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OBJECTIVE

Thermally regenerative electrochemical systems (TRES) are closed systems that
convert heat into electricity in an electrochemical heat engine that is Carnot
cycle limited in efficiency.

In this report, past and present work on TRES is reviewed and classified. Two
broad classes of TRES can be identified according to the type of energy input
required to regenerate the electrochemical cell reactants: thermal input
alone (Section I and II) or the coupling of thermal and electrolytic energy
inputs (Sections III-V). To facilitate the discussion, these two broad cate-
gories are further divided into seven types of TRES (Types 1-3 for thermal re-
generation; Types 4-7 for coupled thermal and electrolytic regeneration). The
subdivision was made according to significant differences in either the elec-
trochemical cells or in the regenerators.

DISCUSSION

In Type 1 TRES, compound CA is formed from C and A in an electrochemical cell
at temperature T, with concomitant production of electrical work in the exter-
nal load. Compound CA is sent to a regenerator unit at Ty through a heat ex-
changer. In the regenerator, compound CA is decomposed into C and A, which
are separated and redirected to the electrochemical cell via a heat exchanger,
thus closing the cycle. The thermodynamic requirements for the electrochemi-
cal reaction are AG < 0, AS < 0, and AC_ as close to. zero as possible. This
type of TRES is equivalent to a primary battery, in which electrodes A and C
are consumed. By coupling the battery with a regenerator unit, the electrode
materials are regenerated. The classes of compounds that were investigated or
proposed for this type are metal hydrides, halides, oxides, and chalcoge-
nides. One of the most thoroughly investigated systems is the lithium hydride
system (T1~500°C, T,~900°C). The advantage of this system is that lithium hy-
dride decomposes into liquid lithium and gaseous hydrogen, enabling relatively
simple separation. The power delivered by this system was low. Problems were
encountered in the gas electrode, in the rate of decomposition of lithium hy-
dride, and in materials. The best conditions for the electrochemical cell and
for the regenerator were never realized in a practical system. A considerable
fraction of the compounds investigated or proposed had T»~800°-900°C. Nuclear
reactors were the heat source envisioned for that temperature range. Some
materials decomposing at lower temperatures were tried. An example is antimo-
ny pentachloride, which decomposes at ~300°C into liquid antimony trichloride
and gaseous chlorine; however, the performance of the electrochemical cell was
very poor. All of the above systems had one electrochemical reaction product
and the regeneration was accomplished in a one-step process. An interesting
example of a system in which two electrochemical reaction products are regen-—
erated in one step has long been known. It involves the oxidation of tin and
the reduction of chromium (III) species at a graphite electrode in the elec-
trochemical cell generating power. The regeneration is accomplished by lower-
ing the temperature when the spontaneous reverse reaction takes place. This
is a periodic power source.
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Type 2 is similar to Type 1, but the products C and E of the electrochemical
cell reaction A + D » C + E are regenerated in a two-step process (C + A + B;
E + B+ D). It involves more complex plumbing and two regenerator units. The
systems attempted.include metal halides or oxides; for example, A = tin (II)
or tellurium (II) chloride and D = antimony (V) or copper (II) chloride with
B = gaseous chlorine. If at the regeneration temperatures A is also in the
gaseous state, the separation of A and B is the major obstacle to successful
operation of this type of system. To date, no complete electrochemical cell
coupled with the regenerator has been demonstrated to be feasible.

Type 3 is also similar to Type 1 and involves a one-step regeneration. Liquid
metal electrodes are composed of one electroactive metal C and one electroin-
active metal B, C and B form alloys C(B) or bimetallic compounds CXB « The
anode and the cathode have, respectively, high and low concentrations” of the
electroactive metal in the liquid electrode. The cells are concentration
cells. The regeneration is accomplished by sending the electrode materials
(combined or individually) to a distillation unit where the C+B mixture is
separated into C-rich and C-poor components, which are returned to the anode
and cathode compartments, respectively. Examples include C = sodium or potas-
sium and B = mercury or lead. These are the systems for which the feasibility
of the thermal regeneration coupled to the battery was demonstrated. The per-
formance of the demonstrated systems was poor, due in part to constraints im-
posed by the space applications envisioned. The . performance of this type
of system can be improved. :

In Type 4 systems, compound CA, formed in the electrochemical cell at tempera-
ture T;, is sent to a regenerator, which is an electrolysis cell at tempera-
ture T2. In the regenerator, reactions opposite to those occurring at Tl re-
generate C and A by using two energy inputs—-electric and thermal. The elec-
trolysis cell uses a fraction of the voltage produced by the battery at Iy
(the additional energy is supplied as heat) and the remaining wvoltage is used
to perform work in the external load. These systems are analogous to, and
have - the same requirements as, secondary (rechargeable) :batteries. A few
systems have been investigated; for example, CA = sodium chloride, lead io-
dide, cadmium iodide, lithium iodide. If C and A are in the gaseous state
(for instance, hydrogen and oxygen), the electrochemical cell is a fuel cell;
the regeneration is performed by water electrolysis at high temperature. To
date, no complete demonstration of the feasibility of these systems has been
performed. In addition to the above-mentioned examples of high temperature
electrolysis, very few systems operating at lower temperature were explored in
this mode of regeneration.

Type 5 systems are a particular case of Type 4, in which the electrolysis is
performed at low pressure. They include systems in which one of the electro-
active species is in the gaseous state. The battery and the electrolysis cell
operate at the same temperature, and the pressure of the electroactive species
is varied in these two cells by physical means, e.g., by the coupling of the
cells with cold fingers. The operation is periodic. Examples include gaseous
iodine as the working electroactive fluid in lithium|molten iodide|iodine
cells. Low voltages are expected from these devices as well as mass transfer
problems. However, these systems have energy storage capability.

vi
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In Type 6 systeps; or thermogalvanic or nonisothermal cells, the two elec-
trodes are at <§%ferent temperatures and the cell temperature is not uni-
form« The electrodes can be metallic, liquid; or gaseous (with inert elec-
trodes). The electrolyte can be solid or liquid, homogeneous or heteroge-
neous. During the passage of current through the thermogalvanic cell, matter
is transferred from one electrode to the other as a result of the electrochem-
ical reactions at the electrode/electrolyte interface and ionic tranmsport in
the electrolyte. In some types of cells the transfer of matter is permanent,
and therefore a mechanical means to reverse the temperature of the electrodes
must be provided for continuous operation of the engine as a power source. In
these cells the thermal and electrolytic paths are not separated. Examples
include copper electrodes immersed in a variety of copper salt solutions and
gaseous chlorine in solid electrolyte or molten salt media. Most data for
these cells refer to scientific information (e.g., irreversible thermodynam-—
ics) and not to power generation. The systems generate low power outputs but
can be made much more cheaply than their solid-state analogs.

Type 7 engines are based on pressure differences of the working electroactive
fluid across an isothermal electrolyte (solid or liquid). The pressure dif-
ference is maintained by using the changes in the vapor pressure with the tem-
perature of the working electroactive fluid. The work performed is equivalent
to the isothermal expansion of the working electroactive fluid from the high
to the low pressure zone at Ty through the electrolyte and its interfaces.
After expansion, the working fluid is condensed in a cold reservoir and can be
recycled to the high temperature, high pressure zone of the cell by means of a
pump. The cells are concentration cells. Because the working fluid does not
undergo -:chemical changes, no regeneration and separation steps are neces-
sary. Examples include iodine vapor expanded through isothermal liquid lead
iodide and sodium vapor expanded through isothermal solid beta—-alumina elec--
trolyte.* In the first example, the major difficulty is maintainance of the
liquid electrolyte integrity when it is subjected to a pressure gradient. In
the second example (T;~200°-300°C, T,~800°-900°C), this problem is avoided by
using a solid superionic conductor electrolyte. The highest power outputs in
TRES to date have been obtained with this type of engine. The present non-
availability of other superionic conductors limits the extension of this con-
cept to other practical energy converters.

CONCLUSIONS AND RECOMMENDATIONS

TRES cover temperature ranges from near room temperature to about 1200°C. To
date, power outputs of 0.1 mW/cm“ to about 1 W/cm“ have been achieved. The
majority of the systems reported utilized molten salt electrolytes and high
regeneration temperatures. In addition, several promising energy converters
employed solid electrolytes, which are superionic conductors. Much less ex-
plored are lower-temperature media--aqueous, nonaqueous, or molten salt. Lit-
tle effort was expended on the use of catalysts to improve the rates of ther-
mal decomposition. General problems included engineering and materials prob-
lems. A considerable fraction of the research and development of these en-
gines was performed around 15 to 20 years ago in connection with the produc-
tion of secondary space power sources to utilize heat from nuclear reactors.

vii
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In this report we recommend areas of research in either science or engineering
that would have long-range benefit to a TRES program. = These areas include
molten salt chemistry and electrochemistry, solid-state chemistry, materials
sciences, aqueous systems and electrochemistry under extreme conditions, elec-
trochemical engineering, and systems analysis. It should be pointed out that
because solar-derived heat covers a very wide range of temperatures (~80°-
1000°C), more TRES can be brought into consideration.
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INTRODUCTION

OBJECTIVE

This review of thermally regenerative electrochemical systems (TRES) was writ—
ten upon request of T. A. Milne of the Chemical and Biological Division of the
Solar Energy Research Institute. The bulk of the information contained in
this report was collected from February to October 1979. The information
comes from literature searches and from visits to the laboratories of, and
discussions with, technical personnel involved with this type of research.
Work on TRES has been classified and analyzed, with emphasis on the operation
of the electrochemical systems. It is important to emphasize, however, that
TRES involve the merging of several disciplines in addition to electrochemis-
try: thermal conversion, engineering, materials science, etc. The purpose
of this review is to aid evaluations of the electrochemical technique of
direct thermal-to-electrical conversion.

The majority of the systems published in the open literature or patented are
reviewed. Because this area was developed from the late fifties to the 1late
sixties with the utilization of heat from nuclear reactors as a major mission,
most of ‘the systems operated at high temperatures. Our review covers these
systems and a variety of others developed or proposed, which operate under a
wide variety of conditions. A cross—-comparison, or ranking, of systems for
different missions, at different stages of development, and at different oper-
ating conditions is not feasible for this review.

