawson (84) proposed a high temperature cell in which a fused salt 
oxidized a metal such as lead in the anodic reaction. The metal oxide was 
then reduced by carbon or other reducing agent, and the salt was regen
erated by oxygen. No performance figures were quoted, but temperatures 
of 1850°F. were necessary for best operation with lead. Such temperatures 
present formidable problems even today. 

Tourneur (46) patented a system in which K 2 S was anodically oxi
dized to K 2 S 0 4 . This was separated by crystallization and reduced to the 
sulfide in a furnace. The cathode consisted of air bubbled over a carbon 
electrode which was immersed in an electrolyte of nitric acid. A semi
permeable membrane separated the anode and cathode compartments so 
that direct reaction could not occur. 

One of the few American workers in fuel cells at the turn of the 
century was Jone (19), who patented a rather roundabout system. When 
a consumable tin anode was immersed in an electrolyte of potassium hydrox
ide, potassium stannite formed. Barium hydroxide was added periodically 
to precipitate barium stannite. The precipitate was removed from the cell 
and heated with carbon or carbon monoxide to yield tin and barium 
oxide. At the cathode, mercuric oxide was reduced to mercurous oxide, 
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which was removed and dissolved in nitric acid. The resulting mercurous 
nitrate was heated to regenerate the mercuric oxide and yield nitrogen 
oxides, which were reconverted to nitric acid by air oxidation. Jone claimed 
a 20% energy recovery was possible for this scheme. 

Rideal and Evans (87) in 1921 suggested several types of regenerative 
cells. One used tin anodes in an electrolyte of molten sodium carbonate. 
The reaction product was sodium stannate dissolved in the electrolyte and, 
when this was treated with fuel, tin globules precipitated for reuse at the 
anode. A second cell used tin anodes in an aqueous HC1 electrolyte. Tin 
chloride precipitated and could then be filtered and reduced to tin. A 
third type was essentially a chemical regeneration scheme superimposed 
on the Edison cell. An iron anode was oxidized to iron hydroxides while 
nickel hydroxides were reduced cathodically. The electrolytes were period
ically regenerated by heat and a reducing or oxidizing agent. 

There has recently been a report (29) of a metal anode, regenerative 
cell which is being developed in the Department of Fuel Technology at 
Sheffield University. At room temperature, the cell oxidized a metal and, 
at a high temperature, this was then reduced with coal. In 1961 the scheme 
had been developed at the prototype stage. 

Most recently, Roulin and Lehmann (38) operated a high-tempera
ture tin, regenerative cell with an electrolyte of alumina or calcium oxide 
in molten cryolite. A layer of tin on the base of the cell served as anode. 
Being insoluble, the tin oxide product floated to the electrolyte surface. 
Carbon monoxide sparged through the electrolyte and reduced the oxide 
so that tin precipitated back to the anode. The cathode was molten silver, 
through which air was bubbled. At 980°C, the cell gave 0.8 volt at open 
circuit. A l l polarization losses seemed to be resistive, and at short circuit 
the cell produced 1.3 amp. from a cathode area of 3.8 sq. cm. 

Cells with Gaseous Intermediates 

The second type of cell with chemical regeneration uses a gaseous 
intermediate as the cell fuel or oxidant. The first one of this type was 
perhaps the Reed's (85) cell, which consumed CS2 at the anode and S0 2 

at the cathode to give the overall cell reaction of 2H2S + S0 2 —•> 2H 2 0 + 
3S. The regeneration reactions were: 

S + 0 2 -+S0 2 

and C + S 2 -> CS 2 

CS 2 + 2H 2 0 -> 2H2S + C0 2 . 

Heat was exchanged between several steps in the process, and an overall 
efficiency of 61% was thermodynamically possible. From a working cell, 
Reed obtained 0.36 volt, compared with the figure of 0.63 volt that was 
theoretically attainable. 
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Jungner {20) used S0 2 as the anode fuel, oxidizing it to H2SO4 by 
bubbling it through an anode compartment filled with carbon chunks. 
A porous diaphragm isolated the cathode which used air with a catholyte 
of nitrosyl sulfuric acid. The cell gave 0.5 volt at 70°C. and open circuit. 

Taitlebaum {48), working with the same anode system, substituted 
redox couples at the cathode. The V + 4 / V + 6 couple worked best, giving up 
to 0.6 volt without load, but it polarized rapidly. 

Taking advantage of the relatively high, cathodic activity of chlorine, 
Nernst {26) devised a hydrogen-chlorine cell. Hydrochloric acid was both 
the reaction product and the electrolyte. Chlorine was recovered from this 
by the Deacon process, 

2 H C 1 + *0 2<=±C1 2 + H 2 0 . 

Unfortunately, the Deacon process has an unfavorable equilibrium at high 
temperatures and a low reaction rate at thermodynamically reasonable 
temperatures. 

The patents of Gorin {18, 14, 16) in the early 1950's disclosed an 
integrated coal gasification-carbon monoxide cell which might be classed 
as partially regenerative. The cell consumed CO and oxygen: 2 CO + 
0 2 —> 2 C0 2 . Half of the C 0 2 was then recycled to the regenerator, C 0 2 + 
C —• 2 CO, so that the overall reaction would be C + 0 2 —* C0 2 . Heat 
must be transferred from the exothermic cell reaction to the endothermic 
regeneration reaction. This process circumvents the inefficiency inherent 
in consuming CO obtained from a direct reaction between carbon and 
oxygen. Gorin and Recht {16) at Consolidation Coal Co. did extensive 
work on a high-temperature cell suitable for such applications. The inte
grated system combining cell and gasifier has never been operated, however. 

Additional cells using S0 2 obtained from reduction of H2SO4 have 
been studied by Posner {82) and Randolph {88) and are mentioned with 
the redox cell work in the next section. 

