Lawrence Berkeley National Laboratory
LBL Publications

Title
THE CHEMISTRY AND STATUS OF RECHARGEABLE MOLTEN-SALT BATTERIES

Permalink
https://escholarship.org/uc/item/6968c733

Author
Cairns, E.J. .

Publication Date
1933-05-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6968c733
https://escholarship.org
http://www.cdlib.org/

LBL-18103-

QE}\

@ Lawrence Berkeley Laborafomy

UNIVERSITY OF CALIFORNIA BERKELEY LANN®ATORY

o Wt s W o B {A YA

“wilh Lk it 1

LiBRARY AND

APPLIED SCIENCE DCCUMENTS SECTION
DIVISION -

Presented at the 163rd Meeting of the Electrochemical
Society, San Francisco, CA, May 8-13, 1983; and
published in the Proceedings of the Fourth
International Symposium on Molten Salts,

Vol. 84-2, M. Blander, D.S. Newman, G. Mamantov,

M-L. Saboungi, and K. Johnson, Eds., The
Electrochemical Society, Inc., 1984

THE CHEMISTRY AND STATUS OF RECHARGEABLE
MOLTEN-SALT BATTERIES

E.J. Cairns, G. Mamantov, R.P. Tischer,
and D.R. Vissers

May 1983

APPLIED SCIENCE
DIVISION

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.

]



THE ‘CHEMISTRY AND STATUS OF RECHARGEABLE MOLTEN-SALT BATTERIES

Elton J. Cairnsa, Gleb Mamantovb, Ragnar P. Tischerc,

and Donald R. Vissersd

a. Lawrence Berkeley Laboratory, and University
of California, Berkeley, CA 94720

b.'University of Tennessee, Knoxville, TN 37996
c. Ford Motor Company, Dearborn, MI 48121
d. Argonne National Laboratory, Argonne, IL 60439

Presented at the
Fourth International Symposium on Molten Salts

163rd Meeting of The Electrochemical Society
San Francisco, California

” . May 8-13, 1983

This work was supported by the U.S. Department of Energy
-under Contract DE-AC03-76SF00098

LBL-18103



Reprinted with permission from Proceedings
Volume 84-2, "Fourth International
Symposium on Molten Salts", Copyright 1984
by The Electrochemical Society, Inc.

THE CHEMISTRY AND STATUS OF RECHARGEABLE MOLTEN~SALT BATTERIES

Elton J. Cairns®, Cleb MamantovP, Ragnar P. Tischer©,
and Donald R. Vissersd
a. University of California, Berkeley, CA 94720
b. University of Tennessee, Knoxville, T™N 37996
c, Ford Motor Company, Dearborn, MI 48121
d. Argonne National Laboratory, Argonne, IL 60439

ABSTRACT

The chemistry and the state of development of rechargeable molten
s8alt cells and batteries of current interest are reviewed in this
chapter.

INTRODUCTION

Molten-salt cells offer the most attractive combination of high
specific energy (100-200 Wh/kg), high specific power (50-200 W/kg),
and long cycle life (300-1500 cycles) of any rechargeable cells under
investigation at this time. It 1is these important features that
Justify the development and application of cells that have the disad-
vantages of operation at elevated temperatures, and difficult materi-
als problems.

There are two major categories of molten-salt cells: those in
which the molten salt 18 the sole electrolyte, and those in which the
molten salt serves as a reactant and as an auxiliary electrolyte (the
main electrolyte is a solid). 1In the first category are such cells as
LiAL/LiCR~KCL/FeS, LiAL/L1CR-KCt/FeS;, and L1,S1/LiCR~KCL/FeSy; in the
second category are Na/NapO+xAt,03/NaS,-S, Na/Nat glass/NayS,-S,
Na/Na0+xA2703/SCL3ALCL, in NaCt-ALCRl3, and Li/Li20/L1NO3-KNO3/V20s.
These cells have operating temperatures ranging from 150 to 475°C, and
all must be sealed from the atmosphere because of the alkali metal
reactants and hydrolytic degradation of molten salt electrolytes.

In this chapter, we will review the relevant chemistry of several

of the systems mentioned above, and the state of development of re-
chargeable cells and batteries based on those systems.
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CELLS WITH MOLTEN SALTS AS THE SOLE ELECTROLYTE

The LiAL/L1CL—KC2/FeS Cell:

This cell makes use of a solid lithium—aluminum alloy as the
negative electrode. It supplies lithium as the reactant; the aluminum
gerves primarily to immobilize the lithium and store it in a solid
form at cell operating temperature (450-475°C). The most recent phase
diagram of the Li-Af system(l) indicates that at the cell operating
temperature (400-460°C) the solubility limit of lithium in aluminum is
10 at.%, which is the boundary of the a-At phase field. The B-Li-A
field has a composition width of 9 at.X lithium (47-56 at.X). The
electrode i{s normally cycled across the two-phase region between 10
and 47 at.X lithium, within which the emf of the electrode at 450°C 1is
constant at 292 wV relative to lithium.(2:3) As the lithium content
is increased above 47 at.l into the B-phase, the potential decreases
steeply and approaches that of lithium. 3'A’.