The systems investigated in the past are reviewed in detail in Vol. 2 and more
briefly in the Executive Summary. It is our purpose to suggest areas of
research (in either science or engineering) that would benefit from a long-
range TRES program, rather than to propose specific systems for further device
exploration. In the past, most of the funding and expectations were device
oriented in short-term programs. The systems for which there existed a better
understanding of the chemical, electrochemical, engineering, and materials
problems were pursued in relatively long-term and research-oriented projects.

The Executive Summary has the same structure as Vol. 2, so that references and
further technical background can be located easily.

BACKGROUND

Regenerative electrochemical systems were one of a variety of complex methods
of energy conversion investigated during the period from 1958 to 1968. 1In
these systems the working substance produced in an electrochemical cell (fuel
cell, battery, galvanic system, emf cell) is regenerated by the appropriate
input of energy (thermal, light, atomic, electrical, or chemical), thereby
defining the thermal, photo—-, nuclear, electrolytic, or redox regenerative
electrochemical systems [1]. The major heat source envisioned during this
period was nuclear reactor heat. Direct use of sunlight for photoregeneration
also was attempted, as well as use of nuclear radiation. The electrolytically
regenerative systems are essentially indistinguishable from secondary batter-
ies and were explored chiefly for their possible utilization in load leveling,

1
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for their storage capability, and for space-flight- application. The redox
systems appeared particularly attractive because of their energy storage
capability [2].

Austin [3] critically reviewed the government-sponsored fuel cell research
from 1950 to 1964, including regenerative types, for possible space power
application or for silent and portable electric generators. Kerr [4] reviewed
work up to 1967, comparing the different types of regeneration for space power
application. Nuclear, photo-,.and redox systems were eliminated from consi-
deration due to weight, complexity, and low efficiency. The proceedings. of a
symposium on regenerative emf cells [5], published in 1967, includes discus-
sion of most types of regenerative systems.

Because of the low overall efficiencies [3,4,5] of the regenerative systems
due to Carnot cycle limitations (thermal), problems of pumping, plumbing and
separation (thermal and nuclear), and low quantum yields (photo-), research
after 1968 was concerned primarily with electrolytic regenerative [6] and-
redox [2] systems. However, because thermal energy can be obtained by har-
nessing the sun's rays, it is possible to envision TRES operating under con-
ditions that differ markedly from those offered by nuclear reactors. It is
therefore conceivable, as pointed out by Kerr [4], that the problems of TRES
for some applications.are surmountable. In this report, we classify thermally
regenerative electrochemical systems as systems regenerated by the input of
thermal or coupled thermal and electrolytic energy. - Because the seven types .
of TRES have unique features, a general introduction is not given at this
point.

TYPES OF THERMALLY REGENERATIVE ELECTROCHEMICAL SYSTEMS

Thermally regenerative electrochemical systems are closed systems that convert
heat into electricity in an electrochemical heat engine that is Carnot-cycle
limited in efficiency. In this report the TRES have been classified into two
broad classes: systems regenerated thermally and systems regenerated by a
coupling of thermal and electrolytic inputs. To facilitate discussion, the
types of TRES within these two broad classes have been designated according to
significant differences in either the electrochemical cells or regenerators.

Sections I and II concern thermal regeneration, and the following three types
of TRES are defined: o

Type 1.

Figure S-1 illustrates this type of system. The electrochemical reaction
product CA is formed from C and A in an electrochemical cell at T;, with
concomitant production of electrical work in the external load. For such
a production of electricity to be continuous, compound CA must be easily
decomposed into C and A. Thus, compound CA is sent to a regenerator at Tp
via a heat exchanger. In the regenerator, the thermal decomposition reac-
tion takes place spontaneously. Compounds C and A formed in the regenera-
tor at T, are separated by physical (or chemical) means, and the isolated
compounds C and A are returned to the electrochemical cell after being
returned to temperature T; through the heat exchanger, thus completing the
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cycle. The most favorable thermodynamic properties of the electrochemical
reaction for a thermally regenerative electrochemical system are:
AG < 0, AS < 0, and ACp as close to zero as possible.

Type 2.

Figure S-2 illustrates this type of system. In this case, a more complex
set of galvanic cell reactions occurs at T;. Two or more products are
formed in the electrochemical reaction; therefore, the regeneration of the
anode and cathode materials (A and D) must be performed separately at T,
and Ty, as indicated in Fig. S-2. It is a more complex scheme, requiring
more plumbing, heat exchangers, and regenerator chambers than the simple
system of Type 1.

Type 3.

Figure S-3 illustrates this type of system. In principle, this scheme is

identical to that of Type 1. However, it applies to specific cases in

which the electrochemical cell reaction involves only one electroactive
+ ; .

couple C'/C in a concentration cell at Ty C(B) represents, for instance,

an alloy or a bimetallic compound. '

Sections III, IV, and V concern coupled thermal and electrolytic regeneration,
and the following four types of TRES are defined:

Type 4.

As illustrated in Fig. S-4, compound CA formed in the galvanic cell at T
is sent to a regenerator at T, via a heat exchanger, where it is electro-
lytically decomposed into C and A. The requirements for this type of
regeneration are that the cell reactions C ¢+ e and A+ e~ ZA” are
reversible and of high coulombic efficiency and high exchange current. In
addition, the voltage V(T;) must be larger than V(T,). The cells are con-
nected in electrical opposition and the electrolysis takes place consuming
V(Tz). The remaining voltage can be used to perform useful work in the
external load. The separation is inherent in this type of regeneration.
Compounds C and A are returned to the galvanic cell via heat exchangers,
and the loop is closed. If at a temperature Ty the reverse reactions of
reactions in the galvanic cell take place spontaneously, then the regen-
eration produces an additive voltage V(T,) while regenerating C and A at
T, . -
X

Type 5.

This type 1is illustrated in Fig. S-5. Two galvanic cells at the same
temperature are arranged so that the activity of one of the electroactive
species can be varied by some physical means. In the example shown, a
cold finger reduces the pressure of the gaseous working electroactive
fluid A. The galvanic cells are connected back to back. The galvanic
cells are concentration cells in the A/A™ species. As cell 1 discharges,
cell 2 charges and work is performed in the external load proportional to
the differences in activities of A in the two cells. The operation is
interrupted as A-rich material is consumed. The switch reaction
corresponds to heating the cold finger associated with cell 2 and cooling
that associated with cell 1. The roles of the two cells are now reversed
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and the system can again perform electrical work in the external load.
This scheme is equivalent to an ‘electrolysis performed at reduced
pressure. Mass transfer could be the major limitation to this type of
TRESo h

Type 6.

This type of TRES is illustrated in Fig. S-6. The thermal and electroly-
tic paths are not separated. Two or more electrodes are at different tem-
peratures. These electrodes (not necessarily chemically identical or
reversible) are in contact with the electrolyte (liquid or solid, not
necessarily homogeneous in composition, and with or without permeable mem—
branes interposed in the electrolyte), in which a temperature gradient
exists. These TRES are called thermogalvanic or nonisothermal cells.
During the passage of current in the cells, matter is transferred from one
electrode to the other as a result of the electrochemical reactions at the
electrolyte/electrode interfaces and ionic conduction.

If the transfer of matter is permanent, as occurs with electroactive metal
electrodes, the electrodes must have their temperatures reversed periodi-
cally for continuous operation of the engine as a power source. This tem—
perature reversal operation can be avoided if gas electrodes, or redox
soluble couples,  are used. ' These thermogalvanic cells are the electro-
chemical analogs of thermoelectric devices. The efficiency in these
devices is related to the Carnot efficiency. The upper limit is deter-
mined by the use of expressions developed for solid-state, thermoelectric
devices. These equations take into account the Carnot efficiency, the
thermal and electrical conductivities, and the thermoelectric power
(dE/AT) of the system, but they do not take into account electrode polari-
zation effects characteristic of the electrochemical reactions.

Type 7.

In this type, illustrated in Fig. S-7, the thermal and electrolytic paths
are separated. An isothermal electrolyte (solid or liquid) separates the
working electroactive fluid from two pressure regions. The work performed
in these engines is equivalent to the isothermal expansion of the fluid
from the high pressure, high temperature =zone (PH,TH) to a low pressure
zone (PL,TH) separated by the electrolyte and created by cooling one end
of the engine. The element C undergoes oxidation, the electrons traverse
the external circuit, and ions ¢t cross the electrolyte as a result of the
pressure differential across the electrolyte. The C' ions are reduced at
the electrode attached to the bottom of the electrolyte, at a lower pres-—
sure. At the cold trap, C is condensed. To produce electricity continu-
ously with these engines, C(P;,T;) must be pumped to C(Py,Ty). These
engines do not need a chemical separation step.