Redox Fuel Cells 

The redox cell has probably received more attention than any other 
type of regenerative fuel cell. In this scheme, the electrolytes in the anode 
and/or cathode compartments contain ions of metals which can exist in 
more than one valence state. At the anode such a redox couple is oxidized, 
while another couple is reduced at the cathode. These couples are then 
regenerated by reaction with fuel or air. A typical redox cell is shown in 
Figure 1. Here Fe+2 is oxidized to Fe+3 at the anode and then circulated 
to an external reaction chamber for regeneration with the fuel. Bromine 
is reduced to Br~ at the cathode and externally reoxidized with air. A semi
permeable membrane separates the anode and cathode compartments to 
prevent mixing and direct reaction of the anolyte and catholyte ions. 
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AIR 

INERT ELECTRODES 
CATHODE ANODE 

I I 

i.f. • .* 

FUEL 

CATHOLYTE 
REGENERATOR 

ANOLYTE 
REGENERATOR 

SEMI-PERMEABLE 
MEMBRANE 

Figure 1. Schematic redox cell arrangement 

Perhaps the first to attempt a redox cell was Borchers (8) in 1894. 
A single redox couple, Cu + 2/Cu+, w a s used, with CO as the fuel and with 
air as the oxidant. The postulated reactions were as follows: 

Anode: 2 CI" —> C l 2 + 2 er 
Anode regeneration: C l 2 + CO (as CuCl complex) + H 2 0 

-> C 0 2 + 2 H+ + 2 C l -
Cathode : 2 Cu+2 + 2 er 2 Cu+ 
Cathode regeneration: } 0 2 + 2 Cu+ + 2H+ 

- •2Cu+ 2 + H 2 0 . 
Copper anodes were used, and no weight loss was noted. An open-circuit 
voltage of 0.4 volt was measured. Tatlow (44) did additional work on such 
a cell, finding an initial voltage of 0.2, and 0.36 as soon as the coal gas 
fuel was admitted to the anolyte regenerator. There seems to have been 
considerable doubt as to the validity of this work, however. Barnes and 
Veesenmayer (4) reported that the cell voltage did not depend on the 
presence of CO, that no C 0 2 was found in the anode gases, and that the 
cell was almost inactive when the copper anode was replaced by one of 
carbon. Later reviews (1, 87) tended to discredit Borchers' results. 

Several other early workers used salts of variable valent metals. 
Welsbach (46) and Baur (δ) applied the cerous-ceric couple. Keyzer (21) 
used the ferrous-ferric system, and Nernst (27, 28) reported that the 
addition of titanium, thallium, or cerium salts increased the current in 
a cell. 
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Eggert (11) measured the adsorption velocity of hydrogen and oxygen 
by salts of V, Mo, Co, Sn, Fe, Mn, U , and Ti . A heterogeneous reaction 
occurred here, with the employment of the platinum black stirrer. The 
rate was proportional to surface area of the stirrer and was highest when 
the stirrer was exposed to the gas phase. No specific fuel cell use was 
mentioned, but the applicability is clear. 

Siemens-Schuckertwerke (89) patented a cell which oxidized hydrogen 
iodide to iodine. Regeneration was accomplished by contacting the iodine 
with fuel and water. 

A novel system reported in 1921 by Rideal and Evans (87) consisted 
of a molten phosphate glass containing redox couples of Mn, U , V, Ce, 
Cr, N i , Cu, and Fe. These were reduced by coal gas or oxidized by air. 
Transport properties were poor, and much more current could be drawn 
when the cell was stirred. 

Lamb and Elder (22) conducted what was probably the first careful 
kinetic study of a redox regeneration process—the air oxidation of ferrous 
to ferric sulfate. They found the rate unimolecular with respect to oxygen 
partial pressure and bimolecular with respect to ferrous ion concentration. 
It was independent of acid concentration above 0.23M but increased 
rapidly below that. Catalysts noted were CuS0 4, charcoal, and platinum 
black, which also catalyze hydrogen peroxide decomposition; the possibil
ity of a relationship was mentioned. This main series of measurements 
was made by following the change in redox potential with time. Later, a 
working cathode was run in the redox electrolyte with air regeneration 
taking place. A current of 21.5 ma./sq. cm. could be drawn at 0.606 volt 
vs. hydrogen. 

Carson (9)> at Ohio State, constructed a complete redox, fuel cell 
system using air on the cathode side and carbon monoxide as the fuel. 
The catholyte, redox couple was ferric-ferrous, and the anolyte couple was 
the iodine-iodide system. The flow pattern of this cell was unusual in that 
the same electrolyte was circulated through all the reaction zones of the 
system—from fuel reaction zone to anode to air oxidation zone to cathode. 
The result of this pattern, however, was a concentration cell which was 
poised at two potentials rather than at one potential as is common in 
concentration cells, so that a finite E0 existed, and concentration polariza
tion was less critical. A salt bridge provided electrolytic connection be
tween anode and cathode. Palladium was required as a catalyst for the 
reaction between carbon monoxide and iodine. For the air oxidation of 
ferrous ion, copper served as catalyst; unfortunately, solid cuprous iodide 
formed in the complete cell system and caused serious mechanical prob
lems. Finally the copper was omitted, and oxygen with ozone was used 
as oxidant. The total cell was run for over three hours, giving open-
circuit voltages of 0.26-0.33 volt and producing 0.86 ma./sq. cm. at short 
circuit. 
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Sir Eric Rideal directed work on redox cell systems at Kings College, 
London, from 1950 to 1955. Posner (32) described their attempts at ano-
lyte regeneration by reaction with the fuel—in this case coal. Preliminary 
studies showed a reaction between coal and acid solution of Fe*8, Cu+2, 
and H g i 2 but not with Cr+8 or Sn+4. Low rank coal was more reactive. 
A more intensive study was made on Cu+2, although meaningful rate data 
were not obtained. Reduction of Cu+2 was about four times that needed 
to produce the amount of C 0 2 evolved. Because no CO, H 2 , or soluble 
carbon compounds were found, the formation of large quantities of solid 
reaction products was indicated. About 15% of the carbon present was 
apparently affected "without any exceptionally rapid decrease in activ
ity. " The final report of the Kings College group (6) included data on the 
reduction rate of H 2 S0 4 to S0 2 . Rates were greatest in acid concentrations 
above 80% and were independent of particle size. The activation energy 
was 33 kcal./mole. First- or second-order reaction kinetics could not be 
fitted to the data, and no analytic expression of rate compared with time 
or compared with extent of reaction was made. The initial rate was high 
(as much as 15% of the coal was consumed in the first half hour) but 
decreased rapidly, so that the total time of 844 hrs. was needed to oxidize 
51% of the coal. 