The positive electrode of this cell is iron monosulfide. The
chemistry of the FeS electrode has been the subject of considerable
research, much of it focu?eg at Argonne National Laboratory (ANL).
Recently, Tomczuk et al., 5 published a definitive paper on the
phases formed in the electrode, the phase sequence during charge and
discharge, and the thermodynamics of the electrochemical and chemical
reactions occurring in the electrode, as well as electrolyte effects
on such reactions. As mich of the earlier work{6~10) was discussed
and cited in this paper, it was used as the principal source of infor-
mation for this review, unless stated otherwise.

Five phases have been identified in the FeS electrode when oper-
ated in LiCR-KCt electrolyte: FeS, LiKgFe2,S26Ct (=J-phase), LijFeS;:
(zX-phase), Li,S and Fe. The FeS phase corresponds to a fully charged
cell, the J- and X-phases are present at intermediate states of charge
and discharge, and the Fe and LiS phases are present in the fully
discharged state. Figure 1 shows the ternary Li-Fe-S phase diagram
for 450°C, on which all of the phases just mentioned (except J-phase)
can be located. Line H-M of Figure 1 represents the pathway of the
overall electrode composition as the cell is discharged. :

Using the Gibbs phase rule for condensed systems and the fact
that all the FeS electrode phases can be prepared from five compo-
nents: LiCR, KCR, Li;S, Fe and FeS, it was found that for a given
¥/t ratio in the electrolyte and a given temperature, only two sul-
fide phases can be in equilibrium; therefore, six such combinations of
four sulfide phases result in six possible electrode discharge reac-
tions, These reactions are as follows:
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26Fes + L1t + 6Kt + CR™ + 6e~ + J + 2Fe (]

J + 25Li% + 20e™ +13X + 11Fe + 6Kt + C1” (21
J + SILi* + 46e + 26L1,5 + 24Fe + 6Kt + C2” (3]
2FeS + 2LiY + 2e- + X + Fe {4]

FeS + 2Li%* + 2e” » L1,5 + Fe (5]

X + 2Lit + 2e” + 2Li,S + Fe (6}

In an actual electrode, different regions are not always in equi-
librium with one another. For example, it will occasionally be neces-
sary‘to consider mixtures of three sulfide phases with iron. Such
mixtures can be at equilibrium in a given electrolyte at only one tem-
perature, At other temperatures in the same electrolyte, the three
sulfide phases are not in equilibrium, and a chemical reaction tends
to consume one of them. The four possible chemical reactions are:

23X + Fe + 6KCR + J + 20L12S + SLiCL (7)
3X + 20FeS + Fe + 6KCt + J + SLiCR (8)
23FeS + 3L12S + Fe + 6KC: + J + 5LiCt (9}
FeS + L1,S + X [10]

In their work, Tomczuk, et al., used extensive emf and cyclic
voltammetric measurements combined with metallographic examinations of
the electrode to determine the electrode phase sequence during charge
and discharge.

Metallographic examinstions of the electrodes showed that during
the first discharge, when large particles of FeS are preseat, the dis-
charge of the particle proceeds in four successive stages: (1) FeS on
the surface discharged to J-phase and iron, (2) FeS in the core dis-
charged to X-phase and ironm, (3) X-phase in the core discharged to
Li2S and iron, and (4) J-phase on the surface discharged to Li;S and
iron. Because the formation of J-phase was limited by diffusion and
the discharge of J-phase was found to be a slow, lower-voltage reac-
tion, suppressing these reactions and accentuating the X-phase reac-
tion seemed desirable.

One method found and implemented to decrease the gtability of
J-phase was to increase the Lit/kt ratio of the elect:r:olyte6 which
tends to drive the chemical reactions [7]-[9]) to the left.'»
Saboungl, et al., investigated the stability of J-phase and the effect
that the L1¥/K* ratio has on the stability of J-phase, using both an
electrochemical titration t?od and a metallographic reaction
product-examination method. 7 .

A first discharge of PeS in LiCt-saturated (68 mol I LiCt) elec-
trolyte at 425°C indicated the J-phase surface layer generated under
these conditions was only one fifth as thick as the surface layers
generated under similar conditions in the eutectic (~58 mol X LiCR)
electrolyte.(s) Vissers, et al., 9) in tests of small FeS cells
found the active material utilization of FeS electrodes improved
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markedly as the LiCZ content of electrolyte was increased above that
of the eutectic. From these cell studies, it was apparent that the
LiCt-rich electrolyte (68 mol X LiCt-32 mol % KCL) permitted recharge
of the electrode at a low voltage (~1.55 V, IR-included) and
discharge of the electrode .at high current densities (50-100 mA/cmz).
Consequently, this electrolyte composition was taken to be an optimum
and it is referred to as LiCl-rich electrolyte. This electrolyte is
now routinely used in 300 Ah cells.