Table S-1 presents a summary of typical examples of all seven types of TRES.
Inspection of the table shows that these systems can cover various ranges of
temperatures from near room temperature to 1000°C. In the systems studied to
date, powers of 0.l mW/cm?2 to 1 W/ em2 have been achieved. Emphasis in past
work was placed on systems regenerated at high temperatures.
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Table S-1. EXAMPLES OF THE THERMALLY REGENERATIVE ELECTROCHEMICAL SYSTEMS
Performance (cells at T))
Voltage at
Current
Open Density
Carnot Projectedd Circuit
Type of Ty T P Efficiency Efficiency Voltage v I 2
Regeneration System Electrolyte (°c) (°C). (atm) (%) (%) (V) (V) (mA/cm®) Comments
Type 1 LiH eutectic molten,
LiH-LiC1-L1iF 900 530 1 32 - 0.6 0.3 200 Static.cell; 0.025-cm
vanadium diaphragm as H.
electrode. Closed-loop
system not tested.
Type 3 NalHg molten NaCN:NaI:NaF ~685 ~495 9 ~20 ~6 0.32 0.2 25 High resistivity of
TOT, 58:30:12 mol % ) alumina matrix impreg-
nated with electrolyte;
total 1200-h operation
of which 750 h were closed-
loop operation.
Type 3 Na|Pb molten NaF:NaCl:NaI 875 575 8/760 26 .9-12 0.39 0.18 100 Complete system operated
15.2:31.,6:53.2 mol % ~ : ~100 h. Regénerator
only operated 1000 h.
Type 1 or 4 Sn+sn2t42e”
T TH<Ty 2Cr(III)+2e™+2Cr(11) aqueous, excess Cl~ 20 80 - - ~0.1 0.06 32 Periodical power source.
Type 3 or 4 K|T1 molten KCl 175 335 - - - 0.6 - - Regeneration by cooling
. and separating the two
‘phases (liquid and
solid).
Type 4 NalNaClIClz molten NaCl - 827 - - - 3.24 ITup to 4.3 Low coulombic efficien-
Ty>Ty A/cm? with cles (40% Na utiliza-
IR drop only tion). Low electrode
polarization on dis-
charge at ~1000°C.
Type 4 L1|LiI!IZ molten LI 1170 500 503§ ~18 2.50 1.5 320 Closed-loop system not
’ ‘tested. Two mol % dis-
solved in LiI.
Type 4 ZUF6*2U25+25_+2F_ solid electrolyte >900 25 - - -0.5(25°C) - - No voltage-current data.
Tp>Ty3 BGp, <0 AsF3+2e +2F *AsFsg PbFo(KF doped) +0.3(900°C) - - :
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Table S-1. EXAMPLES OF THE THERMALLY REGENERATIVE ELECTROCHEMICAL SYSTEMS (Concluded)
Performance (cells at T,)
Voltage at
Current
Open Density
Carnot Projectedd Circuit
Type of T T) P Efficiency Efficiency Voltage v I
Regeneration System Electrolyte (°c) (°c) (atm) (%) (%) ) (V)  (mA/cn?) Comments
Type 5 12|molten alkall|12 molten electrolyte 350 350 - ~30 0.29 0.23 100 Cold finger at 25°C.
metal iodides Mass transfer problems.
Type 6 IZ(Tl)la—AgI]IZ(Tz) solid electrolyte 340 184 25 ~5b 0.2 0.1 1.42 Internal resistance ~70
a-Agl ohms; expected practical
efficlencey 1%-2%,
Type 6 Cu(Tl)ICuSOAICu(TZ) aqueous acid 100 20 21 - ~0.09 0.03 8 Saturated solutions at each
. temperature.
Type 6 PtlFe(CN)A_,Fe(CN)3_|Pt aqueous 80 30 14 0.08 - - Maximum power estimated
6 6 - . 2
<0.1 mW/cm?.
Type 7 NalB"-A1203|Na solid electrolyte 800~ 100- ~60 ~25 ~1.2 0.7 1000 Voltage losses due to
900 200 interfacial polariza-
tion and thickness of
B” alumina electrolyte.
Type 7 I, |PbI,(R) 11, molten PbI, 170~ 20— - - 0.17¢ - 6.2%:¢ Liquid electrolyte in-
400 100 tegrity difficult to

maintain due to the
pressure gradient.

3Current in mA.
bFor T, = 500°€ and T, = 200°C.
°T2 enough to give 1 atm iodine; 24.5-ohm load; electrolyte temperature of 540°C.

dSome of the numbers in this column were obtained from a minimum amount of experimental data.
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SECTION I |
THERMAL REGENERATION: METAL HYDRIDES, HALIDES, OXIDES, AND CHALCOGENIDES

The general scheme for a thermally regenerative electrochemical
system (TRES) of Type 1 is shown in Fig. I-1. It consists of an elec-
trochemical cell in which substance CA is formed e]ectrochehica]]y from
C and A at temperature TL with production of electrical energy. The |
working substance CA is then heated and fed to the regenerator at tem-
perature TH where it undergoes thermal decomposition into A and C. A
cooling step completes the cycle, thus regenerating C and A at the Tower

temperature TL.

c > CT+e
Electrochemical o _
Cell reaction at TL A+e - A I
C+A - CA
Heating ‘ CA (TL) -~ CA (TH) II
Thermal Regeneration
at TH CA - C+A ITI
Cooling C+A (TH) - C+A (TL) IV

This cycle can be considered a heat engine which converts part of the
energy absorbed at a high temperature into useful work and rejects the_
remainder as heat at the Tower temperature. The study of TRES was sug-
gested by Yeager [7] in 1958.

Liebhafsky [8] has shown that though the efficiency of the fuel

cell escapes the Carnot cycle limitation, the combination fuel cell heat

source in TRES does not, having a maximum theoretical efficiency

15
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for reversible steps I and III and AC_ = 0 (CCA = CC + CA) of

P
electrical work _ TW-TL I-1
heat input TH
The open-circuit voltage of the cell is
AH T, - T
_ 1 H L _
E=F Ty I-2

where AH] is the enthalpy of dissociation of CA into C and A at TL. One
of the chief sources of irreversibility in these cells is the heat
exchanged during heating (II) and cooling (IV). This can be minimized
by having AC_ as close to zero as possible. The desirable thermodynamic

P
properties for a regenerative fuel cell reaction are AGI < 0; ASI < 0,

and ACpk§§W§1OSE_EE_gerp as possible [91.| |
In practice the cell irreversibilities prevent the working voltages
“from attaining the reversible potentials (Eq. I-2) when the cell is
operating at useful loads [10]. From a practical point of view it is
important that CA decompose at reésonab]e temperatures and that C and A
can be easily separated, preferably by being in different physical
states. More elaborate thermodynamic treatment of these systems were
given by deBethune [9] and Friauf [11]. _
Henderson, Agruss, and Caple [12] presented a practical approach to
the determination of efficiencies of TRES and to the thermodynamic
selection of candidate systems. In their derivation of efficiencies,
they assumed that the compound CA leaves the heat exchanger to go to the
regenerator at a temperature TE’ and that the compounds C and A, after

being cooled through the radiator, leave this heat exchanger at a

temperature TR' The temperatures of the regenerator and of the fuel

17
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cell are respectively TH and TL. The efficiency of the heat exchangers

is assumed to be 95%. The cell irreversibilities (polarization and

ohmic losses) are represented by E » which is the cell operating vol-

loss
tage.  (E) less the reversible cell potential (ER).

The efficiency expression for ACp = 0 with the inclusion of cell

irreversibilities and heat exchanger losses is

T, - T, - nFE

AS

H L loss

H ]

I-3

n:

T, + 0.05 CCA (T, T,)
H CATy- T
55,

which reduces to the Carnot expression for an ideal and reversible sys-
tem operation.

In practice, few systems present ACp = 0, but CCA can be larger or
smaller than CC + CA: The efficiency of the system with CCA > CC + CA,
for which the heat content of C and A is not enough to raise the temper-

ature of CA from TL to TH’ is expressed by

- [-THASH + TLASL - CCA(TH- TE) - O.OS(CC+CA)(TH-TL) - nFE]oss]
o I-4
[-THASH + CCA(TH-TE)]
If CCA is less than CC + CA, the heat contained in C and A is
sufficient to raise the temperature of CA from TL to TH, and if larger,
the excess will have to be radiated away. The efficiency expression for
this case is
o [-THASH + TLASL - O.OSCCA(TH- TL) - (CC+CA)(TR-TH) - nFE1oss]
I-5

18
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The survey of thermodynamically feasible systems for TRES conducted
at the Allison Division of General Motors by Henderson et al. [12] re-
viewed over 900 compounds, of which only 20 (see Table I-1) were consid-
eréd suitable for further evaluation as thermally regenerative electro-
chemical systems. The criteria to exclude the remaining compounds and

some examples of excluded systems are the following:

(1) More than two products are formed after or during decomposition.

If several compounds result from the thermal decomposition of CA,
the separation of the intermediates is necessary before these compounds
can be recombined in the electrochemical cell. The separation of various
products is a problem for both terrestrial and space applications. The
electrode reactions for such an operation would be highly complex.

The following are examples of compounds exhibiting mu]tiproduct dissoci-

ation.
585(103)2 < Bag(I0g), + 90, + 41,
20ds0,(8) < 2Cd(g) + 2504(g) + 0,(g)
2Pb(NO3),(s) < 2PbO(s) + 4NO,(g) + 0,(g)
2KMn0,, < |<2Mno4 + Mn0,(s) + 0,(g) )
2NaHCo, < Na,C0, + H,0(g) + CO,(g)

(2) Two gaseous decomposition products are formed.

Gas separation is extremely difficult. An exception is hydrogen,
due to the possibility of separation by diffusion through metal foils.

The systems in which one of the gases formed was hydrogen were not
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TABLE I-1. THERMODYNAMICALLY SUITABLE COMPOUNDS FOR THERMAL DISSOCIATION
IN THERMALLY REGENERATIVE FUEL CELLSﬁ[]Z]i

HYDRIDES
2LiH( %) < 2Li(g)  +  Hy(g)
2KH( 8) < 2k(8)  +  Hy(9)
2CsH < 20s(2) +  Hy(g)
2RbH < 2Rb(2)  +  Hy(9)
Ga,H < 26a(g) + 3Hy(g)
26
CHLORIDES AND OXYCHLORIDES
20uC1,(2) E 20uCi(2) + Cl,y(g)
2Cu0C12(2) < 2CuC12(g) + 02(9)
BROMIDES |
2CuBr2(£) f CuzBrz( Q) + Brz(g)
2HBr - Hy(g)  + Bry(g)
PbBr,(2) f Pb(e)  + sz(g)
2TiBry < TiBry(2) + TiBry(q)
I0DIDES
2HI(g) E’: Hz(g) + 12(9):
PbI, (%) Loe(r) o+ Th(9)
SULFIDES
2Bi,5,(2) <z 4Bi(8)  +  3S,(gor g)
23 >
2Bi < 2Bi(2) + 52(g or %)
4CeS(2) f Ce(g)  +  CegSy(2)
H,S < H,(g) + S(2org)
PEROXIDES
28,0, ‘ <z 2H20(2 or g) + 02(g)
CARBONATES
TC05(8) T T co,(g)

/a See text for criteria employed in the selection of these compounds.
;b At 283°C, 18% of HI is dissociated.

i At 750°C, log P (atm) = -3.22.
2
\

dat 353°C, P.. s 470 torr.
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excluded. If techniques for separation of gases are improved, addi-

tional systems can be evaluated. Typical examples are:

-
<

As,S, 2As(g) + S,(9g)

218r(g) < I,(g) + Bry(g)

+4

2Hg0(s) 2Hg(g) + 0,(9)

Cdl,(g) < Cd(g) + I,(g)

(3) Decomposition takes place above 1000°C.