For catholyte regeneration, Posner (30, 31) first studied oxidation of 
F e + 2 to Fe+3 by air. Results were similar to those already mentioned for 
Lamb and Elder (22). The rate equation could be written as: 

d[Fe+*]/dt = fc[02][Fe+2]([H+] -5.5). 
When catalyzed by charcoal of surface area [S], the rate became: 

d[Fe+*]/dt = fc[02][Fe+2][H+][S]/([Fe+2] + [Fe+*]). 
The system is undesirable because the standard potential of the Fe + 2/Fe+ 3 

couple is not close to the 0 2 standard potential. As Strocchi and Foraboschi 
(41) emphasized, this couple could reach oxygen potential; however, it 
would be unpoised, so that a very small extent of reaction would cause a 
large change in redox potential. Merton-Bingham and Posner (25) re
ported work on the Br°/Br~ couple which has a much more favorable 
standard potential. Finding the reaction to be catalyzed by NO, they 
proposed a six-step reaction scheme. 

The latter group of investigators also reported work on an actual 
cell, using some of the redox couples which have been found to be regen
erate. Their cell was 9 cm. in diameter with porous carbon electrodes 
placed 1 mm. apart and separated by a semipermeable membrane. Most 
studies were performed with Sn+2/Sn+4 in the anolyte and Br~/Br° in the 
catholyte. No attempt was made to regenerate the tin couple with fuel in 
these rims, but regeneration of the bromine was successfully carried out in 
a 30 X 6 cm.-packed column. In runs of up to 8 hrs., no loss of activity 
of the NO catalyst in the bromine regeneration unit was apparent. At 
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50 ma./sq. cm., the cell produced 0.28 volt with an anode polarization of 
0.20 volt, a cathode polarization of 0.04 volt, and ohmic losses of 0.3 volt, 
as compared with open circuit. Theoretical voltage of the cell is about 0.9 
volt. This is very good performance except for the ohmic loss, and present 
technology should be able to reduce this to about 0.04 volt at this current 
density. 

Randolph (88), at Massachusetts Institute of Technology, worked on 
several redox regeneration schemes. At temperatures up to 100°C, no 
reaction was found between coal and Sn+4. Following this, hydrogen was 
tried and found to reduce Sn+4 very slowly at 30°C. A substantial reaction 
was found between coal and 96% H2SO4 at 100°C, with initial rates as 
high as 0.94 mmole/min. noted for 10 grams of coal. Different types of 
coal exhibited strikingly different rates. 

In 1959 Carson and Feldman (10) reported on redox cell work at the 
General Electric Co. with hydrogen used as fuel. Most of the mechanical 
problems of direct gas electrodes had already been solved, and advanced 
porous hydrogen electrodes were well-known. A hydrogen redox system 
still had the possible advantage, however, of being able to consume impure 
hydrogen (from a reformer), containing not only CO, CO2, C H 4 , etc., but 
also such catalyst poisons as S0 2 and H 2S. Using palladium black, Carson 
and Feldman were able to catalyze this fuel to react with the Ti+ 4/Ti+ 3 

couple. Their cathode couple was Br°/Br- catalyzed by NO. A seven-cell, 
100-watt battery was built and operated continuously for 16 days with 
satisfactory regeneration of the anolyte and catholyte couples. 

Bond and Singman (7), of the Diamond Ordnance Fuze Laboratories, 
studied electrode kinetics of several redox couples on electrodes of plat
inum, carbon, titanium, and tantalum. On porous carbon electrodes, the 
Ti+8/TiO+2 and Br~/Br 2 couples were found suitable at anode and cathode. 
The couples react fairly reversibly, and at 200 ma./sq. cm., polarizations of 
0.18 and 0.09 volt, respectively, were found. 

The Br~/Br° couple for air regeneration was also investigated by 
Reneke (86) at the University of Florida. He followed the work on Merton-
Bingham and Posner (87) but had serious problems with their analytical 
techniques and concluded their results were in error. Using their data, he 
nevertheless calculated the size of packed tower needed for the regenera
tion reaction. A 10 kw. unit required a tower 130 ft. high and 1.5 ft. in 
diameter, clearly a prohibitive size. 

Austin (2) at Pennsylvania State University studied the possibility of 
regenerating tin and titanium couples for use at redox anodes. The Ti+4 

ion could not be reduced by formic acid, formaldehyde, or methanol. 
Irreversible hydrolysis to T i 0 2 occurred, too, except under conditions of 
high acid concentration and low temperature. With Sn+4 there were no 
hydrolysis problems, but no significant reactions with fuels occurred. 
Austin et al. (3) also developed equations for porous electrodes operating 
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on redox couples, and they checked their solutions experimentally, using 
the Sn+4/Sn+2 couple. 