To determine the phase sequence in the FeS electrode during
charge and discharge, cyclic voltammetric, emf, and metallographic
studies were conducted on the. Fe§ electrode both in the eutectic and
in the LiCt-rich electrolytes. 5) These studies were conducted with

well-cycled electrodes where the particle size of the active electrode
naterial was <20pm. '

The phase sequence determined for the electrode during charge and
discharge in the eutectic and LiCl-rich electrolytes is summarized in
Figure 2. 1In this figure, the Roman numerals indicate the sequence of

electrochemical reactions, while the broad arrows indicate the chemi~
cal reactions,

In the eutectic electrolyte, the charge sequence found was I,
LizS + X; IXc, X + FeS; chemical reactions {7) X + J + Li13S, [8] FeS
+ X+ Jand IIl;, J » FeS. The X + J + Li,S chemical reaction is
believed to be minimal. On discharge, the sequence was Ip, FeS + J;
Iy, FeS +» X, ILIg, J + X;. IVp, X » LigS; Vp, J + LipS (Note
that each phase discharges by multiple pathways). The chemical reac-
tions [7) and [B] or X + L13S and J, and FeS + X + J are superimposed
on the electrochemical discharge pathways.

In the LiCt-rich electrolyte, the phase sequence during charge is
very aimilar to that in the eutectic electrolyte, except that .the
chemical reactions forming J-phase are greatly reduced. - The result is
an electrode that is much more readily charged. On discharge, the
electrochemical phase sequence is similar to that found in the eutec-
tic electrolyte, except that J-phase may now react chemically with

LizS to form X-phase, a material with fast electrochemical kinetic
properties.

Phase trangsition potentials were measured in an investigation on
the thermodynamic progerties of the FeS electrode system in LiCL-KCZL
eutectic electrolyte. 5) For three of the phase transitions: Eg(J’

« X), B (J -~ L13S) and E7 (X + L12S), the emf of the FeS electrode
was measured at appropriate states of charge and discharge. In making
such measurements, an emf value was extracted from such data only when
certain reversibility criterfa were satisfied. For example, the J + X
(E3) data were obtained at both 20X discharge and 80X charge, which
are equivalent states of charge approached from different directions.
The agreément in these measurements 18 an indication of reversi-
bility. To obtain the other three phase-transition potentials, the
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emf of the FeS » LizS transition was calculated from the available
free energy values for (a + B)-Li-Af, FeS and Li12S; the FeS + X and
FeS + J values were then calculated from the thermodynamic interdepen-—
dence that exists between the potentials. The potentials Ez, E3, and
E,, which are dependent on electrolyte composition, were then calcu-
lated for the LiCt-rich (67 mol X LiCt) electrolyte from the reaction
stoichiometry and the changes in the activity of LiCR and KC% with
electrolyte composition. The regions of phase stability and emf
values for the respective transitions in the two electrolyte systems
(eutectic and LiCf-rich) are summarized in Figures 3 and 4.

Using the emf equations and the activities of LiCf and KC?,
Tomczuk, et al,, calculated the temperature at which the emf curves
intersect in LiCt-saturated electrolyte. The intersection of Ej*%,
Es*, and Ej, which occurs at 621°C in eutectic electrolyte, was calcu-
lated to occur at 481°C in electrolyte saturated with LiCt {75.2 mol X
Lict(ll)l. This temperature is in excellent agreement w}t? the
metallographically determined temperature of 481° * 5°C.{7) similar
calculations for the intersection of Ej, E,*, and E; (which occurs at
473°C in eutectic electrolyte)provided a va%u§ of 429°C in
LiCt-saturated electrolyte {68.4 mol % LiCt{5)], which s in
reasonable agreement with the 419° ¥ 5°C temperature determined in
the metallographic studies.(7) The above temperature calculations
rely on the reaction stoichiometries and certain emf differences,
while the metallographic studies only require the presence or absence
of phases. The good agreement between these independent methods tends
to confirm the emf equations and the reaction stoichiometries.
Therefore, the free energy changes of the chemical reactions can be
calculated with a reasonable degree of confidence.

The free energy changes of the four chemical reactions were cal-
culated from the thermodynamic relationships between the six eledtro-
chemical transition potentials and the free energieas. The free energy
changes of the chemical reactions are: -

' AG7 . = 322.6 + 0.682T
AGg = -236 + 0.380T
AGg = =223 + 0.336T
AGlg = 4.32 - 0,015T

where the temperatures are in °C and free energy changes are in kJ.

In a more recent study, Tomczuk, et 31.'(12) determined the
phase transition potentials of the FeS electrode from similar studies
in LiF-LiC2-LiBr, where the only phase transitions are FeS + X and X +
Li2S. The results of these emf wmeasurements were:

*Indicates the emf has been calculated.
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E (in nV), FeS - X = 1338.9 + 0.0133T(K)
E (in oV), X = Li3S = 1432.11 - 0.147T(K)

These values are In good agreement with their earlier values.(3)

Thermodynamically, one would predict that the principal over-
charge reactions of the FeS electrode are as. follows:

FeS + Fej_xS + x Pe*z + 2xe” tlll
2PeS + FeSy + Fet? + 2¢- - (12)

. The calculated voltages for these reactions vs. (a + B)-Li-AL at
450°C are 1.84 and 2.17 v, respectively; studies of overcharged FeS

e:ectrodes by Tomczuk, et al., confirm the proposed overcharge reac-
tions.