The arbitrary 1imit of 1000°C as a maximum allowable temperature
was chosen considering the severity of materials problems above this

temperature. Many compounds were found in this class, for instance:

Sb,S4(2) = 2Sb(2) + 35(g)
2Cu,0(2) = 4Cu(f) + 0,(g)
2HC1(g) < Hy(g) + Cly(g)
MgC1 2 Mg(g) + C1,(g)

2 2
2NaCl <

2Na(g) + C1,(g)

(4) Decomposition is explosive or exothermic. -
Only a few compounds were found in this category, e.g., NHgIOg,

4 C120.

NH4Mn0
(5) Solid is present among the decomposition products.

‘This restriction was imposed by the space application envisioned at

the time. For terrestrial application these systems could be recon-
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sidered from a thermodynamic point of view. Some examples of this class

are:

+4

CaC03(s) CaO(s) + C02(g)

¥

CoBr, Co(s) + Br,(g)

+4

2CuS(s) Cu,S(s) + S(2)

2

4

Cu,Br,(2)

oBry 2Cu(s) + Brz(g)

¥

2AgC1(2) 2Ag(s) + C12(g)

The criteria for selection of the compounds listed in Table I-1
are:

a) appreciable decomposition at or below 1000°C;

b) no solids present;

d

(a)
(b)
(c) compound decomposes into only two products;
(d) only one product gaseous;

(e)

e) compound and one product are liquid at the decomposition

temperature; and

(f) products remain 1iquid at fuel cell temperature.

King, Ludwig, and Rowlette [13] have analyzed twelve thermodynamic
models, which treated the effects of reversible and irreversible condi-

tions and finite specific heat differences to obtain the thermodynamic

efficiencies of the systems. The twelve models are based on:

(1) Dissociation occurs only at TH' Equilibrium attained at the re-

generator outlet but not at the inlet. Four models are possible:

(a) reversible cycle with ACp = 0;
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(b) Irreversible cycle with ACp = 03
(c) reversible cycle with ACp # 0; and

(d) drreversible cycle with ACp # 0.

(2) Dissociation and equilibrium are achieved at all temperatures

between TL and TH' Two models are possible:

(e) ACp = 0; and
(f) ACp # 0.

(3) If the equilibrium is not attained at the regenerator outlet, six
models (g through 1) are possible, equivalent to those in (1) and (2).

The efficiencies for these models are:

o TH - TL i AGL I-6
a TH AHL :
[CA]
n I_—TL
b T K
H H
R
L
T, -T, . AC T o
H™ 'L p H -
n = - (T Q/n T - T + T ) I-8
Mg 2 Mg 2 Ng_q XM, X Ne/Meappot | -9

where KH and KL are the eﬁui]ibrium constants for the dissociation reac-
tion at TH and TL and AH]5 is the extra heat to be fejected by the
material as it cools since it cannot be exchanged totally in the heat

exchanger.

The calculations performed by King et al. [13] are based on the
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analysis of the term AGL/AHL in Eq. 1-6. AH was assumed to be inde-
pendent of temperature between TL and TH. If AGL/AHL was too low, the
efficiency was Tow; if it was too high (close to 1), the ratio Uvan
was high, meaning that the regenerator temperatures would be too high to
be feasible. Table I-2 shows the compounds considered feasible for
thermal regeneration based on these ca1cu1ations. It‘is important to
notice that all these values assume that no phase changes occur between
TL and TH' Phase changes do occur in several cases, making the simpli-
fied calculations incorrect. In these cases, the systems may not be
thermally regeneréb]e. One example is the CdI2 system. The melting
points of Cd and CdI2 are 594 K and 660 K, respectively. At 700 K, the
ratio AG/AH is 0.63. Thus, the regenerator temperature at which the 12
vapor pressure is 1 atm, as calculated from Eq. I-6,is TH = 7004 =
assumption of constant AH is no longer applicable, and the new AH is
much lower. The system CdI2 is, therefore, unlikely to be feasible for
thermal regeneration (see Section I.1.2.1 and Refs. 3 and 10).

In this section the metal hydrides, halides, oxides, and chal-
cogenides which have been studied are described. Due to the consider-
able effort directed towards the investigation of the system 1ithium
hydride, a separate summary and conclusion are included. .The remaining
systems in this section have not been thoroughly investigated. Some
metal halides were proposed as thermodynamically feasible but the models
were very rudimentary and the practical experience has shown no thermal

decomposition. The two major divisions of this section are based on the
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TABLE I-2. COMPOUNDS SELECTED AS POSSIBLE CANDIDATES FOR THERMAL REGENERATION [12]a

'Eompound mp mp AHfus AHfus AG°298 AH°298 AS°2987 %%; AG°700 AH°700 %%;

c CA C CA at at

(K) (K) (;g?l) (;g?;) (;g?l) (;g?l) ( degc;lle) 298 K (%%%%0 (%%%%) 700 K
LiH 459 957 1.6 7.0 -16.7 -21.3 -15.5 0.78 -10.0 -15.9 0.63
A1Br, 932 371 2.6 2.7 - 124 - 138. -46 0.86 -108.3 -137.9 0.79
TiCl, 2000 950 4.6 6.0 - 9 - 144 ;35 0.84 - 90.5 -113.6 0.80
WC1¢ 3650 548 8.4 5.7 - 74 -96.9 -93 0.76 - 33.3 - 99.6 0.33
Col, 1766 790 3.7 6.0 - 26 - 36 -32 0.72 - 13.6 - 33.7 0.40
InCl, 693 566 1.6 "~ 5.5 -88.3 - 99.4 -37.4 0.83 -74.8 - 95.7 0.78
CdI2 594 660 1.5 3.6 -53.3 - 63.3 -35.1 0.84 - 38.6 - 61.2 0.63
GaI3 303 485 1.3 3.9 -58 - 73 -49 0.80 - 38.3 - 70.5 ‘0.54
SnC]2 505 520 1.7 v3.0 -72.2 -83.6 -32 0.86 - 59.2 - 79.8 0.74‘
BiCl, 544 505 2.6 2.6 -76.3 - 90.6 -47.8 0.84 - 57.4 - 90.6 0.63
Asl, 1087 415 6.6 2.2 -21.9 - 35.9 -47 0.61 - 4.5 - 40.3 0.1
TeCl, 723 497 4.3 4.5 -58.3 - 77.4 -64 0.75 - 64 -77.2 0.45

qFor selection criteria see text.
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number of products formed in the electrochemical reaction and of re-
generation steps. Section I.1 deals with systems which present one or
more electrochemical reaction products which use one-step regeneration
(TRES, Type 1). In Section I.2, th; systems in which two or more com-
pounds are formed in the galvanic cell reaction are explained in detail.
In these systems the regeneration of each galvanic cell component is
performed independently, and therefore these TRES require a multiple-
step generation (TRES, Type 2). These systems have been'selected based
on thermodynamic calculations by Snow [14]. Thermochemical data for 58
families of halides and oxides were compi]éd. The metals chosen existed
in more than one valence state. The heats of formation and transition,
transition temperatures, coefficients in heat capacity equations, and
free energies of formation were tabulated. The temperature range over
which these calculations were performed was 25-1200°C. The temperatures
at which these compounds could be geherated were also given [14].
Sectién I.2 includes the systemé investiaged as a result of these calcu-

‘lations.

I.1 SINGLE OR MULTIPLE ELECTROCHEMICAL REACTION PRODUCTS AND SINGLE-
STEP REGENERATION

“Such cells are commonly referred to as thermally regenerative fuel
cells (TRFC) or thermally regenerative galvanic cells (TRGC).
I.1.1 Metal Hydride Systems: Lithium Hydride

I.1.1.1  Summmary

The metal hydride systems were proposed as thermally regenerative
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electrochemical systems in 1958 as a result of the research performed at
Mine Safety Appliance Reseafﬁh Corporation (MSA) [16-23]. This research
continued through 1961 at MSA and also at the TAPCO division of Thompson-
Ramo-Wooldridge, Inc. (TRW) [24-31]. From 1961 to 1967, the Chemical
Engineering Division of Argonne National Laboratory (ANL) [33-46] per-
formed research on the lithium hydride system at a more basic level.
Paré]]e] and earlier pertinent research efforts were made at the Wright
Patterson Air Force Base [32] and at Tufts University [47-49].

The 1ithjum hydride system was the first to be envisioned as a

practical TRES. The electrochemical cell reactions are:

Li(g) - Lit o+ e anode
1/2 H, (g) + e - H cathode
CLi(R) +1/2 H2(g) - LiH cell reaction

Th{s system is appealing because pure LiH decomposes at 900°C into
easily separable Tiquid 1ithium and gaseous hydrogen. At this tempera-
ture the pressure of the hydrogen gas is about 760 torr. The gas can be
easily separated from the lithium at this temperature because it dif-
fuses very rapidly through metals, e.g., iron foil.

For scientific and practical reasons, however, this system poses
problems. First, both Tithium and the hydride are susceptible to
reaction with normal atmospheric components (oxygen, nitrogen, water),
and therefore an inert atmosphere is necessary. Second, a solvent is
required that dissolves the LiH but not the 1ithium metal, is thermo-

dynamically stable to 1ithium metal at the regeneration temperature,
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and preferably has a Tow vapor pressure at this température. Molten
salt systems meet most of these requirements and some research was
devoted to the search for suitable electrolytes. Third, it was nec-
essary to develop lithium anodes and hydrogen gas cathodes operable in
the molten salt medium. Certainly the most difficult problem is the gas
electrode.

In the 10 years which followed the initial work on the metal
hydride regenerative systems, emphasis was first placed on the porous
gas electrodes. Since the electron transfer takes place in the vicinity
of the electrode surface, three-phase contact sites must exist to
achieve practical current densities. A frequent problem with this type
of electrode is the absorption of liquids by capillary action, which
causes the electrolyte-electrode intefface to retreat within the e]eg-
trode. Thus, flooding of the electrode with either the electrolyte or
gas can occur. Catalysts are often needed for fast heterogeneous re-
action rates at the porous electrode. The porous electrodes tested were
not stable in the presence of the highly corrosive molten salt media at
the working temperatures (above 400°C).