The Rome Air Development Center, Griffiss Air Force Base, Ν. Y . , 
is reported (18) to be working on a redox cell using the Sn+2/Sn+4 and 
Br 2 /Br~ couples in acid solution. Commercial carbon electrodes catalyzed 
with platinum have been used, with NO also used as a cathode catalyst. 

One of the most successful electrodes has been developed at Esso 
Research and Engineering Co. in the form of their nitric acid redox cath
ode. Nitric acid, typically at concentrations of 1% or 2% in 30% sulfuric 
acid, was reduced cathodically to nitric oxide and then externally regen
erated to the acid by contact with air. Shropshire and Tarmy (40) elu
cidated the mechanism of the electrode reaction as follows: 

H+ + N0 3 - τ± H N 0 3 (undissociated) (1) 
H N 0 3 + 2 NO + H 2 0 3 H N 0 2 (slow, rate-limiting) (2) 
3(HN0 2 + H+ + e~ -» H 2 0 + NO) (electron transfer) (3) 

or 4H+ + NO3- + 3 e~ - • 2 H 2 0 + NO (overall) (4) 

Thus, it is seen to be a rather complex autocatalytic reaction. A polariza
tion curve for this system on a platinum-black electrode is shown in 
Figure 2. The performance is much better than that obtainable from direct 
air electrodes with such electrolytes and temperatures, presumably be
cause the redox electrode does not operate through a peroxide intermediate 
which causes considerable polarization at a direct electrode. 

Regeneration of the nitric oxide proceeds by the well-known scheme: 

2 NO + 0 2 - • 2 N 0 2 

3 N 0 2 + H 2 0 <± 2 HNO3 + NO 

ο 
> 
> 
££ 
Ο 
Lu Χ 
LU 
Ο 
> 
Χ 
Ο 

α: < 
ο ο. 

.50 

.40 
3.7 M H 2 S 0 4 

8 2 ° C 
ELECTRODE: 8 Mg/Cm2 

PLATINUM BLACK / FAILED 

V 

150 200 
2 
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Figure 2. Performance of nitric acid redox cathode 
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This fairly rapid reaction could be carried out quite well in the apparatus 
shown in Figure 3 and was reported by Tarmy et al. (42). Air was sparged 
into the electrolyte where it mixed with the NO produced at the cathode. 
A surfactant was added so that a foam would be produced. The foam gave 
a large liquid-gas interface so that almost complete conversion could be 
effected in the small regenerator shown. Some losses of NO in the exhaust 
gas are inevitable. These were reduced to one mole lost for every 32 moles 
regenerated and could doubtless be reduced further. Total cell perform
ance for this unit with a methanol anode is shown in Figure 4. 

Figure 3. Esso methanol cell with air regenerated nitric acid cathode 

Despite its excellent performance, the system is no longer under 
investigation. Like so many other regenerative schemes, it was a victim 
of advancing technology in more direct systems. A new, highly active 
anode was developed which was seriously damaged by nitric acid. New, 
direct-air cathodes were also being developed and one, the Cyanamid type 
AA1, became available commercially. The cathode was very sluggish at 
ambient temperatures so that the cell could not be started without ex
ternal heating. These factors, plus the somewhat greater complexity and 
NO losses for the redox electrode, more than offset its high performance. 

Kinetics of the reduction of Fe+3 to Fe + 2 by coal in an aqueous slurry 
were reported by Matsen and Linford {24). The reaction of interest might 
be represented as: 

2 Fe+3 + H 2 0 + C -> 2 Fe+2 + 2 H+ + C : Ο 
where C and C : Ο refer to original and partially oxidized forms of the fuel. 
The reaction tends to reduce the ratio, [Fe+3] : [Fe+2], which determines the 
redox potential in the solution. A potentiostat was developed (23) which 
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Figure 4> Methanol-nitric acid cell performance 
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anodically reoxidized the ferrous ion at just such a rate as to keep the 
redox potential of the bulk solution constant. The current supplied by the 
potentiostat was then directly proportional to the rate of reduction of Fe+3 

by coal. Such a technique avoids problems of sampling and analytical 
procedures and is adapted to long-term unattended operation. Because the 
fuel reactivity changed considerably as the reaction proceeded and because 
the rate was potential-dependent, the potentiostat technique greatly facil
itated the gathering of meaningful data on this system. 

The rate (expressed as current from 1 gram of coal) vs. time relation
ship is seen in Figure 5 to consist of three, straight-line segments on a 
log-log plot. The initial portion of this curve had a slope of —0.4 for all 
conditions studied and seemed to correspond to a fairly definite amount of 
reaction. The second portion had a slope of —1.16; the slope of the third 
portion varied from run to run between —0.58 and —0.78. The rate-time 
relationship does not represent any simple order of reaction, but it does 
permit mathematical manipulation for calculating amount reacted and 
comparing reaction rates at equal extent of reaction. 

Correlation could be made only on the first portion of the rate curve. 
Here R, the specific rate (i.e., at equal extent of reaction), could be cal
culated from the rate at one hour, fc, and was equal to (fc)1-67. The value of 
R was found proportional to ([Fe+3]/[Fe+2][H+])1/2, while fc was propor
tional to the surface area, S. This is shown in Figure 6. The concentration 
dependence of R does not follow usual kinetic models. If, however, one 
thinks of these concentrations as determining the potential η of the solution 
relative to the solid fuel, then the rate may be expressed as the Tafel 
relationship : 
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RT, R RT, I 

with α, the transfer coefficient, being i , as it usually is for electrode reac
tion. This would indicate the novel phenomenon of a rate-limiting step of 

TIME, HOURS 

Figure δ. Rate vs. time behavior for oxidation of coal by ferric ion 
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electron transfer, not at an electrode surface, but rather at the surface of a 
particle in suspension. 