A large number of L1AL/LICL-KCL/FeS cells of various sizes and
designs have been built and operated. A typical cell design is shown
in Figure 5. The electrodes are pressed plaques of electrode reac-
tant and powdered electrolyte; the electrolyte between the electrodes
is usually held in a boron nitride felt (but sometimes 18 used in a
paste form using MgO pouder).(lb) Cells of the type shown in Figure
5 having capacities up to about 350 Ah have been tested, and they have
demonstrated cycle lives of 250-400, with a few cells surpassing 1000

deep cycles. Specific energy values up to about 100 Wh/kg have been
achieved. . ) ‘

A few batterles of LiAL/FeS cells have been tested in sizes up to
about 4 kiWh. The lifetimes, as is to be expected, have been shorter
than for slngle cells. These batteries have shown cycle lives up to
about 275.(13) The main cause of failure is the extrusion of the
pasty positive electrode active material out of the positive elec~
trode. This extruded material bridges across to the negative elec-
trode, shorting the cell,’

Table 1 summarizes the status of cell performance, lifetime, and
other features., The recent cell development activities are also’
sumnarized, including work on }0-cell batteries, as are the temaining
problem areas. ’

The Li-S1/L1C2-KCL/FeSy Cell:

This cell is closely related to the one discussed Just above. It
makes use of electrodes that have a much lower equivalent weight, and
therefore has a significantly higher specific energy.

The negative electrode of this cell i{s a solid lithium-silicon
alloy, which operates very effectively at practical current densities,
and can store up to about four lithium atoms per silicon atom. The
Li-Si phase diagram has been subject of several investi-
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gatlons,(l6'18) with considerable discrepancy reg?rdlnf exact phase .
compositions. According to the most recent work, the phases
tnclude Lig 451, Li3 2481, Lip 3351, Lij 7151, and Si. The

enf values (va. L1) for the corresponding ph?se transitions are &4,
150, 277 and 326 mV, respectively, at 450°C. 6- During normal
cell operation, the Li-Si electrode is usually operated between the
Li3, 7554 and S1° sections of the phase diagram to avoid the
corrosion and self-discharge problems associated with the
Lig4,451-L13 551 two-phase region.

The positive electrode of this cell is solid FeS;. This 1s an
attractive material because it is plentiful, has good electronic con-
ductivity, a reasonably low equivalent weight, rapid reaction rates at
cell operating temperature (450°C), and has a sulfur activity such
that good potentials are achieved (1.6-2.1 V vs. Li).

The most extensive study of the high—temperature phases in the
Li-Fe-S system was conducted by Martin( who employed metal-
lography to establish the number and identity of the phases and X-ray
diffraction to support the phase identification. In his work,

Martin developed the Li;S-FeS-FeS; section of the Li-Fe-S phase dia-
gram, which provides an excellent guide for electrochemical investiga-
tions. Tomczuk, et al., 24) have subsequently updated this work on
the phase relationships of the FeS; electrodes and elucidated their
role in the chemistry of the electrode. The updated phase diagram is
shown in Pigure 1. The major ternary phases in the diagram are indi-
cated by the point F, which 18 the compound LijzFezSy (or

Liy sPeS;), and the field C-D-E, which is a eolid solution whose
composition can be approximated by Lij, Fej_,Sp;. This fleld is

quite narrow and is best approximated in the diagram by a line,
although, of course, it must have some finite width. At X = 0 (point
E), this phase has the composition Li,FeS; and it 18 a major phase'in
FeS electrodes. At X ® 0.2 (point D), the composition ie approximate-
ly L1z 2Feg gS;; _this compogition.is in equilibrium with

L13Fe28“. At X = 0.33 (point C), the composition 1is

L1 ,33Feq 7S, and the material of this composition is in equi-
librium with Li;S and FeSj.

The dashed lines A-L and H-M are given in Figure 1 to indicate
the equilibrium phase progressions in FeS; and FeS electrodes,
respectively. [These progressions are only valid, of course, in the
absence of phases like LiKgFe24S26Ct (which would require a quinary
diagram)]. Thus, the dashed line H-M gives FeS = LisFeSz and Fe =«
Li2S and Pe as the predicted phase progression in the FeS electrode,
but, as noted before, more complex phase progressions are also knowm.
The dashed line A-L gives as the predicted phase progression in FeS;
electrodes:

FeSy = Li3Fe3Sy, = Lizyy,PejSz2 + Fej.S = LizFeSy = Li,S + Fe
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The arrows on the above fhase progression are a shorthand notatfion
used by Tomczuk, et al., 24) for the cell reactions.

