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Abstract

Molten iodide-based salts due to their low melting points were envisaged to improve the performances of thermal batteries. Iodide-based salt
drying and the determination of the basic properties (electrochemical window, conductivity, thermal heat capacity, ... ) of some electrolytes were
carried out. The results obtained showed that some of iodide-based electrolytes are suitable for thermal batteries. In addition, the LiF-LiCl-Lil and
LiF-LiBr—KBr electrolytes were tested in Li—Si/FeS, single cells in the temperature of thermal battery operating conditions. The LiF-LiCl-Lil
electrolyte could be considered as an interesting alternative for the improvements of thermal battery performances.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Thermally activated (“thermal”) batteries were developed for
the military purposes during the World War II as electrical gen-
erators for the V, missiles. At that time, the heat transferred
from the “embedding system” was used as heat source to melt
the salt-based electrolyte. Later, pyrotechnic compositions [1]
were added. They are also very reliable, rugged and robust. As
they can be stored more than 20 years without degradation, they
are mainly used as electrical generators in military systems:
missiles, guided bombs, shells, sub-munitions, decoys, torpe-
does, aircraft security systems, One can also find applications
in the area of civil high technologies (satellite [2], Ariane V
launcher [3] or specific applications such as borehole genera-
tors [4]). However, thermal batteries suppliers push forward to
extend their use for specific applications (operating time over
one hour, pulse applications with very high power output, ... ).
Various technical improvements are envisaged to increase the
global performances of the batteries in order to reach the future
electrical needs required by the thermal batteries users. There-
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fore, in the last decade, numerous ways of improvements were
developed:

(i) new anode using thermal spray manufacturing process of
Li—Al and Li-Si alloys [5-7].

(i) New cathode materials and manufacturing processes were
studied: (Co, Ni, Fe)S, mixed sulfites made by hydrother-
mal synthesis [8], transition metal oxide-based cathode
[4,9], thermal sprayed FeS; [10] and CoS,-based cathodes
[11]. Nevertheless, the performance benefits expected from
a temperature increase are rather limited and hampered by
the thermal decomposition of the pyrite.

(iii) Improvements of the insulation using vaccum multifoil
design, it was shown that operation time can be maintained
up to 6 h with a prototype [9,12,13].

(iv) New types of separator were developed to improve the
salt retention and thinner and higher mechanical resis-
tant separators were obtained than the usual process
[14].

(v) Work was carried out at Sandia evaluating a number of
iodide eutectics for possible use in thermal batteries. that
work involved single-cell testing for screening purposes
[15]. At the meantime, iodide-based electrolyte proper-
ties were investigated for their use in thermal batteries
[16].
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It is thought that their performances (massic and volumic capac-
ities) could be increased using electrolytes with lower tem-
perature melting point. In this frame, it has been decided to
focused our effort on low melting-point electrolytes and espe-
cially iodide-based mixtures. Earlier, iodides have been already
envisaged and abandoned for their relative high cost compared
to chlorides [17] and because of their hygroscopic character
[18,19]. In this work, the determinations of the basic proper-
ties (electrochemical window, conductivity, heat capacity, . ..)
of some iodide-based electrolytes (all lithium and multi cations)
were carried out in order to estimate their ability to be used as
electrolytes in thermal batteries. In addition, the LiF-LiBr—KBr
electrolyte (classic composition) and the LiF-LiCl-Lil elec-
trolyte (advanced composition) were compared using a fictive
load program with significant pulses added to a constant low cur-
rent discharge. This article presents an overview of the results
obtained and gives some indications of the future improvements
in relation with iodide-based electrolytes.