These results were not encouraging from the standpoint of fuel cell 
use. Rates were low so that only 1% of the coal could ever be oxidized in 
the first hour. Rates fell off rapidly with time with only 5% reaction taking 
place in 72 hrs., which means that utilization would be low for realistic 
reaction times. No reaction occurred below about 0.4 volt relative to 
reversible carbon electrode, and this would cause large voltage efficiency 
losses. It should be noted, however, that Posner (82) obtained much higher 
rates for coal redox reactions, and that he apparently used much more 
porous, reactive coals. The limits of temperature, particle size, and other 
reaction variables likewise can be extended beyond the ones of these 
experiments so that higher rates may be expected on that count also. 
Although such a fuel cell system has not proved attractive, there yet 
remain avenues of approach that may make it so. 

Status and Outlook 

When research in fuel cells surged to popularity in the generation from 
1890 to 1920, systems using chemical regeneration constituted a substan
tial portion of the work. They were probably about as successful as direct 
fuel cells in trying to achieve the goal of consuming air and primary fuels 
such as coal and natural or manufactured gas. Lately, however, chemically 
regenerative cells have accounted for only a small portion of the effort. 
A shift in the intended uses of fuel cells is partly responsible. Large scale, 
power generation no longer seems close at hand for fuel cells because, thus 
far, fuel cells have not shown attractive efficiencies with cheap fuels, and 
because great strides have been made in increasing the efficiency of ther
mal power plants and in harnessing nuclear energy. Instead, recent em
phasis has been on using fuel cells for specialized military or space applica
tions, where cost of fuel is not of prime importance and where more 
expensive, highly reactive, direct fuels can logically be chosen. The new 
emphasis also places a premium on compactness and simplicity, putting 
regenerative cells at some disadvantage. 

A second factor has been the many advances in direct chemical cells 
which have eliminated what were once strong points of regenerative 
operation. Problems of getting reaction at the three phase interface of gas, 
electrolyte, and electrode have been solved with the recent introduction 
of more sophisticated gas electrodes which can sustain high reaction rates. 
Advances in catalysis have made possible the direct use of such fuels as 
alcohols and hydrocarbons at reasonable polarizations. Direct fuel cell 
batteries have been built in compact, self-contained units which produce 
useful power for operating demonstration equipment. This not only 
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attests to their advanced technology but also acts as a magnet for further 
support. 

Finally, performance of chemically regenerative cells has hardly been 
spectacular. Often the intermediate reactants chosen have inherently 
limited the thermodynamic efficiency of the process. Howard (17) has 
noted, for instance, that in a regenerative iron-air cell, 77 grams of coal 
are needed to regenerate iron from 1 gram-mole of ferric oxide, and this 
can produce 0.1 kwh. of power in a cell operating at 100% efficiency. The 
same amount of coal would produce 0.12 kwh. in a steam-generating plant. 
Most intermediates react fairly well at electrodes, but regeneration rates 
are usually slow. When such rates are high, as with air redox couples 
using bromine or nitric acid, substantial amounts of the intermediate may 
be lost. 

Thus, although chemical regeneration for fuel cell cycles has attractive 
features on paper, there has been no translation to practical advantages 
over direct fuel cells. A small effort in the area will justifiably continue, 
and perhaps a desirable combination of application plus system will be 
found. At present, however, the regenerative systems are not competitive 
and offer no great promise of becoming so. 
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Electrolytically Regenerative 

Hydrogen/Oxygen Fuel Cell Battery 

E. FINDL and M. KLEIN 

Electro-Optical Systems, Inc., Pasadena, Calif. 

The regenerative H2/O2 cell is basically a combination of a 
H2/O2 primary fuel cell and a water electrolysis cell in one 
compact package. Various size experimental units have been 
built from single cells (6-in. diameter electrodes) to a 34-cell 
series unit with nominal ratings of 28 volts, 500 watts, and 21 
amp.-hrs. capacity. Electrical testing has been conducted over 
a range of variables. Cycle life performance of 350 cycles on a 
test regime of 35 min. discharge and 65 min. charge has been 
achieved. 

TJlectrolytically regenerative fuel cells, unlike the continuously regen-
erated thermal or photolytic types, are energy storage devices rather 

than primary energy converters. As such, they operate in a pulsed or 
cyclical mode in the manner of a secondary battery. In principle, any 
regenerative fuel-cell system can be electrolytically regenerated (re
charged). However, the H 2 / 0 2 system appears to be the most suitable 
for this application, although a number of other systems have been in
vestigated. 

Electro-Optical Systems, Inc. (EOS) entered the H 2 / 0 2 regenerative 
fuel-cell field in 1960. Since that time, a great deal of progress has been 
made in developing the concept from a laboratory curiosity to the engineer
ing prototype stage (1, 2, 8). Details of the concept and current state of 
the art are presented along with performance data and projections. 

Technical Description 
The EOS cell is basically a combination of a hydrogen/oxygen pri

mary fuel cell and a water electrolysis cell in one compact package. During 
the charge mode of operation, water contained within an asbestos matrix 
separating the electrodes is electrolyzed to produce hydrogen at the anode 

292 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

7 
| d

oi
: 1

0.
10

21
/b

a-
19

67
-0

06
4.

ch
01

7

In Regenerative EMF Cells; Crouthamel, C., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1967. 



17. F i N D L AND K L E I N Regenerative H2/O2 Cell 293 

and oxygen at the cathode. As gas is evolved, it is fed by appropriate 
manifolds to integral tankage. During discharge, the stored gases are 
recombined to form water, which returns to and is absorbed by the asbes
tos matrix. The same electrodes serve as the reacting surface for both the 
charge and discharge mode of operation. 