The phases found in the room-temperature examinations of the FeSp
electrodes were FeS;, KFeSp, LigFe,S,, Li, 33Feqy, 752, LiyFeS,,
Fe) xS, LiKgFep,S24Ch, Li3S, and Fe. In metallographic examina-
tions, these phases could be readily distinguished from one another by
their color, ‘isotropy,‘'and crystal structure. The X-ray diffraction
patterns and crystal systems are presented in this work 24) for the
respective phases. If the two potassium-containing compounds, which
were present at low levels, are excluded from consideration, the
phases identified by Tomczuk, et al.,(ZA) in the FeS; electrodes are
lo agreement with Martin's phase diagram.

Coulometric discharge data{24) obtained on the FeS; electrode
also support Martin's phase diagram. The breaks in the discharge
curve were located at 37.9, 42.6, and 50 of the total capacity.
These values compare well with the breaks predicted by the phase
diagram, namely 37.5, 41.8, and 50%, and they indicate that the phase
sequence during dlacharge observed in the FeS; electrodes agrees with
that ‘predicted by the phase diagram if one neglects the
potassium-containing compounds.

The phase sequence during charge was found by Tomczuk, et
al. ( 4) to be slightly different than that observed during dis-
charge for the LizFejS, = FeSz phase transition. During discharge,
the LijFezSy formed on the FeSy; during charge, the FeS; formed on the
Fe) _xS. The phases formed during charge are shown in Table 2.
Cyclic voltammetry studies (25) have shown that the discharge begins
very near 1.76 V va. (a + 8)-Li-At, but the charge reactton occurs at
1.82 V; these observations are also supported by the cell data.
A nonequilibrium soluble electrode SP?C1§8 also seemed to be formed in
this transition region during charge, which further suggests
that the charge and discharge reactions for this transition must be
quite different. '

The principal overcharge reaction{25) of the FeSy electrode
occurs at -2.4 V va, (a + B)-Li-Al and {s:

FeSz + 2CL™ + FeCly + 2S + 2e” [13)

where the formation of sulfur and ferrous chloride increases the
porosity of the electrode and decreases the coulomblc efficiency of
the cell.

- A-number of Li-Si/FeSy cells of various designs have been built
and operated at Argonne National Laboratory, and General Motors
Research Laboratories. The CM cell was disk-shaped and had the con-
struction shown in Figure 6. Cells of this type had a capacity of
about 70 Ah, and had voltage vs. capacity curves as shown in Figure 7.
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These cells had lifetimes of up to 16,000 h, and cycle lives of up

to about 700 cycles. Only a small amount of work has been performed
on batteries of Li-S1/FeS; cells. This system is in an earlier stage
of development than LiAL/FeS, but offers the pussibility of twice the
specific energy, as shown In Table 3, which summarizes the status of
the Li-Si/FeSy cell.

CELLS WITH HdLTEN SALTS AS REACTANT AND AUXILIARY ELECTROLYTE

The Na/Nay0-xAp03/Na2S,~S Cell:

This cell makes use of a molten sodium negative electrode; a
solid tubylar electrolyte of beta alumina (Na;0-xAf203, x = 5 to 11)
which conducts sodium fons; and a molten sulfur-sodium polysulfide
positive electrode with graphite felt as the current collector. The
operating temperature is 350°C. The overall cell reaction can be
represented by

2Ma + XS e=n NagSy ‘ (x = 2 to 5) [14)
The reaction at the sulfur electrode

(x~1)S% + 2™ == xSx.| (x = 3 to 5) f15]

A

ts followed by equilibratfon with the frec sulfur phase

S;-l + S — S; [16) )
as ldng as free sulfur exists.

This overview will discuss the NazSz-S phase diagram, some of the
properties of sodium polysulfides and the electrochemical reactions at
the electrode interface including diffusion and subsequent chemical
ceactions. Only highlights can be given of facts that are well
established and of important questions that are still open.

The phage dlagram (Figure 8) has becen investigated numerous
times.(26-30)  The main dif€fculty in such investipstion is that in’
this system equilibria are established slowly and that god fum
polysulfides tend to undercool and solidify as glasses, 31 If the
glass is subsequently crystallized, the resulting crystals are not
necessarily in equilibrium with the melt at the liquidus line. The
salient features of the phase dlagram are the existence of the three
polysulfides NazSp, NazS, and NapSg, and a miscibility gap with liquid
sulfur and NapSs saturated with sulfur in equilibrium. This
miscibility gap plays an important role in electrode kinetics and
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consequently in cell performance. NaS3 is stable at rtoom
temperature, but decomposes above 100°C into NaS; and Na}Su. which of
course does not preclude its existence in the melt.(32,33

Attempts have been made to interpret the dependence of the open
clrculz voltage of the cell on melt composition thermodynami-
cally. 34-36

One difficulty in analyzing the kinetics in this system i{s our
limited knowledge of the exact composition of the melt, i.e., of the
nature of the ions present. However, it has been established that un-
charged sulfur is gresenc in the polysulfide melt only in the form of
polysulfide tons,(36) .

The propensity of polysulfide melts to solidify as glasses was

- uged to advantage in Raman spectroscopy. 3 Investigations at the

temperature of the melt gave little insight, because of the coexis-
tence of a series of polysulfides, 37) whereas with glasses inter-
pretable results were obtained. The presence of the ions $%, S§, and
S5 in melts of the appropriate composition was confirmed, but the
existence of S3 in the melt is still controversial.