2. Experimental
2.1. Chemicals

LiF, LiCl, LiBr, KCI, KBr and KI were purchased from
Sigma—Aldrich (+99.99% purity). Lithium iodide 99.9% purity
(- 200 mesh) was purchased from Cerac. Magnesia MgO and
electrolyte and pyrite FeS, were used as electrolyte binder (E.B.)
and cathode material, respectively. Both were furnished by ASB-
Aerospatiale Batteries. Lithium—silicon alloy Li—Si (45 wt.%
of lithium, 40-200 mesh) used in the anode was purchased
from Cyprus Foote Mineral. High purity (+99.5%) lithium oxide
Li>O (< 100 mesh) used in the cathode mixture comes from
Cerac.

2.2. Salt, electrolyte and electrode preparation

2.2.1. Salt preparation

The salts were dried individually under vacuum in a quartz
crucible for 15 hat 200 °C (473 K) according to the drying proce-
dure established in this work (Section 3.2.1). The compositions
of the electrolytes were taken from the literature [17,20-28] and
reported in Table 1. The mixtures were fused under argon, in a
glassy carbon crucible to prevent silica dissolution in the pres-

ence of fluoride ions, and maintained at 500 °C (773 K) for 15 h.
They were quenched directly in the grinder. Once grounded, they
were stored in a glove box under argon atmosphere. Impurity
concentrations (mainly oxides and hydroxides) were determined
to be less than 10# in the molar fraction scale. In the case of
Lil, a molar fraction of 5 x 10~2 was measured.

2.2.2. Electrolyte preparation

MgO powder, used as electrolyte binder (E.B.), was provided
by ASB-Aerospatiale Batteries. The MgO samples were slowly
heated from room temperature to and maintained at 850 °C
(1123 K) for 15 hin argon gas atmosphere. This was done to pre-
vent hydration and carbonate formation. Appropriate amount of
MgO and salt powders were accurately weighed and thoroughly
mixed in a silica crucible to give about 50 g of the mixed powder
in each case. The corresponding mixtures were fused for 15h
at 500 °C (773 K) in a glassy carbon crucible. As described pre-
viously for the electrolyte, they were quenched directly in the
grinder. After the grinding step, they were stored under argon
atmosphere in a glove-box. The grounded powders were pressed
uniaxially into pellets of 35 mm in diameter and approximately
500 pm thickness.

2.2.3. Electrode preparation

From an industrial point of view, the Li—Si alloy as anode
material was preferred to the Li—Al alloy. The Li—Si discharge
potential is equal +157mV versus Lit/Li at 415°C (683K)
[29] and then slightly lower than those of the Li-Al alloy
+300mV versus Lit/Li at 450 °C (723 K) [29,30] which allows
an increase of the power density output. Moreover, the Li—Al
alloy is known to react with residual hydroxides [31,32] which
could arise from the lithium iodide salt. The anode was pre-
pared by mixing Li—Si powder with the same salt as that used in
the separator. FeS, was used as the cathode material. The pow-
der was sieved and particles in the 40-100 pwm size range were
retained. The pyrite powder was then stored under inert atmo-
sphere in a glove-box. High purity lithium oxide was added to
the catholyte as a lithiation agent. FeS», Li; O and the salt pow-
ders were mixed and fused at 400 °C (673 K) for 15 h and then
grinded after cooling. The anode, cathode and separator mix-
tures were pressed into 35 mm diameter discs under a pressure
of 2000 daN cm™? at room temperature. Powder processing was
achieved under argon inert atmosphere to limit moisture uptake

Table 1

Melting point and composition of the molten salts electrolytes used in this study

Salts Melting point (°C) Weight fraction (wt.%) Molar fraction (mol%) References
LiF-LiCl-LiBr 443 9.6-22-68.4 22-31-47 [20]
LiF-LiBr-KBr 312 0.67-53.5-45.83 2.5-60-37.5 [21]
LiF-LiBr—KBr 312 0.81-56-43.18 3-63-34 [22]
LiF-LiCI-LiI 341 3.2-13-83.8 11.7-29.1-59.2 [23]
LiCI-KCl 354 44.8-55.2 58.8-41.2 [24]
Lil-KI 260 58.2-41.8 63.3-36.7 [25,17]
Lil-KI 280 58.2-41.8 63.3-36.7 [24,26]
LiF-LiCI-LiBr-Lil 360 4.9-11.2-34.9-49 15.4-21.7-32.9-30 [17]
LiCl-Lil-KI 265 2.6-57.3-40.1 8.5-59-32 [28]
LiCI-Lil 368 14.4-85.6 34.6-65.4 [24]
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Table 2
Anode, separator S(electrolyte) and cathode weight % compositions