Concentrated aqueous potassium hydroxide, contained in the asbestos 
matrix, serves as the electrolyte and the source of water for electrolysis. 
The quantity of electrolyte employed is such that the solution is totally 
absorbed by the asbestos matrix, and no free liquid exists within the 
system. Typically, fuel cell-grade asbestos (Johns Manville, Inc.) is 
utilized having a dry thickness of 0.060 in. Our standard asbestos matrix is 
a disc, 6 in. in diameter, weighing 27 grams (dry), and containing 32 grams 
of 40 weight% K O H . The asbestos mat is placed between the electrodes 
and is compressed during cell assembly to 0.040 in. This compression 
severely decreases cross leakage of H 2 and 0 2 through the mat and causes 
a partial penetration of the electrolyte into each of the electrodes. 

During charge—i.e., the electrolysis mode of operation, water is 
decomposed from the mat at the rate of 0.336 gram/amp. hr. of charge. 
Figure 1 shows residual K O H concentration as a function of amp. hrs. of 
charge for a standard 6-in. diameter cell. 

Limitations exist as to the extent of charging, aside from the obvious 
one of increased resistance due to loss of ionic conductivity. Using the 
32/27 ratio of electrolyte to asbestos weight, beyond œ 25 amp. hrs., 
cross leakage of H 2 and 0 2 through the asbestos matrix becomes appreci
able. This cross leakage results in water formation at the electrodes. At 
the limit, the water formation rate due to cross leakage equals that due to 
electrolysis, resulting simply in the formation of heat. 

As discharge proceeds, water is formed that is absorbed by the asbestos 
matrix. Here too, limitations exist because too rapid formation of water 
results in the reaction zones being flooded and a decrease in performance. 
The effects and limitations of the system in regard to drying out toward 
the end of charge and flooding toward the end of discharge are mass 
transport, rate-dependent processes. Slower rates of charge and discharge 
allow the use of higher capacities without encountering performance 
fall-offs. 

Because the electrodes serve both in the charge (electrolysis) and dis
charge (fuel cell) mode, their design criteria are somewhat different from 
that of an electrode used exclusively for either of the above operations. 
From a purely electrolysis standpoint, it is desirable to have a nearly 
flooded system, whereas for the primary fuel cell mode, a somewhat dryer 
reacting surface, maximizing the triphasé reaction area, is desirable. 
These two criteria are in conflict. Therefore, a design compromise must be 
made for use in a regenerative mode, as to electrolyte quantity within the 
asbestos matrix, concentration of electrolyte, matrix compression, and 
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Δ.H 

Figure Î. Effect of KOH concentration as a function of A. H. charge 

electrode structure. A number of electrodes have been developed for this 
application. A normal type consists of a porous plaque that is fabricated 
by sintering ̂ carbonyl nickel powder evenly spread over a nickel screen. 
(The plaques employed are nominally 0.020 in. thick.) These plaques are 
then uniformly catalyzed with platinum black to loadings of 20 mg. 
Pt/sq. cm. 

As opposed to primary fuel cells, the reaction zone within the regen
erative cell electrodes shift in and out as the water content in the asbestos 
changes during the charge and discharge cycle. Therefore, fixed zone-type 
electrodes are not desirable. By utilizing an electrode catalyzed in depth, 
continual peak performance can be obtained over a longer time period of 
charge and discharge. 

Construction principles of the EOS cell are shown schematically in 
Figure 2. The design employs a bipolar plate which contains integral 
manifold channels upon which hydrogen and oxygen electrodes are at
tached. The asbestos mat is placed between the bipolar plates, and a ring 
spacer is employed to obtain the desired compression on the asbestos. 
Integral manifolding allows the hydrogen and oxygen gas to flow out the 
backside of the electrode through the manifold and into respective gas 
storage compartments. In the integral gas storage tank concept, the fuel-
cell stack is placed within the gas storage tanks and used to separate the 
hydrogen and oxygen compartments. 

Figure 3 shows the bipolar plate, spacer, asbestos mat, fuel cell elec
trode, gas distribution screen, and the two halves of the gas tank of a 
prototype 75-watt, six-cell unit. Figure 4 shows the assembled 75-watt unit, 
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17. FiNDL AND KLEIN Regenerative H2/O2 Cell 295 

which consists of six series-connected cells with valves and pressure instru
mentation on the ends of the tank. 

Figure 5 shows a 34-series, cell-assembled stack that is nominally 
rated at 500 watts. Also shown are the gas storage tanks for the unit 
that have an internal volume sufficient to store 21 amp. hrs. of compressed 
gas at 500 psig. On one end of the stack, a free floating bellows is attached. 

Figure 2. Schematic of regenerative H2/O2 fuel cell 

Figure 3. Component of 76-watt, six-cell unit 
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Figure 4. 75-Watt fuel-cell assembly 

Figure 6. 500-Watt regenerative, hydrogen-oxygen, 
fuel-cell assembly 

Hydrogen gas from the H 2 storage compartment is contained internally. 
(Externally it is positioned in the 0 2 tank.) This bellows compensates for 
differential pressures that may arise between the two stored gases. The 
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gases are generated in a 2:1 volume ratio, and the gas compartments are 
likewise designed in that ratio to maintain equal pressurization in both 
compartments. Slight imperfections in the volume balance are taken up 
by the floating bellows as cycling occurs. Typical differential pressures 
that are obtained with the 500-watt unit range between £ and 1 psi. 
However, differential pressures as high as 10 psi have not noticeably 
affected performance. 