It was then recognized that this system provided an unusual oppor-
tunity to avoid the use of porous electrodes by using solid, thin foils
of metals that are permeable to hydrogen gas at these elevated temper-
atures. Thus, hydrogen can be transferred by interatomic diffusion to
the metal/molten salt electrolyte interface. However, the temperature
has to be high for the hydrogen to diffuse through the'meta1 foil at an

appreciable rate. This diminishes the efficiency of the system.
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THe regeneration step in the presence of the molten salt medium
also proved less than straightforward. Low hydrogen partial pressures
(100-200 torr) for most of the molten salts tested forces the use of
pumps to bring the hydrogen pressure to the 1 atm required for better
perfbrmance of the gas electrode. This further decreased the cycle
efficiency.

The separation steps were complicated by the presence of LiH in the
hydrogen exit line. The LiH was formed in the reaction of Li vapor and
hydrogen at the regenerator temperature. A further complication was the
need to perform the separation under the zero-gravity conditions imposed
by the space power application envisioned at that time. The engineering

and materials problems due to corrosion were formidable [3,4,35].

I.1.1.2 Detailed Review

In 1958 Shearer and Werner [16] reported the first investigation of
schemesﬁ%or the continuous regeneration of a ga]vanfc system by thermal
energy based on the formation and decomposition of alkali and alkaline-
earth metal hydrides in molten halide electrolytes. Figure I-2 shows
theoretical cell output potential as a function of temperature, calcu-
lated assuming that all the chemicals are in their standard states at -
the various temperatures [17]. This is only a guide, since the actual
cells would operate under different conditions. From Fig. I-2, the
lower the fuel cell operating temperatures are, the higher the open-
circuit voltages are. On the other hand, increasing temperatures will
decrease the polarization at the hydrogen electrode and increase the

solubility of the ionic hydride, therefore facilitating the continuous
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regeneration operation [16-21].

Experimental work by MSA [16-23] included cell studies of Li, Na,
K, and Ca electrodes with the following molten salt solutions as elec-
trolytes: (a) LiC1-LiF (570°C); (b) LiC1-KC1 (357°C); and (c) LiCl-
NaC1-RbC1-CsC1 (285°C) [20,23]. Other electrolyte systems were also
investigated (KBr-KF-KI; LiCl1-LiF-Lil; LiBH,-KBH, 5 LiI-LiBr-KI-KBr)
[23]. Cells were operated most successfully on a batch basis with
external supply of hydrogen and 1liquid metal. Continuous regeneration
was attempted using cells of the type shown in Fig. I-3 [17], which
exhibited severe materials and leakage problems [3]. Better seals and
electrical insulation were obtained by using a flange system with a
cold-salt seal (Fig.I-4) [23]. For all the cell configurations and
electrolyte systems used, the current densities did not exceed 65 mA/cm2
at very low working voltages (0.1 V) [16-23]. One exception was a
batch operation in which\a current density of 250 mA/cm2 at 0.3 V under
steady-state conditions was obtained employing a 1liquid lithium anode,
the LiF-LiCl molten eutectic electrolyte at 570°C, and a stainless steel
cathode (screen or porous micrometallic). No details about experiment
duration or other conditions were given [17,23].

In general, due to the elevated temperatures employed, the porous_
electrodes tested by MSA (nickel, platinum, palladium, and carbon)
exhibited variable catalytic activity at the surface of the frits,
flooding of the frits with either hydrogen gas or fused electrolyte,

concentration polarization, and severe corrosion. The diffusion mem-

brane (Pd-Ag) corroded rapidly. For reasonable continuous regeneration
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operation, the hydrbgen pressure must be about 1 atm; however, the
closed-Toop cells tested ét the regeneration temperatures of 800-1100°C,

and at the lithium hydride compositions of 0.35-0.42 w/w %, exhibited

Tow (20-300 torr) partial hydrogen pressures [17,23]. The hydrogen was
circulated by pumping argon, which was recirculated from the cell to the
regenerator. The metal and the e1eptr01yte were circulated by natural
convection.

The plausible coupling of this system with nuclear reactors was
envisioned [20], as well as the potential application for thermal energy
cohversion and storage of solar energy [21].

A1l experimental work carried out at MSA was of an exploratory
nature, searching for possible electrolytes and electrodes but at the
same time device oriented. The work carried out at TRW [24-31], principally
on the 1ithiumlhydride systems, was also device oriented. Due to the
state of the art of TRES at the time, Austin [3] questioned the validity
of the stated objective to "develop a thermally regenerative lithium
hydride fuel cell suitable for use under zero-gravity conditions with a
nuclear heat source" [24].

Fuscoe, Carlton, and Laverty performed the initial studies at TRW
[24] with Tithium and hydrogen reactants and the eutectic electrolyte -
mixture of LiC1-LiF (79:21 w/w %) at 510°C and 1 atm. An open-circuit
voltage (OCV) of 0.5 V was observed, and 6 mA/cm2 could be obtained with
a 50% polarization loss. The cells were constructed of 316 stainless
steel, with a stainless steel bell-shaped lithium anode, and a metal

foil diaphragm cathode (iron, 0.005 cm) replacing the porous
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electrodes. This replacement eliminated the need for a catalyst and
minimized the electrolyte interface and separation brob]ems, but the
foil electrodes behaved properly only at elevated temperatures. Major
problems related to the purity of the melt, electrode and cell materials,
and gases (argon and hydrogen) were encountered leading to high spurious
open-circuit voltages (which decayed) and irreproducible results. The
major impufities were water, oxygen, and nitrogen; the stainless steel
contact welded to the cathode material corroded. Niobium foil was also
tested as a cathode material but the niobium oxide, formed at the
surface or present in the metal, was not removed under the treatment
given to the electrode; iron was more successful since the iron oxides
formed were reduced by hydrogen gas [24,25,26]. The regenerator,
separators, and radiation effects were also studied [24].

The equilibrium pressure of hydrogen on the LiCl-LiF eutectic
containing 5-10 mole % of LiH was investigated at 880°C. At this tem-
perature, appreciable vapor pressure of Li, insoluble in the melt, led
to the recombination of evolved hydrogen and 1ithium, thereby forming
LiH in the exit line. Under these conditions LiCl is present in the
vapor phase as well. The dissociation of LiH in the presence of LiCl
was also studied [24].

An improved batch cell design [25] is shown in Fig. I-5, where high
purity iron was used to contain the melt, eliminating some of the
spurious high initial voltage. A steady OCV of 0.38-0.58 V was ob-
tainedp The cathode was a 0.010-cm, high purity, iron foil. As expected, -
the cell voltage and current density decreased with decreased hydrogen

pressure. At low pressure (<200 torr) the observed current densities
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agreed with calculated values (based on the rate of diffusion of H2
through the iron foil) and were found to be pfbportiona] to the square
root of the pressure of the hydrégen at the electrode (assuming the
partial pressure of hydrogen on the electrolyte side of the foil to be
zero). The rate of diffusion and the permeability of hydrogen on the

3 m]/(cmz/s), respec-

iron foil were Tow: 3.75 x 10'4 cmz/s and 2.6 x 10~
tively, at 550°C and 760 torr [25].

Other materials studied included rhenium, nickel, zirconium, beryl-
lium, tantalum, palladium, niobium, vanadium, rhodium, titanium, and
thorium. Theoretical calculations of the permeability, based on liter-
ature data, indicated that corrosion-resistant niobium, tantalum, and
vanadium had higher permeability to hydrogen than did iron, and that
niobium had a 1000 times greater permeability. Very preliminary experi-
ments indicated a permeability for niobium only 20 times larger than
that of iron [25].

A;Eontinuous thermal regeneration unit for a normal gravity en-
vironment was designed, fabricated, and tested with different pumping
systems. The degree of regeneration achieved was lower than expected
[25,29,30].

More extensive studies of the niobium foil cathode were carried out
by Carlton [26,27]. Thorough purification schemes were developed for
the melt, gases, and electrode materials, as well as the manufacture of
an all-niobium cell of a configuration inverse to that shown in Fig. I-5
(anode on the bottom; gases fed from the top). Niobium turnings were

used to getter oxygen from the melt and a 0.016% oxygen content was

achieved. A new lithium anode on porous niobium was developed. As a
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result of the elaborate purification procedure used during this project,
the single cell tested showed no high spurious voltage. The cell poten-
tial rose to a gteady 0.45-V OCV value. Due to the small amount of
1ithium available in the anode, the run lasted 45 min. Electrode polariza-
tion studies were carried out and indicated low cathodic and Tow anodic
polarization. In these studies current densitites as high as 1500
mA/cmz_at half of the OCV were achieved on a 0.012-cm foil cathode.

Under Toad (2 ohms) current densities of 125 mA/cm2 were obtained at
0.12’V. The current density was later questioned by Johnson and Heinrich
[33], who contended that the permeation would not support current den-
sities of that magnitude.

The separation of the hydrogen gas from the 1iquid metal/electro-
lyte mjxture was examined at TRW [28] using a compact gas/1iquid separa-
tor. The Tiquid/gas mixture was introduced tangentially at high velocity.
Beneath the cylindrical section was a conical chamber. The gas was
removed from the base of the cone, the heavier liquid from the side, and
the lighter liquid from the apex.

Problems with the 1ithijum hydride systems included the operation of
the separators in space [28,32], electrical isolation of the cells, life
of the pumps, and materials problems [3,4,35].

From 1961 to 1967, the Chemical Engineering Division of Argonne
National Laboratory [33-46] continued the research efforts on the
lithium hydride TRES at a more basic level than that previously descri-
bed. No attempt to develop a practical continuous regeneration cell was
made, but guidelines for practical cell design were suggested [33].

The techniques employed were similar to previous work. An inert-
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atmosphere dry box was developed in which purified helium was circulated
[34]. The performance of iron cells similar in design to that shown in
Fig. I-5 was tested in KC1-LiCl (41:59 mole %, 357°C) with.an iron foil
diffusion cathode. Again spurious high voltages were also found. The
polarization of the lithium anode was found to be small using a lithium
reference electrode. In agreement with TRW results [25], iron foils
were found to support current densities less than 100 mA/cm2 [36].

Considerable effort was expended by Heinrich, Johnson, and Crou-
thamel [36,37,38] in measuring diffusion rates through iron,‘iron-moly—
bdenum alloys, vanadium, niobium, and tantalum [36]. Quantifative
permeation studies of Armco iron and iron-molybdenum alloys [37] con-
firmed that currents in excess of 100 mA/cm2 cannot be obtained with
these diaphragms. However, permeation studies on pure vanadium [38], a
more reasonable material than niobium [4] from an economical and engin-
eering ‘point of view, showed that practical current densities could be
sustained by these electrodes. Figure I-6 compares the current densities
obtainable with Armco iron and vanadium. The disadvantage of the vanadium
(or niobium) diaphragm is that the foil is poisoned by oxide formation,
resulting in a time-dependent performance of the electrodes.