Li-Si Electrolyte MgO Li,O FeS»

Anode 75 25 - - -
S(LiF-LiCI-LiI) - 65 35 - -
S(LiF-LiBr—KBr) - 70 30 - -
Cathode - 33 - 2 65

by the salts. The weight compositions of the anode, separator
and cathode are reported in Table 2.

2.3. Apparatus

2.3.1. Conductivity cell

All the experiments were driven in a glove box under high
purity argon (moisture and oxygen were less than 5 ppm). The
ionic conductivity cell device was made either of quartz either of
boron nitride BN depending the molten salt nature. The detailled
description of the cell can be found in the reference [33]. Fluo-
rides are known to be highly corrosive against Pyrex® or quartz.
Thus, boron nitride cell was used with fluoride-based salts. Ear-
lier, hot-pressed boron nitride has been successfully used as a
material for the conductance cell for molten fluorides [34,35].

2.3.2. Molten salt densities

An home made technique was used to measure the molten
salt densities. The density of the molten salt was derived from
the volume occupied by the molten salt. The crucibles were
designed for the purpose (heigh/radius > 10) to minimise the
meniscus effect and the relative error on the height measurement.
The uncertainty of the method was estimated to be less than 5%.

2.3.3. Wetting angle measurement

A small amount of salt was disposed on an 0.9 cm x 0.9cm
and 1 mm-thick MgO single crystal. It was led horizontally in a
20 mm diameter alumina cylinder. A light was disposed at the
center of the tube at one of the two extremities. At the other
site, a CCD-camera connected to a PC was fixed to record the
pictures of the shape of the molten salt drop versus the time, the
atmosphere, the temperature. . . The inner part of the tube was
continuously maintained under a low and slightly reductive flow
of hydrogenated helium (H; : 5 vol.%)

2.3.4. Separator deformation

Pellet-deformation tests were carried out with a modified
technique described in the literature [36]. The deformation mea-
surements consisted in the change in thickness of pellet under
applied pressure. The determinations were realised at 500 °C
(773 K). During the test, the pellet was held between two mica
sheets. Before the test deformation, thickness of the separator
and mica sheets were measured individually and together. The
whole apparatus was preheated at 500 °C (773 K) for half an
hour before each experiment. A constant pressure was applied
for a quarter an hour and then the separator was quenched. The
thickness change was determined by means of a micrometer. In
the reference cited before, they measured directly the separator
deformation at high temperature. In our case, all the deformation

Fig. 1. Discharge test set-up.

measurements were realized at room temperature. So that, our
determinations might be slightly higher than the literature ones
(density in the liquid state smaller than in the solid state).

2.3.5. Discharge test set-up

The anode/electrolyte/cathode pellets were maintained
between two metallic collectors stuck onto thin mica sheets (to
avoid any short-circuit with the platens) by means of a tape.
Single cell discharges were performed between heated copper
platens (Fig. 1). The whole apparatus was situated in a glove-
box. The set-up used in this study allowed the control of the pres-
sure applied upon the single cell. It was fixed to 0.5 daN cm ™2,
The copper platens were pre-heated to the required temperature.
As the platens temperature was correct, the cold cell was dis-
posed between the platens and then the pressure was applied.
Thus, using this procedure, the cell could reach its nominal tem-
perature within less than 60 s. Excepted the heat-up phase, the
conditions were estimated to be representative of a typical well-
insulated thermal battery.