Performance Data 

During the course of development, a large number of electrical tests 
have been conducted in order to establish performance parameters and 
improve the operating characteristics. The great majority of our data has 
been taken using a high rate charge/discharge cycle. This consists of 
charging for a 65-min. period and discharging for a 35-min. period, for a 
total of 100 min./cycle (m.p.c). The cycle represents the battery load 
characteristics of a 300 nautical mile, orbiting satellite. This test cycle has 
been selected for use in the cycling of the regenerative fuel cell because 
it enables the rapid accumulation of cycle life information under a very 
rigorous load profile. 

The normal operating temperature for the units is 70-90°C. Figure 6 
shows typical individual electrode performance on a charge/discharge 

ι o f f C H A R G E » * ·* D I S C H A R G E -
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Figure 6. Typical half-cell performance as a function of time 
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cycle. The data were obtained by implanting a mercuric oxide reference 
electrode centrally located in the asbestos matrix between the hydrogen 
and oxygen electrodes. Therefore, individual electrode performance in
cludes approximately one-half the IR drop of the cell. (Typical cell im
pedance for a 6-in. diameter cell at 70°C. is 0.005 ohm.) For the discharge 
portion of the tests, the discharge was continued beyond the normal 
period, and a condition of flooding and rapid fall-off in performance was 
induced. As can be seen, the oxygen electrode was the electrode that con
tributed to the major portion of the performance fall-off. Also, throughout 
the entire cycle, it is the oxygen electrode that represents the major 
polarization loss. 

Figure 7 shows current vs. voltage data for a similar cell set-up employ
ing a reference electrode as described previously. Here again, it can be 
seen that the oxygen electrode represents the major source of inefficiency 
and polarization loss. 

Figure 8 shows the voltage performance of a cell subjected to a test 
cycle to obtain maximum capacity. During the high rate discharge, the 
cell was capable of delivering 21 amp. hrs. but showed a rapid drop-off in 
voltage, indicating flooding. Elevated temperature (125°C.) data are 
shown in Figure 9. It can be seen that peak power is achieved at approx
imately 100 amp., which represents 555 ma./sq. cm. 

1.6 

«.4h 

D I S C H A R G E C H A R G E 

'•2h 
H g v s . H g O R E F E R E N C E 

02ve.HgO R E F E R E N C E 

0.4 L -

0 2h-

-02 
0 10 20 ) 0 2 

CURRENT, amperes 
4 6 8 10 12 

Figure 7. Typical polarization characteristics of H2O2 regenerative fuel cell 
(Cell No. 85) (T = 70°C.) 
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Figure 8. High capacity high rate test 
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Figure 9. Cell performance at 126°C. 

90 100 

To demonstrate multicell performance capabilities, a six-cell unit, 
nominally rated at 75 watts, was assembled and subjected to cycle life 
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testing. Figure 10 shows the effect of a long-term cycling of the unit. As 
can be seen, cycling increased the charge voltage and decreased discharge 
voltage. The degradation in performance observed is attributed to the 
gradual deterioration in performance of the oxygen electrode. This oc
curred as a result of the oxidation of the porous nickel substrate in these 
electrodes. Removal or masking of this nickel substrate offers the promise 
of obtaining increased cycle life. However, long-term cycling of cells em
ploying masked types of electrodes has not yet been conducted. 

A 34-series cell, nominal 500-watt unit, has also been subjected to 
electrical tests to demonstrate feasibility of a 28-volt system. (The unit 
tested was constructed as shown in Figure 5 and is described in the previous 
section.) 

Figure 11 shows a typical charge/discharge cycle on 100 min. orbit 
test regime. The linear pressure rise and decline as a function of capability 
shown is one of the attractive features of the regenerative H 2 / 0 2 battery 
concept. Capacity or state of charge is determinable quite simply by 
measuring tank pressure. Figure 12 shows voltage and power vs. current 
data on the same unit. Due to test equipment limitations, the maximum 
current density obtained to date on the 500-watt unit has been limited to 
1300 watts. However, it is felt that power levels to 2000 watts can be 
achieved with the 500-watt unit. Figure 13 shows a slow rate charge and dis
charge of the unit, delivering in excess of 600-watt hrs. under the test condi-

3 -

2I I I I I 

0 20 40 60 80 100 
T I M E , m i n 

Figure 10. Voltage performance data at different cycles of 76-watt battery 
(S/N107) 
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Figures 11 and 12. Performance of 84-cell unit 

tions shown. This cycle is being considered for use on the Voyager Lander 
(Mars probe) program. (It was made after 72 hrs. of cycling the 500-watt 
unit on the 100 min. cycle.) Although not shown, 21 amp. hrs. of capacity 
were obtained from the battery under this test regime. 

Features of the H 2 /0 2 Secondary Battery 

As with any other device, there are both good and poor features of 
the H 2 / 0 2 regenerative fuel cell. These are shown as advantages and 
disadvantages in Table I. The advantages are quite remarkable when 
compared with conventional batteries. 

State of charge indication is quite a dilemma in conveptional bat
teries because charge and discharge efficiencies are quite variable. Three 
electrode batteries have been built that supposedly can monitor state of 
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charge, but such claims are subject to a specific set of test conditions. In 
addition, each cell of a multicell battery must have the third electrode or 
it is useless. For series cells, this greatly complicates the monitoring and 
instrumentation required for charging. The H 2 / 0 2 battery, on the other 

Table I. Advantages and Disadvantages of the 
H 2 /0 2 Regenerative Fuel Cell 

Advantages 

1. Battery has a simple state of 
charge indicator—i.e., 
pressure 

2. Long potential cycle life 
at full depth of discharge 

3. Very high charge/discharge 
rate capability 

4. High watt hr./lb. ratio 
5. Good voltage regulation 
6. High overload capability 
7. High shock stability 

potential 
8. High temperature operation 

potential 
9. No problem of series cell 

balance 

Disadvantages 

Low watt hr./cu. ft. ratio 

2. Poor ambient temperature 
operation capability 

3. Low charge retention 

4. High pressure operation 
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hand, requires only a simple pressure switch to control the charging proc
ess. Further, by monitoring, pressure state of charge can be determined 
directly at any stage of the charge or discharge process. 