The permeation studies suggest that initially hydrogen gas is -
adsorbed at the metal surface in a moderately fast reversible step.
This is followed by diffusion of the gas atoms into the metal, the rate
determining step which controls the rate of saturation of the metal and
also the rate at which the equilibrium potentials in the cell are attain-
able (slow for vanadium and niobium; fast for iron). Finally, the
atomic hydrogen at the surface accepts an electron and migrates into the

solution.
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In addition, Plambeck, Elder, and Laitinen [39] investigated the
kinetics of the electrode reaction on an iron or tungsten flag electrode
in the KC1-LiCl melt at 375°C by using steady-state voltammetric and
chronopotentiometric measurements. Whereas the anodic oxidation of
hydride ions to hydrogen was found to be a diffusion-controlled, one-
electron process, the reverse process, of interest in the lithium hy-

dride cell, was found to be monoelectronic but rather complex and

n

slower, with a transfer coefficient o

density of about 1 mA/cmz, based on chronopotentiometric data at low

0.4 and an exchange current

cathodic overvoltages [39].

The 1ithium anodes employed were retained on sintered metal fiber
sponge (SS-430) [33]. The interfacial tension of the liquid Tithium in
the sponge ensured that the metal was retained in place below the sur-
face of the electrolyte, as long as the density of the electrolyte was
not very high [33,36].

The search for suitable molten electrolytes led to determination of
the phase diagrams of the Tithium-hydride/alkali-metal-~halide-based
binary [40-42] and ternary [43,44] systems, complementing the existing
literature up to 1961 [33]. Two electrolytes were selected for practical
cell use because of their lower liquidus temperatures: LiH-LiCl1-LiF,
predominantly a solid solution with a minimum at 456°C, and LiH-LiCl-
LiI, a ternary eutectic with a melting point of 330°C [44].

From EMF data on the Tithium hydride/1ithium halide binary melts in
the 400-600°C range, the thermodynamic properties of lithium hydride
were determined by Johnson, Heinrich, and Crouthamel [45]. Derived

values of the standard free energy, enthalpy, and entropy of formation
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at 527°C are A6, = -6.74 kcal/mole, 8H, = -20.9 keal/mole, and AS.
-17.7 cal/ degree mole [45]. Thé Nernst equation, E = E° - (RT/nF)2n-
[ALiH/(ALi/ ang)], for the reaction Li(2) + 1/2 H2(g) -+ LiH(s) reduces
to the EMF being identical to the standard EMF since the activities of
the solid, liquid, and gas (1 atm) are unity in saturated solutions.

The temperature dependence of the standard EMF is E° = 0.908 - (7.70 x
107%) 1 [45].

The extension of EMF studies as a function of temperature gave
information on the regeneration characteristics of the system [33,36].
The EMF dependence on 1lithium hydride concentration in unsaturated solu-
tions and the value for E° led to the determination of the lithium
hydride activity. With the activity of lithium hydride and the Nernst
equation (above) indirect data were obtained for the hydrogen equilibrium
pressure at each temperature and composition (see Fig. I-7) [33,36].
These data are in agreement with direct hydrogen partial pressure
measurements carried out by Fuscoe, Carlton, and Laverty [24] at TRW.

Studies of the hydrogen diffusion through the diaphragm showed that
the quantity of hydrogen diffusing through the metal is proportional to
the difference in the square roots of the hydrogen pressures on each
side [33,36], in agreement with earlier studies at TRW [24]. The -
larger the pressure at the cell, the higher is the output voltage [33,36].
Therefore, if the hydrogen pressures at the regenerator are low (see
Fig. I-7), an increase to 1 atm or more by means of a pump is needed to
improve the performance of the fuel cell and the efficiency of the

system. Johnson et al. [33,36] pointed out that, in principle, if the

ternary eutectic (LiH-LiC1-LiI) were used as the working electrolyte, at
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Figure I-7. Calculated Equilibrium Hydrogen Pressure for LiH-LiCl
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or near saturation with respect to LiH at 330°C (or above), the re-
generétion pressure could be significantly increased by sending to the
regenerator a mixture richer in LiH (90-95 mole % LiH). The pumping
requirements would be substantfa]ly smaller, and, therefore, the ef-
ficiency of the system higher. Johnson et al. [33,35] also studied the
voltage losses across the vanadium diaphragms. /

At Argonne National Lab. a practical batch cé]] was tested for 540
hours at 535°C, giving current densities in excess of 200 mA/cm2 at
half the OCV (0.3 V) [36]. This cell used a nontreated 0.025-cm-thick
vanadium diaphragm and LiH-LiCl-LiF molten salt. ngure I-8 shows the
current-voltage characteristics of this cell [36]. TheFOCV followed the
Nernst equation. A plot of ph/z as a function of the OCV is linear
with the slope corresponding tg a reversible H2/H' couple at the van-
adium electrode.

Preliminary practical cells were also tested with the eutectic LiH-'
LiC1-LiI, which has a lower melting point than LiH-LiC]-LfF. Larger
Carnot cycle efficiencies, due to the lower operating temperatures, and
possib]y more effective regeneration can be expected (see above).

Figure I-9 shows two experiments with this melt using 0.005-cm-thick
vanadium diaphragms. These experiments differ in internal cell resis-
tance by a factor of four. This difference was attributed to the differ-
ent pretreatments of the diaphragms, yielding materials with different
oxide content. This gave variable voltage losses probably associated
with the overvoltage at the hydrogen electrode.

Hesson and Shimotake [46] have discussed in detail the thermo-

dynamics and thermal efficiencies of the lithium hydride systems.
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Figure 1-8. Voltage-Curre_nt Curve for a Lithium Hydride Cell with a
0.025-cm Vanadium Diaphragm at 525° C [36]
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Iéig_ure I-9. Voltage - Current Curve for a Lithium Hydride Cell with
a 0.005-cm Vanadium Diaphragm at 425°C [36]
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I.1.1.3 Conclusions

In almost 10 years (1958-1967) of research on Tithium hydride
thermally regenerative systems, no practical cell was developed under
defined conditions in a continuous regeneration mode. Cells for batch
operation showed the possibility of obtaining practical current densities
(200 mA/cmz) at relatively Tow working voltages (0.3 V). Most of the
initial effort was largely empirical, and even the more basic work
lacked reproducibility because of the difficulty in obtaining thin metal
diaphragms of oxide-free vanadium.

A practical Tithium hydride cell should operate at the lowest pos-
sible temperature to take advantage of the higher voltage and higher
Carnot cycle efficiency thus obtained. There are still two key issues
unresolved: the gas electrode and engineering problems.

With respect to the gas electrode there are again two approaches to
be investigated. If thin films are used as cathode matéria]s, modern
surface spectroscopic techniques can facilitate the definition of oxide
content and impurities to ensure reproducibility of the foils. More
reproducible surfaces can be obtained with more adequate pretreatment of
the foils. Melts operating at Tower temperatures permit renewed consider-
ation of the abandoned porous electrodes as cathodes, particularly in )
view-of recent technological advances.

The regeneration step is not simple due to the Tow partial pressure
of hydrogen obtained in most cases and the slow rate of hydrogen for-
mation. Perhaps the use of the ternary eutectic LiH-LiCl1-LiI would
effectively raise the hydrogen equilibrium pressure in practice.

However, even for the most promising molten salt systems (LiH-LiCl-

LiF and LiH-LiC1-LiI) thé éngineering problems continue - circulation
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and separation of the liquid/solid mixtures (e.g., solid LiH in LiH-
LiC1-LiI); the presence of'LiH, LiCl, and LiI in the hydrogen exit 1line
(this problem can be minimized by taking advantage of the fast diffusion
of hydrogen through metals at these regenerator temperatures); and

corrosion, principally by LiH.

1.1.2 Halide-Containing Systems

In 1959, when Werner and Sheafer [19] proposed their patent on
metal hydride thermally regenerative systems, they also suggested metal
halides as potentially interesting TRES. In aqueous solution, a gal-
vanic cell with a cuprous bromide paste anode and a bromine gas elec-
trode formed CuBr‘2 electrochemically, with an OCV of 0.66 V. They
proposed that the regeneration could be achieved by heating and driving
off water and bromine and returning the cuprous bromide to the cell
anode. Molten salt media were also suggested but not tested, and these
cells were not pursued further.

Most of the halide-containing systems investigated and described in
this section did not operate successfully. Some halide-containing
systems which used two different halide compounds as anode and cathode

will be described in Section I.2.1.

I.1.2.1 Metal‘Iodides

Systems based on SnIZ, PbIZ, and CdI2 were proposed by Lockheed
Aircraft Corp. [50,51] as potential TRES. The initial work was devoted
to testing the performance of cells of metal|molten iodide|iodine gas.
The results are summarized in Table I-3. When regeneration was attempted
at temperatures up to 1000°C, no decomposition was observed. Misleading

kinetic arguments [3] (cf. Ref. 9, 12) were used to explain the lack of
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decomposition, but later it was realized that these iodides are thermo-
dynamically stable and therefore unlikely to be thermally decomposed at
this temperature [50,51,9]. The B1'I3 cycle was examined in the thermal
regeneration mode by Aerojet General Corp. [52], but later a thermo-
galvanic type of operation (see Section III) was preferred. Later, the
1odide systems were employed more successfully under a different mode of
operation, the coupling of electrical and thermal regeneration [51] (see
Sections IV and V). |

© ' Table I-3. SUMMARY OF GALVANIC CELL PERFORMANCE [501°

Cell Performance
Temperature ocv (V) I 2 (V)
System (°C) calcd. expt. (mA/cm®) Comments
Sn/1, " not given 0.8 0.4 -- -- electrolyte
solidified
Pb/I2 450 -- 0.63 55 0.3 ohmic polarization
only
370 -- 0.87 55 0.35 ohmic polarization
Cd/I2 | only
470 . - 0.83 55 0.65 --

AThe cell consisted of a porcelain beaker containing molten salt floating
on a molten metal anode and a porous carbon electrode as the iodine vapor
cathode (500 torr above atmospheric pressure),

1.1.2.2 Mercury Halides and Systems Regenerated‘by Thermal
Disproportionation Reactions

Another system proposed by Lockheed [50] was the cell: Hg|HgBr2:KBr
(50:50 mole %)IBr2 at 260°C. A calculated OCV of 0.61 V was expected,
but under these conditions solid ngBr2 was formed due to the reaction
Hg(2) + HgBrz(z) > ngBrz(s). Increased temperatures sublimed the
Hg,Br,. '
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An analogous system, using the disproportionation reaction of mer-
cury(I) chloride as the thermal regeneration step, was proposed by the
I11inois Institute of Technology Research Institute (IITRI) [53] as a

result of thermodynamic calculations [14]:

galvanic cell S
Hg + HgC]2 H92C12
thermal regeneration

Preliminary galvanic cell measurements with a cell cathode containing
HgC]Z:A1C13 (0.33:0.67 mole fraction) and an anode of pure mercury gave
an OCV of 0.73 V at 205°C, and 0.22 V with a 100-Q load [53]. Prelimin-
ary studies of the regeneration encountered problems in separating
mercury vapor from gaseous HgC]2 [54]. Diffusion of mercury vapor
through a gold foil was attempted as well as the preferred, but not very
effective, separation by preferential absorption of HgC]2 in NaCl1-KC1
melts [54].