2.4. Techniques

2.4.1. Coupled differential thermal analysis
(DTA)/thermogravimetry (TGA)

Thermal analyses were performed using a Setaram 24 ther-
mal analyzer equipped with a double oven (in order to increase
the TGA sensivity and stability). Experiments were carried out
in dynamic atmosphere (flow rate of 125 cm? h~!) of dry helium
(less than 1ppm H>0) on 100 mg samples. 100 ml alumina
Al,O3 crucibles were used. Samples were prepared in glove
box to prevent hydration.

2.4.2. Differential scanning calorimetry (DSC) analysis

DSC experiments were performed using a Setaram 111 ther-
mal analyzer. Experiments were carried out in a dynamic atmo-
sphere (flow rate of 125 cm®h™!) of dry argon (less than 1 ppm
H>0) on 150 mg samples. The crucibles were made of alumina
AlpO3. Samples were heated from 30 to 800°C (1073 K) at
3°Cmin~!.



P. Masset / Journal of Power Sources 160 (2006) 688-697 691

2.4.3. X-ray diffraction (XRD)

X-ray diffraction patterns were obtained with a Siemens
D500 diffractometer, using the CoKe radiation (A = 0.1789 nm)
equipped with a linear detector. X-ray diffraction was performed
on samples protected by a polyethylene film to prevent a reaction
with moisture.

2.4.4. Scanning electronic microscopy (SEM)

Microstructural features of the starting materials were deter-
mined by using a JEOL scanning electronic microscope. Semi-
quantitative compositional were carried out by energy dispersive
analysis by X-rays (EDAX) on the EDS system attached to the
JEOL scanning electronic microscope. No thin films of gold on
the exposed surfaces were applied before microscopic viewing.
Samples were sufficiently electrical conductive and no electro-
static charging was noticed.

2.4.5. He pycnometry

MgO and salt powder densities were measured by means
of helium gas pycnometry technique. The apparatus was an
automatic Accupyc 1330 supplied from Micrometrics. Prelimi-
nary, samples were prepared in glove box and transferred to the
analysis chamber in a closed pan in order to prevent powders
hydration. Experiments were repeated three times in order to
estimate the error. Dispersion of the values was less than 0.5%.
Average values are given.

3. Results and discussion

3.1. Raw material characterization

3.1.1. Salt

The melting point of the electrolytes was checked by means
of DSC analysis. The melting point values are reported in Table 1
and compared with the literature. Except the Lil-KI electrolyte,
no discrepancy was noticed between our determinations and the
literature values. The Lil-KI melting point was found to be close
to 285 °C (558 K) which agrees with the data of Johnson et al.
[28]. With the same mixture composition, Leiser et al. [25] pro-
posed a value equal to 265 °C (538 K). It is thought that a water
contamination could explain this difference by the formation of
hydroxide and this temperature would correspond to the eutectic
temperature in stable part of the reciprocal system Lil-LiOH—
KI-KOH. DTA/TGA were also carried out on the mixtures to
check the weight variations (before and after the drying proce-
dure). After the drying step, no significant weight losses in the
100-200 °C range were noticed which may have been ascribed
to the alkali halides hydrates decomposition. Weight losses after
the drying procedure were within 0.1 wt.%. Thus, the drying
procedure was considered efficient for the purpose. The specific
properties needed in this study were the salt densities and ther-
mal properties (heat capacity and heat of fusion of mixtures:
see Section 3.2.3). The density measurements were realized at
25°C and 500 °C (it corresponds to the temperature at which
the deformation experiments were carried out). All the densities
values are reported in the Table 3. When no data was available
in the literature, a calculated value was given according to Eq.