In conventional batteries, cycle life is limited by changes in the 
physical or chemical states of the electrode reactants, such as dendritic 
growths, flaking off of reactive components, and irreversible side reactions. 
As charge and discharge proceeds, the density changes in the active 
material causing flaking, crumbling, and loss of active material. Full 
utilization cannot be made of all the active material because some is 
covered over and buried in the depths of the electrodes. 

These conditions necessitate the use of shallow depth of discharges 
in conventional batteries to obtain long cycle life. Because the reactive 
components of the EOS cell are in the gas phase, such limitations will not 
apply and less than full depth of discharge has no significance in relation 
to cycle life. 

Unlike conventional batteries, charge rates of the H 2 / 0 2 cell can be 
as rapid as desired, limited in practice only by the heat rejection capa
bility of the system and charge-power, equipment limitations. Where con
ventional battery charge rates must be kept below the point at which the 
water electrolyte decomposes, the H 2 / 0 2 cell operates by water decomposi
tion. During discharge, the H 2 / 0 2 fuel-cell mode of operation is capable 
of sustaining 2-3 times the current density of standard batteries with 
little change in performance. 

A critical requirement of all batteries is the energy density they are 
capable of producing. The literature contains numbers ranging from 0.5 
to 100 watt hrs./lb. for conventional batteries. For practical space applica
tions as secondary batteries, the useful watt hr./lb. values are 1-2 for 
Ni-Cd cells, 5-8 for Ag-Cd cells, and 8-12 for Ag-Zn cells. The present 
state of the art indicates a 10-12 watt hr./lb. figure with a factor of two 
improvement probable within two years. 

Voltage regulation of the EOS cell is excellent. There is an essentially 
linear, low rate decline of voltage as a function of current density over a 
wide range. Silver batteries, on the other hand, suffer from a step function 
voltage owing to the conversion of silver peroxide to silver in steps. 

Because of the excellent voltage-current relationships inherent with 
a well-designed H 2 / 0 2 cell, high overloads can be readily handled. Our 
data indicate an overload capability of œ 3:1 over nominal can be achieved 
without unduly taxing the battery. 

Because the EOS cell does not have any pressed powder reactants to 
handle or store, mechanical vibration or shock cannot cause flaking off of 
reactants. Further, the bipolar plate design used in the EOS cell eliminates 
the miltiplicity of wire connections used in conventional cells which are 
subject to vibration damage. 
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A major difference between the H 2 / 0 2 battery and conventional bat
teries is the operating temperature range. Whereas most batteries have 
optimum performance at or slightly above ambient temperature, the H2/Q2 

cell shows performance improvement with increasing temperature. The 
EOS cell is presently limited to 300°F. operation because of rubber seal 
deterioration. However, operation to 400°F. should be attainable with 
different high temperature seals. 

Because of variations in cell capacity during fabrication and differences 
in charge/discharge efficiency during operation, standard batteries are 
subject to cell capacity variations. This variation prevents utilization of 
the total capacity of such cells and, in the extreme, can cause cell reversal 
in a series stack. The EOS cell, owing to the common manifolding and 
tankage design, is not subject to this form of failure. 

The negative features of the H 2 / 0 2 battery are primarily the result 
of the gas phase mode of operation. On a comparative basis, the EOS cell 
occupies three times the volume of a conventional cell owing to the volume 
of the reactant gases. Gas phase oxygen reactivity is also greatly affected 
by cell temperature. Below roughly 50°C, performance of the H 2 / 0 2 cell 
is poor at other than low discharge rates. Charge retention over extended 
periods of time is limited because of diffusion and chemical recombination 
of the reactant gases at the electrodes. For practical purposes, charge 
retention times beyond a few weeks are not deemed suitable. Another 
inherent gas phase problem is the requirement for high pressure operation 
to reduce volume. High pressure increases leakage and diffusion problems. 
To date, however, operation to 500 psig has not posed any major problem. 

An analysis of currently available data indicates that performance 
capabilities can be improved considerably. Projections are shown on 
Table II. The primary region for attaining improved performance is 

Table II. Performance Projections of the H 2 / 0 2 Battery 

1966 1967 

1. Watt hrs./lb. 
2. Amp. hrs./lb. 
3. Operation temperature (maximum) 
4. Power level 
5. Thermal sterilization capability 
6. Radiation sensitivity 
7. Cycle life 
8. Operating current density 
9. Overload capability 

15 
18 
300°F. 
1000 watts 
Sterilizable 
Insensitive 
500 
100 ma./sq. cm. 
3:1 

25 
20 
500°F. 
2500 watts 
Sterilizable 
Insensitive 
2000 
200 ma./sq. cm. 
4:1 

lowering battery component weights and upping electrode performance. 
Current research indicates large improvements in electrode performance 
are achievable and can quite probably be incorporated in the regenerative 
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fuel cell. Weight reduction analyses also indicate that by using higher 
strength to weight tankage and reducing component thicknesses, a large 
weight saving can be achieved. 

Conclusions 

The feasibility of the electrolytically regenerative, H2/O2 fuel-cell 
concept has been demonstrated. Engineering prototypes have been and 
are being developed to improve electrical performance and cycle life. The 
principal mode of degradation exhibited to date is the oxidation of the 
cathode nickel substrate used to support the platinum catalyst. Several 
alternative modes of cathode fabrication are being investigated. 

Work reported herein was supported by the National Aeronautics 
and Space Administration, Contract NAS-3-2781. The assistance of 
Harvey Schwartz and Daniel Soltis in conducting this development pro
gram is gratefully acknowledged. 
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