A similar system Was recently proposed by IITRI [55]:

U A VT Ve, T oave

- 3

The projected OCV is 1.5 V at 175°C; the regeneration is to be per-
formed at 700°C.

I.1.2.3 Phosphorus Pentachloride

The following system was proposed [56,57] as thermally regenerative

in-organic solvents of high dielectric constant:

" galvanic cell

>

< R

RT3 +>C]2 <therm§[ regeneration PC]B
The conductivity of the solutions was attributed to the PC]Z and PC]%

jons [57]. Several solvents were tested: acetonitrile, dimethylforma-

mide, dimethylsulfoxide (violent reaction in contact with the phosphorous
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compounds), methylthiocyanate (reacted with PC]S), and nitromethane
(decomposition reactions océurred with time). The supporting elec-
trolyte was L1'N03 [57,58]. The E° for the cell was 0.28 V at 15°C. A
cell was built but no significant results were reported.
Some electrode kinetics studies were carried out by chronopoten-
. tiometry of the chlorides of P, Sb, and W in dimethylformamide at 25°C

on platinum working electrodes [59,60].

I.1.2.4 Antimony Pentachloride

This is one of the halide systems tested by IITRI [61,62] from
1960-1967, as a result of theoretical thermodynamic calculations [14] in
-a device-oriented project. This compound was selected because of its
easy dissociation into liquid antimdny trichloride and gaseous chlorine
at relatively Tow temperatures. -

The drawback of this system is the expected poor ionic conductivity

of the antimony chlorides, which can be improved slightly to about 10'3

ohm'] cm'] by addition of arsenium trichloride and minor amounts of
aluminum chjoride. Cells constructed with Sb013 anodes and chlorine
cathodes containing SbC]5 gave about 0.3 V and the mixture SbC13:AsC13
(1:1) gave about 0.4-0.5 V, but the cell resistance was still very high '
[63]. A solid electrolyte (PbC]2 doped with KC1) was used in a small
cell with some success. The conductivities were studied, as a function
of temperature, of several other solid electrolytes based on PbC12,
PbFZ, BiC13, and ion exchange polymers (silicates, sodium phosphotungstates,
and sodium polyphosphates), but none exhibited behavior which would be

. suitable for this type of cell [63].

The dissociation reaction SbC]s(z) > SbC13(2) + C]z(g) was studied
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in detail. The regeneration was demonstrated satisfactorily (80-90%
dissociation of SbC]s) over a wide range of temperatures (250-350°C) and
pressures (1-25 atm), producing liquid SbC]3 and gaseous chlorine [61,
62].

The work with mixtures of antimony, arsenic, and aluminum chlorides
was largely empirical with respect to the species present in solution. Plots
of EMF as a function of the ratio of SbC]5 to SbC]3 in A5013 solvent
show a variation of about 300 mV when the ratio is changed by a factor
of 10 at low SbC]5 content (70°C). From ratios of 1:1 to 100:1, the EMF
is essentially independent of the compositon and equal to 0.65 V. It
was proposed that mixtures of Sb and As chlorides can be oxidized by
free chlorine-forming species containing As(V) which could participate
in the electrode reactions. McCully and coworkers [61,62] suggested the

following total cell reaction:

"«§bAsC1]0 + SbC]3 > 2$bC15 + AsCl,

N~

3

A unit of 500-W formal power was built with 10 cells connected in
series with ~0.3-cm spacing between anode and cathode compartments. The

cloth impregnated with doped PbC]Z). The anode and cathode compartment_ .
compositions were SbC13: AsC]3 (2:1 mole ratio) and SbC15:A5C13 (4:1

mole ratio), respectively, both containing 4 w/w % A1C13. The cell had

a heat exchanger between the batteries and the regenerator unit. The
regenerator worked successfully but the cell performance was very poor.

The system could be charged to an output potential of 1.4 V, which

decreased very rapidly without appreciable load. It was verified that,

under pressure, cracks in the electrolyte allowed the mixing of the
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anode and cathode compartments [61,62].

The use of solid e]ectro]ytés was discouraged for this system. It
was proposed that research should be continued in the direction of
improving the conductivity of the antimony chloride solutions [62],
since the regeneration in this system can be accomplished easily, with

minor corrosion problems [63].

1.1.2.5 Hydrogen Halides and Other‘Halides

Rightmire and Callahan [64] described a hydrogen iodide thermally
regenerative system in 1963. The fuel cell operated at 120°C with two
pbrous platinized electrodes sandwiching the electrolyte, an aqueous
solution of HI. The fuel cell reactions were hydrogen'gas oxidation at-
the anode and jodine reduction at the cathode. Regeneration was per-
formed by flowing the electrolyte through a heat ex;hangef for pre-
heating and then catalytically decomposing it in a reactor at 1000°C
(using a Pt catalyst supported on alumina or a natural clay base). The
total pressure of the closed system was 6-7 atm. The equilibrium

H20(g),, H2(g) + I,(g) was then cooled. Iodine dissolved

mixture 2HI(g)
in HI as I% (;ondensed) and the solution [H20, HI, IZ(Ié)] was fed to
the cathode. The hydrogen gas separated from the condensed 1liquid and
was fed to the anode compartment of the fuel cell. When 43% H20 and757%
HI were used as electrolyte at 120°C, the OCV was 0.5 V. The authors
claim that a power output of 0.03-0.08 w/cm3 at 75% thermal efficiency
(the Carnot efficiehcy was 91%) can be obtained in this system with
current:densities as high aé 100 mA/cmz. The authors suggested that

hydrogen bromide would also be suitable for thermal regeneration.

Proposals bwaowlette and others [3,13] to use the iodine mono-
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bromide system and other metal halide systems are based on thermodynamic
andykinetic data. The melting point of IBr is 42°C and its boiling

point is 116°C. The conductivity is low but can be increased by addition
of KBr. At 300°C, IBr is 20% decomposed, whereas at room temperature

ca. 8% is decqmposed. The system thus seems feasible for thermal regener- .

ation but no further experimental studies were carried out.

1.1.3 Oxide-Containing Systems and Other Systems

1.1.3.1  Sulfur dioxide-trioxide
In 1961-1962, Kumm [65] investigated the system in which the regen-

eration reaction is

[N

T S03la) > S0y(g) + 172 0,(g)

and the cell SOZIelectro1yte]02. Thermodynamic studies of the regenera-
tion steps indicated that at about 1000°C the sulfur trioxide is largely
decompogéd. Kumm [65] presented equilibrium data over a wide range of
temperatures. To separate the two gases formed, two methods were
suggested: absorption of SO2 by water, br condensation of SO3 to act as’
a scrubber for 502. The first method is not feasible due to the high
vapor pressures of water at temperatures at which 502 can be distilled -
from water.

The ga]vanib cell reactions

2- - -
S0, + 250, + H,0 -+ 2HSO, + SO5 + 2e

and

- - 2-
1/2 02 + 2HSO4 + 2e - H20 + 2504

were expected in the two media tested: molten eutectic L1'HSO4-KHSO4 at
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n150°C, and dimethyl sulfate saturated with LiHSO4-KHSO4. For the
first medium at ~180°C an OCV of n0.1 V was found and for ihe second at
"95°C an OCV of ~0.17 V was obtained. Current densities were very low
and it was concluded that a thermally regenerative electrochemical
system based on 502/303 was not feasible.

More recently, Wentworth [66] has been investigating the 502/503
system in an alkaline medium. An OCV of about 1 V is expected. In his
prior studies the molten salt NH4HSO4 has been shown to undergo decom-
position in two steps which can regenerate 502. In the first step at
about 400°C, NH4HSO4 is decomposed into NH3(g), H20(g), and 503(9) in a
reaction which stores solar thermal energy. After the three gases have
been separated the 503 can be decomposed into SOZ(g) and O2 at a higher
temperature (950°C) in a catalyzed reaction. Studies of the system are

underway. So fak, low current densities and voltages have been obtained

[66].

[.1.3.2 Metal Oxides

From thermodynamic considérétions but without experimental data
Lyons [67] proposed metal oxide fuel cells in whiqh lower-valent metal
oxides are oxidized in alkaline fuel cells to the higher-valent metal 7
oxides. The latter are reconverted to the lower-valent oxides by heat
or chemical reduction. The oxides prdposed in this patent are of
copper, cobalt, manganese, lead, and iron.

Again from thermodynamic considerations, McKenzie and Howe [68]

proposed cells with oxides or oxyanions of rare earths, and group V1A or

V1B metals, e.g., U03/U308.
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1.1.3.3 Other Compounds and the SnISn(Ilj, Cr(III), Cr(II)|C System
Werner and Shearer [19] fested the system of an iron(II) sulfide
anode in molten sodium polysulfide (110°C) and a sulfur cathode. A
0.25-V OCV was obtained and iron disulfide produced. Since the standard
free energy of formation of iron disulfide from ferrous sulfide and
sulfur is zero at 700°C, the authors suggested that at this temperature
the cathode and anode regeneration could be accomplished. They.also
suggested lithium nitride formation as a possible TRES, though of very

low cell potential (~0.1 V).