Table 3
Summary of the literature and experimental values of liquid salt densities p(liq)
at 500 °C and solid salt densities p(cr.) at 25°C

Salts pler) (gem™3) p(liq.) (gem™)
LiCI-KCl 2.015 £ 0.01 (this work), 2.02* 1.59 £0.07
(this work)
Lil-KI 3.533 £ 0.018 (this work), 3.85* 2.83+0.12
(this work)
LiF-LiCI-LiBr 2.914 £ 0.015 (this work), 2.92[16] 2.17+£0.09
(this work)
LiF-LiCl-Lil 3.513 £ 0.017 (this work), 3.54* 2.69 £0.10

(this work)

Values marked with the sign » are calculated values.

(1) with the assumption that no volume effect occurred.

-1
p= (Z X) (1)
l

where X; and p; represent the molar fraction and the density of
the constituent i in the mixture, respectively. Globally, a good
agreement was found between our experimental values and pub-
lished values. To our knowledge, the densities of the Lil-KI and
LiF-LiCI-Lil electrolytes have been not yet determined either
in the liquid or solid states. The density of the liquid state was
found smaller as for the other families of halide-based elec-
trolytes. A volume expansion occurred during the fusion of the
salt which might increase the pressure of the stack in the battery.
But, this volume change remains in the order of magnitude as
for the other families of electrolytes.

3.1.2. MgO magnesia

Preliminary, MgO powder was studied by means of X-ray
diffraction and SEM coupled with EDS analysis. It was checked
that no other phases were present after the drying step. Peaks
were indexed using the JCPDS file number 04829. The crystal-
lite size was obtained by using the Debye—Scherrer relation and
the half-peak broadening. Using the diffraction peak shape, the
MgO crystallite size was found to be close to 45 nm. By means
of SEM technique, spherical MgO particle size was determined
to be close to 50 nm (Fig. 2). It agrees with the previous deter-
mination by XRD analysis.

3.1.3. FeS, pyrite

In the FeS; sample used as cathode material in discharge
test, the iron, sulfur, oxygen and hydrogen contents were deter-
minedbe45.3 £ 1.8 wt.%,56.8 £ 5.7 wt.%, 1.5 + 0.4 wt.% and
15 ppm, respectively. By XRD, hydrated sulfates were also iden-
tified at the pyrite surface coming from the oxidation of the pyrite
[37]. The composition of the pyrite was found close to FeS» 5.
Generally, this value is strongly correlated with the geograph-
ical origin of the natural mineral of pyrite. The pyrite samples
were observed by MEB (Fig. 3) before and after a thermal treat-
ment at 800 °C (1073 K). At 600 °C (873 K), the pyrite decom-
poses into pyrrhotite Fe;Sg by sulfur evolution according to

Eq. (2).
FeS, —> Fe7Sg + 0.43S, (2)
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50nm
I

Fig. 2. MgO powder observed by SEM.

According to Eq. (2), the weight loss was close to 23% as
expected and it agreed with previous studies [37-39]. The
weight losses in the 500-600 °C (773-873 K) temperature range
were ascribed to the thermal decomposition of sulfates [40,41].
Weight losses recorded over 700 °C (973 K) were ascribed to
the thermal decomposition of the pyrrhotite Fe;Sg [42]. Over
600°C (873 K), the pyrite decomposes into pyrrhotite Fe;Sg
and sulfur gas is released in the molten salt and may react with
dissolved lithium to form Li;S in the separator [43] or oxidise
the electrolyte (see Section 3.3.1). As the pyrite decomposition
goes further, the pyrite becomes more and more porous from the
outer surface towards the core as sulfur escapes as it is empha-
sized in the inset (b) in Fig. 3.

3.2. Mixtures
3.2.1. Drying procedure
Single salts used as starting materials to prepare the elec-

trolytes may contain water coming from:

(i) water already contained at the delivery.
(i) Water up-take during the process manufacturing.
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Fig. 3. TGA graph, sample FeSy, v = 1°Cmin~!, SEM observation of FeS,
grain morphology before (a) and after (b) the thermal cycle.
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Fig. 4. Typical TGA (black line) and DTA (grey line) spectra recorded at
1°Cmin~! with a sample of LiCl-H, O hydrate.