Another difficulty in analyzing the kinetics is the problem of
defining diffusion in a pure melt. Earlier aggroaches used in other
systems have been applied here succeasfully.( +39) Also, it must
be kept in mind that in electrochemical measurements in pure melts.
without solvent, migration of reactant fons is not negligible, and
diffusion coefficients ogtaiged are only effective values. However,
these values (around 10~  cm“/e) agree quite well with those deter-
mined by tracer studies.(40) activation energies are in agreement
with those found for melt viscosity. 1-43 '

The rate of the interfacial reactions at practical curreant densi-
ties 18 clearly determined by diffusion. Exchange currents are
extremely high. Relaxation methods have yielded values of 1 A/cm2
with steps up to 400 wV and of more than 10 A/cm® with steps of a few
millivolts. This may be understood as measuring one and in the former
case both of two consecutive steps in the two electron reac-
tion.(38,3 :

Kinetics -have been investigated by potential sweep chrono-
amperometry,(38-39) bg chronopotentlometty,(44) and by the rotat-
ing disk method.(as'a )

The kinetics of the cell reactions are illustrated by Figure 9 of

. a cyclic potential sweep with melt ‘resistance measured concurrently.

Neither anodically nor cathodically do we see a limiting current. On
both sides the reaction peak (A,F) 18 followed by an abrupt decrease
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in current caused by an insoluble reaction product: solid NayS, on
the cathodic side (B) and liquid sulfur on the anodic side. The con-
ductance decreases correspondingly. The formatfon of insoluble prod-

ucts necessitates the use of expanded electrodes in all but very thin ’

layers of polysulfide electrolyte. The reduction peak A has been
identified as a superposition of Lwo consecutive one electron reaction
peaks. On the return sweep the current always passes through zero at
the potential of a melt saturated with NazS;.

It has been suggested that the Randles-Sevcik equation cannot be
applied because of formation of these blocking surface layers. tHow-
ever careful analysis has shown that the influence of layer formation
becomes noticeable only after the peak has been reached, and the con-
sistent results obtained with Randles-Sevcik analysis bear this out.

The formation of solid NazS; does not pose a problem in cell
operation, especlally since the layers seem to be crystalline and not
very dense; they in fact inhibit overdischarge. The influence of
sulfur formation at the anode depends on the nature of the electrode
material, i.e., on its preferential wettability. Carbon and many
other materials are preferentially wetted by sulfur. When the melt
composition reaches Na;Ss and becomes saturated with sulfur, there is
no longer a mechanism for the removal of the adsorbed insulating
sulfur layer. Current flow i{s blocked, and the cell cannot be
recharged beyond this point. Fortunately there are means of modifying
the surface so that it becomes preferentfally wetted by polysulfide
and permits charge into the two phase region of the phase diagram.
Certain metal surfaces (e.g., those of chromium steels) will not block
anodic current at all. These surfaces (covered by a corrusion layer)
are clearly preferentially wetted by polysulfide. Unfortunately they
are not stable enough for use in practical cells.

Basic research stimulated by the fnvention of the sodium/sulfur
cell has established many facts that are essential for the development
work. But there are still a few important questions to be solved:

1) the distribution of lon specles Sy (x = 2 to 6) in sodium

polysulfide melts;

2) the actual values of the very high exchange currents at the

electrode;

3) the role of migration in the transport process.

Even though there are some unanswered questions about the
sulfur-sodium polysulfide electrode, there 1s enough known to allow
high-performance, long-lived cells to be built in significant quanti-
ties. Cells of various sizes, recently 65-200 Ah, have been operated,
and have demonstrated specific energies of 120-160 Wh/kg, peak spe-
cific power values of 100-200 W/kg, and cycle lives of 300-1500, A
typical cell design 1s shown in Figure 10.

Difficulty has been encountered in obtaining full recharge of the
sulfur electrode because of the formation of an insulating layer of
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sulfur at the sites of the electrochemical reaction. Various schemes
were devised for maintaining electrolytic and electronic contact
between the solid electrolyte, the polysulfide phase, and the graphite
current collector. Some useful approaches have included graded-
resistance graphite felt current collectors (to distribute the reac-
tion zone more widely), layered current collectors (graphite felt,
well wetted by sulfur, in alternating layers with alumina cloth, well
wetted by polysulfide), with the planes of the layers perpendicular to
the axis of the electrolyte tube, and additives to sulfur, to improve
its electronic conductivity.

A number of batteries of Na/NapS,~S cells have been tested.
Figure 11 shows typical charge and discharge curves for a parallel-
connected module of 25 cells{47) Mogt of the batteries have been
able to store about 10 kWh, and a recent one has stored 100 kiWwh. One
25 kWh module of the latter battery has operated for over 600 cycles.
This represents the largest and longest-lived high-temperature battery
known ‘to these authors.