1.1.3.4 The Sn|Sn(II),Cr(III),Cr(II)|C System

In 1886, Case [69] reported what appears to be the first thermally
regenerative system described in the literature. It produced electrical
energy periodically if a periodical temperature change was applied to
the system. Thus, at a temperature of 90-100°C the system delivered
electrical energy and at715-20°C it was spontaneously chemically regen-
erated. Case's system is based on the galvanic cell composed of a tin
anode and an inert gathode (e.g., porous graphite) reversible to the
soluble species Cr(II) and Cr(III). At 90-100°C the galvanic cell
operates and generates electricity. When the reactants are exhausted,
the regeneration is performed by disconnecting the electrical circuit
and letting Cr(II) ions reduce chemically the Sn(II) ions to Sn metal,
which deposits on the anode. In 1895, Skinner improved the anode by
replacing pure tin with tin amalgam [70; 128, p. 348].

A continuous regeneration operation might be obtained by f]owing
the electrolyte enriched with Sn(II) and Cr(II) ions to a lower-tem-

perature compartment, and by returning the precipitated tin to the
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anode and the Cr(II)-enriched solution to the cell (cf. with Section
I1.1.3).

Almost a Century later, Case's system has been reinvestigated by
Vedel, SoUbeyrand, and LeQuan [71]. The temperature dependence of the
EMF of the cell Sn|Sn(II)||Cr(III),Cr(II)|C was measured at various
electrolyte compositions (HC]:CaC]Z) and changed sign between 25°C and
95°C. These authors obtained a temperature coefficient for the cell of
1.42 mV/°C. By choosing the electrolyte composition, the inversion of
the sign can be made to occur at any temperature within the given range.

Low voltages, -60 to +60 mV, and Tow currents, 3 mA, were obtained.

I.1.4 Summary and Discussion of TRES Type 1

Table S-2 represents a summary of the thermally regenerative electro-
chemical systems investigated -or proposed in the Titerature covered by
Sec. I.1.

The majority of the systems reported in Sec. I.1 utilized molten
salt electrolyte systems and high regeneration temperatures (500 -
1000°C). Several halide systems were shown not to decompose appreciably
within the temperature range investigated. In some cases slow kinetics
was responsible for the low decomposition yields. Catalytic decompositjon B
was attempted’on1y in the HI system. With the use of suitable catalysts,
other systems may deserve renewed consideration. Very little experimental
work has been done in oxide systems.

Aqueous and nonaqueous systems have received far less attention
than molten salt media--principally because of the lower operating
temperatures, which would not be suitable for codp]ing with nuclear heat

sources but which certainly would be adequate for solar applications. -
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Systems operating at Tower temperatu;es [analogous to Sn|Sn(II),
Cr(III),Cr(II)|C], discovered by Case in the 19th century, have not been
thoroughly investigated. This is an area in which existing thermodynamic
data or new experimental data may indicate systems of better performance
than Case's system.

I.2 MULTIPLE ELECTROCHEMICAL REACTION PRODUCTS AND MULTIPLE-STEP

REGENERATION

A more complex galvanic cell was devised in which there are two
electrochemical products (See Type 2, in the Introduction). The anode
and cathode are composed of different compounds, e.g., metal halides or
oxides. The anode and cathode are regenerated separately, generally at
different temperatures [72]. The general scheme of such a system for

metal halides is:

Galvanic Cell Reactions

MXn + mX > MXn+m + me ' anode
M Xn

- me- > M'X.. + mX catho@e

1 T I .
MX, o+ M'X o > MK+ M'X galvanic cell

Regeneration Reactions

heat

n+m T2>T]

After separation of MXn and X2, MXn is returned to the anode and

Anode regeneration: MX > M+ m/2 X,(9)

X2 is allowed to react with M'Xn., thus regenerating the cathode.

' s . ' T 3 1
Cathode regeneration: M Ky T W2 Xy x> M Koo

372 +m

These systems are clearly much more complex than those described in
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Section I.1. A general problem arises when the anode regeneration étep
produces two products in the same physical state. For instance, if
SnC]4 or TeC]4 are the result of the anodic processes, at the thermal
decomposition temperatures the two products SnC]2 or TeC]2 and C12 ére
in the gaseous state, and the difficult separation constitutes a very
severe limitation to the practical application of this type of system
[61,62]. If SbC15 or CuC]2 are formed as a result of the anodic reac-
tion, the regeneration yields SbC13(2) or CuC1(%) and C12(g), which can
be separated by a relatively simple process (see Section I.1.2.4 on
SbC]s). Self-discharge processes pose additional difficulties to the
utilization of cells of this type. _

This approach to thermally regenerative galvanic cells was proposed
and researched from 1960 to 1969 ét IITRI (formerly Armour Research
Foundation) by McCu]]y,‘Rymafz, and Snow, among others. Thermochemical
and thermodynamic calculations disclosed severa] chemical compounds as
potentially suitable for thermal regeneration and galvanic cell opera-
tion [14]. Sections I.1.2.2 and I.1.2.4 describe the SbC]5 and HgC]2
systems, which composed part of the research effort at IITRI on simpler
halide systems. Sections I.2.1 and I.2.2 deal with the more complex

cell concept.

I.2.1 Metal Halides

The reactions of metal halides studied at IITRI during the 1960-
1967 period are summarized in Table I-4, in which selected galvanic cell
results are assembled. The proposed diagram for this type of system,
including the cell, the regenerators, and‘the heat exchangers, is shown

in Fig. I-10.
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Table I-4. CELL VOLTAGES OBTAINED IN THE REACTIONS OF METAL HALIDES [52,73]
Reaction® Composition Temperature Open-Cir-  Voltage Under Comments ]
Anode Cathode (°c) cuit Volt- 100-ohm
age (V) Load (V)
SnC12+SbC’|5->SnC‘I4+SbC‘I3 SnC‘lz:A'IC’I3 SbC15:SbC13b 150 0.47 0.3b Stable performance for

50 w/w.%

SnBr +SbBr5»SnBr4+SbBr3 SnBr2

c
2 SbBr2+Br2

not given 0.15 --

Mole Fraction in A1C1

3
SNC1,+2CuC1,»SnC1,+2CuC 0.23 0.25 205 0.70 0.29,
k 0.32 0.25 205 0.85 0.30
0.41 - 0.25 205 0.97 0.32
Cuc1+Cuc12»Cuc12+Cuc1 0.31 0.25 253 0.25 0.1
TeC1,+2CuC1 ;+TeCl,+2CuC1 1 0.25 205 0.92 0.5
¢ 0.40, 0.2§ 205 0.58 0.20
0.06 0.1 195 0.46 --
HgC1+CuC1 ,+HgC1 ,+CuCl 0.40 0.25 200 0.75 ©0.26
0.40 0.25 . 200 -- -
0.40 0.25 230 0.71 0.29
0.40 0

.25 210 0.66 --

over 2 weeks

Expected OCV of 0.54 V;
Tow Br2 concentration re-

sponsible for low OCV

Platinum electrodes

Platinum electrodes

Platinum electrodes

Platinum electrode
Graphite electrode-
Cathode disintegrated
Tungsten electrodes
Tantalum electrodes

0

315t reactant: anode; 2nd reéctant: cathode.
bE1ectro1y£é: A1C13:KC1 eutectic; load: 10,000 ohms; current density: 50 mA/cmZ.

cE1ectro1_yte: A1Br3:KBr eutectic.

dCurrent densities: 13 mA/cm2 for 9-mm electrolyte thickness; 50 mA/cm2 for 3-mm thickness and stationary

operation; and 60 mA/cm2 for flow operation.

In A1C13:KC1 eutectic.

fCurrent density: 22 mA/cm2 for 9-mm electrolyte thickness; current density increases with decreased

electrolyte thickness.
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The research on systems containing tin halides was abandoned due to
high decomposition temperatures of Sn014 (>17005C) and the severe
corrosion problems associated with SnC]z(g) and C]z(g) at this tempera-
"ture, in addition to the problems of separating the two gaseous products
[53,54]. %he anode regeheration in CuCl systems did not appear very
difficult [(CuC]Z(R) + CuC1(2) + 1/2 C12(g)] at temperatures below the
melting point of CuCl (1365°C), but the galvanic cell performance [CuCl
(anode)|CuC12 (cathode)] was poorer than that of other systems (see
Table I-4).

The TeC]z(anode)]CuC]Z(cathode) system was considered the most
promising based on the galvanic cell performance (see Table I-4).
Therefore, a more detéi]ed analysis of the e]ectrode.kinetics of both
electrodes was performed [70]. The electrochemical oxidation reaction
Te(II) »~ Te(IV) + 2e” was found to be faster on Pt electrodes than on Ta
e]ectrodés. On Pt electrodes an exchange current of about 100 mA/cm2
(16 mo]eb% TeCl, in A1C13) was found. Tafel curves for this oxidation
on Ta and Pt are shown in Fig. I-11.. The electrode reaction Cu(II) + e~
-+ Cu(I) was found to be much slower than the corresponding Te(II) oxi-
dation. Tantalum electrodes were found to catalyze this reduction
reaction. Tafel curves for the reduction on Pt and Ta are shown in
Fig. I-12. The cupric chloride cathode showed poorer performance than

the TeC]2 anode. Current densities of about 35 mA/cm2

were obtained at
0.1-V polarization (IR-free).

Cells four inches in diameter were constructed and tested which
produced current densities of about 20 mA/cmz. Based on the electrode

kinetics studies, using platinum anodes and tantalum cathodes and 0.1-
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Flgure I-11. Tafel Plots for the Electrochemical Oxidation of Te(ll)
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Figure 1-12. Tafel Plots for the Electrochemical Reduction of Cu(ll)

(4 Mole: % in 3:1 Molar Ratio AICI;:KCl) at 200°C

. [74]
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cm interelectrode spacing, performance improvements of a factor of 10
were projected [62]. This optimistic [4].estimate increased by another
factor of 2.5 by incréasing the TeC]2 concentration in the anode. A
unit of formal 5-kW power based on this concept, was built and operated
for about 30 minutes, after which 1eakages resulted in cell shutdown