The status of the work on this system is summarized in Table 4.
The remainting problems include corrosion of the metals in contact with
the sulfur electrode, the high cost of the electrolyte, seals, and
failure of cells during freeze-thaw thermal cycling.

The Na/Nay0+xAR203/SCL3ALCL, in A2CR3-NaCt Cell:

This cell offers an unusually high voltage of 4.2 V, and a theo-
retical specific energy of 563 Wh/kg, corresponding to the reaction:

4Na + SCL3ARCE, + 3ALCL3 + S + 4NaAtCy, [17)

It is also possible to discharge the sulfur to the minus—tuo'Qslence
state., In this case, the reactions are:

4Na + SCR3ALCL, + 3ALCL3 + S + 4NaALCRy n7j
2Na + S + ALCt3 + ALSCL + 2NaCt (18]

In addition, the operating temperature is in the range 180-250°C vs.
350°C for Na/NapS,-S.

As discussed below, Reaction 17 proceeds through several interme-
diates. The evidence for the reactants, products and the intermedi-
ates may be summarized as follows:

l. The Raman spectrum of the melt in the positive electrode com—
partment of a fully charged cel1(48) 15 a summation of the spectral
features of AL3C%7™,A2C%,~ and SC23% (the presence of Na' ions is, of
course, not detected by Raman spectroscopy). The fully charged state
may be obtained either by a four electron oxidation of elemental
sulfur in the melt or by the addition of the compound SCt3ARC,(4%)
to an acidic (ALCR3/NaCt molar ratio > 1) melt.
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2. Raman spectra taken at different stages of the first dis-
charge plateau clearly show the disappearance.o§ SC!3+. the increase -
of ALCl,~, and the decrease of AL,Cj” bands. In fact, the melt
compositions estimated from the intensities of the Raman bands of
Af2C27~ and AfCL,~ are in reasonable agreement with melt compositions
calculated from the stoichiometry of the electrochemical process.
Thus, the discharge corresponds to a decrease in the modified Lewis
acidity of the melt in the positive electrode compartment, in agree-
ment with Equations 17 and 18. Although no clearcut assignments of
intermediate species could be made based on Raman epectra, UV-visible
and electron spin resonance spectroelectrochemical and electrochemical
studies(50-54) of more dilute melt solutions provide evidence for
monovalent sulfur species, present as Szflz or posslblx ?§C1+1 and, in
AMCL3-rich melts, for cations such as Sg + Ss* and Sg'. 0,50)

Thus the overall reduction process of SCL3" involves an increase in
S-S bonds and decreasing CL™ complexation.

3. The end of the first discharge plateau corresponds to the
formation of elemental sulfur, present predominantly as SB.(68,55)
The solubility of sulfur in the melt increases with the melt acidi-
ty( or, in other words, it decreases as the discharge proceeds.
Thus, it is likely that in a cell most of the elemental sulfur is pre-
éent as a suspension,

4. The product formed during the second discharge plateau
depends on whether the melt is acidic or basic (this will usually
correspond to NaALCl, saturated with NaCl(56)). 1In acidic melts
polymeric (ALSCt), is formed, while in basic melt polymeric
(ArsCty),, 18 pteaenc.( 8,57) The values of n are believed to be
-3-4 in dilute melts.(57) There 1s no evidence for the formation
of polysulfide ions in ALCL3;-NaCt melts, although Raman evidence for
the S3~ ion in basic AfCR3~CeCt melts has been obtained.(5

The electrochemistry of sulfur oxidation and reduction has been
investigated in very acidic (ALCL3/NaCt, 63/37 mole X) mclts.(sz)
melts of intermediate pCt (where pCt is defined as -log [Cl'l).(Sb)
and in AfCl3/NaCt melts saturated with NaC2.(33) These investiga-
tions, as well as spectroelectrochemical studies in 63/37 AtCt3/NaCt
nelts,(5 ) were performed in more dilute melts than is normally the
case for cell studies. ’

In very acidic melts the oxidation of sulfur to SC!.3+ involves
three voltammetrically distlnguishab%e steps. he first of these
steps results in Ss+ and probably Sg * and 85+; 51) the apparent
n-value per sulfur atom ranges from 0.13 to 0.22 depending on the tem-
perature (175-250°C) and the concentration of sulfur., The second step
results in the formation of monovalent sulfur which 18 oxidized to
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sct3t in the third steg. Spectroelectrochemical studies(51) point

to the formatfon of S,*% and divalent sulfur as intermediates in the
second and third oxidation steps. The low oxidation states of sulfur,
such as .Sg* and Sg ; were found to be unstable in slightly acidic
melts (pCt < 3.8);(S ) only two voltammetric steps are observed
corresponding to the formation of S;Ct; and. SC23¥. In NaCt-sgturated
melts Sctg+ is unstable; the main oxidation product is szczz.?53§

A number of simple glass laboratory cells of up to twenty ampere
hours capaciz; have been operated, and a few metal-cased cells have "
been tested.(59,60) gopme voltage vs. capacity curves for a cell
employing both Reactions 17 and 18 above are shown in Figure 12. The
upper plateau corresponds to Reaction 17; the lower plateau corre-
sponds to Reaction 18. This cell used a reticulated vitreous carbon
current collector in the positive electrode. Tungsten spirals have
also been used.

Recent work with tyta cell has dimonstrated that high power den~
sities (up to 788 wW/cm® at 360 mA/cm® and 2.2 V) can be achieved.
Some cells of this type have demonstrated cycle lives in excess of 400
cycles, and one small cell (0.56 Ah) was operated for 1370 cycles
(with the positive electrode inside the 8"-A2203 tube).

Values for specific energy and specific power of complete cells
cannot be quoted because no cells of practical design have been con-
structed yet. The status of this cell is summarized in Table 5. The
problems include: highly corrosive positive electrode material;
significant vapor pressure of ALCL3; seale; poor wetting of the
electrolyte by sodium requires special start-up procedures.

N

CONCLUSIONS

Based upon the materisl presented in this paper, the following
conclusions may be drawn,

1. Molten-salt rechargeable cells are making good progress in
their evolution into high-performance, long-lived batteries.

2. The chemistry and electrochemistry of these systems are com-
plex, but are reasonably well understood.

3. Materials problems are significant for these systems, and
could well be the pace-setting issues in their development.

4. The fleld of molten salts offers interesting opportunities
for the development of new electrochemical cells. More are sure to
follow, :
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Table 1. Summary of LiAL/LiCR—KCL/FeS Cell

2LiAL + FeS + L1,S + 2Ag
E = 1,33 V; 458 Wh/kg Theoretical

T = 450°C

Status

60-100 Wh/kg @ 30 W/kg
60-100 W/kg, peak

Specific Energy
Specific Power

Cycle Life 300+ @ 100X DOD
Lifetime 5000+ h
Cost >$100/kWh

Recent Work

Multielectrode cells
LiX-rich electrolyte

BN felt separators

Wetting agent for separators
Powder separators-Mg0
Freeze~thaw cycling

Improved current collectors
Batteries of 320 Ah cells

Problema

Low specific energy

Low voltage per cell

Cell shorting major failure mode
Electrode swelling and extrusion
Agglomeration of Li-At with cycling
Capacity loss

High separator cost

Leak-free feedthroughs

Therwal control
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Table 2. Sulfide Phases During Charge of LiAt/FeS; Cells Operated at 410°C Using Eutectic

Electrolyted
Cell Charge potent_ialb X-ray findings Metallographic

designation ve. (a + B) . : findings
- LiAg Major phase Minor phase

Z-1 1.53 Li,FeS, LiKgFe,,S26C2 | LiaFeS,; + trace of LiKgFegz,S2¢Ct

2-9 1.64 ) Liy .33Feqg ¢752| Fey4S lizFeSy; + Fej_S + Liy 33Fep ¢752

u2FESZ ’ ’ . . .

z-2 1.72 LijFe,S, None detected | LizPejS, only

2-7 1.79 LizFeyS, None detected | Li3Fe S, + 51 Fe)_,S

z-3 1.82 LijFeyS, FeSy + Fej_,S | Not examined -

2-8 1.85 FeS, Fey.,S FepS + Fe .S

8 The phases Li3S and Fe are not shown in this table because they react at a much lower potential

of 1.33V to yield LijFeS;. 2
b Cells were constant-current charged at -18 mA/cm® to this potential and then constant voltage

charged at this potgntial for periods in excess of 18hr. Current densities at the end of this time
period were <2 mA/cem“. - :
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Table 4. Summary of Na/Na' Solid/S Cell

2Na + 3S + Na3yS3

E = 2.0 V; 758 Wh/kg Theoretical

T = 350°C
Status
Specific Energy. 90-180 wh/kg @ 30 W/kg
Specific Power 60-180 W/kg peak
Cycle Life 300~-1500
Lifetime 3000-15,000 h
Cost ) >$100/th

Recent Work

Batteries, 10-100 kiWh
. CgN, additive to S

Ceranic (Ti0,) electronic conductors
Shaped current collectors

Tailored resistance current collectors
Sulfur-core cells

Layered current collectors

Graphite cladding

Naj 15 Zr2S1xP30)2

Thermocompression bonded sealn

Problens

Low cost electrolyte

Corrosion-resistant material for contact with §
Thermal cycling

Low cost seals

Robust electrolyte seals

™

Table 5

Na/Na;0-xA2,03/SC23A4Ce, in A2Ct3-NaCt

4Na + SCL3ARCL, + 3ARCE3 + 4NaALCL, + S

.B = 4,2 V; 563 Wh/kg Theoretical

T = 250°C

Status: laboratory cells only (4 Ah)

Current Density
Power Density
Cycle Life
Lifetime

Cost

Recent Work

Larger cells - 20 Ah

20 mA/cm? @ 3.5 v

790 mW/ca? max, @ 2.2 V
1370 @ 100X DOD

7000 h

too early

Less expensive curtrent collectors

Reduction to S*

Problens

Sodiun wetting?
Vapor pressure of A2Cf3

Corrosion of metals and some electrolytes

Electrolyte cracking?
Seals
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