The main objectives of the drying procedure is to remove the
residual water in the salts below an acceptable level without
the formation of oxide and/or hydroxide by hydrolysis. Lithium
halides are known to be hygroscopic. Except lithium fluoride, it
forms hydrates: LiCl [44-46] , LiBr [44,45], Lil [18,47]. To our
knowledge, potassium halides do not form hydrates and are less
sensitive to water up-take in dry atmosphere [48]. The dehydra-
tion temperature of each salt was checked by means of thermal
analysis. It decomposes in several steps corresponding to the
sub-hydrates formation (see example of LiCl-H,O in Fig. 4).
The decomposition temperatures of LiX-nH,O, (X = CI, Br, I)
hydrates and sub-hydrates were determined according to the
temperature peak of the DTA and DTG signals. The uncertainty
of the temperature determination was estimated to be close to
45 °C. The temperatures are reported with literature values in
Table 4. Our values agree quite well with the data published in
the literature. The differences may be explained by the different
experimental conditions (set-up, gas flow, . . . ). On the ground of
DTA/TGA measurements, the drying temperature was fixed to
200 °C. The water content was measured either by Karl-Fisher
or by TG analysis (accuracy 5%). The residual amount of water
was estimated to be less than 0.1 wt.% after the drying proce-
dure (several hundreds grams dried in one batch). It was shown
that iodides can be dried efficiently for the purpose of thermal
batteries.

3.2.2. Oxide and hydroxide

Oxide and hydroxide come from the hydrolysis of the salts
during either their synthesis or the drying procedure. Wetting
tests (Fig. 5) showed that the level of oxide modifies the wet-
ting ability of the MgO binder by the salt. Without oxide, the
wetting angle of LiCI-KCl on MgO < 111 > single crystal was
close to 56°, which agrees with previous determination [49].
By adding 1.5 mol% of lithium oxide, the wetting behavior was
strongly modified because the wetting angle decreased down to
30°. Therefore, the oxide formation during the drying procedure
should be be controlled carefully in order to keep or improve the
wettability of the MgO binder by the salt. The global amount of
oxide and hydroxide in the salt was evaluated by pH titration. A
small amount of salt (1-2 g) was dissolved in deionized water
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Table 4

Decomposition temperature of LiX - nH,O hydrates (X = Cl, Br, I) under helium atmosphere (25 cm® h~!) determined by thermal analysis

LiX n=3 n=1 n=20.5

LiCl - 98 (this work), 110 [45]; 100.5 [44], 99 [46] 160 (this work), 162 [45]; 152 [44]
LiBr - 160 (this work), 110 [45] 175 (this work), 165 [45]; 159 [44]
Lil 190 (this work), 210 [47] 215 [47] -

Fig. 5. Pictures of the shape of a drop of molten salt on a MgO single crystal at 425 °C (733 K) under He (5 vol.% H) atmosphere, (a) LiCI-KCl eutectic, (b)

LiCl-KCl eutectic (1.5 mol% Li,0O).

Table 5

Heat capacity C), (J K-! g_') and heat of fusion A Hpygion (JK ™! g_]) of the electrolytes

Salts Cpler) Ty AK~1g™h Cpllig) — Cpler) @ s UK T g7 AHpysion Tg™h) A Hpysion(liter) J g7 1)
LiCI-KC1 0.74 0.26 244 + 8 234.78 [51,1]

Lil-KI 0.55 0.85 71+2 -

LiF-LiCI-LiBr 0.87 041 266+ 9 293.70 [51,1]
LiF-LiCI-Lil 1.22 ndx 157+5 -

LiF-LiBr-KBr 0.505 0.248 103+3 134 [51,1]

and the amount of oxide plus hydroxide was derived from the
pH variation. Nevertheless, it should be pointed out that, using
this method, the oxide and hydroxide concentrations cannot be
determined separately. Only, a global value was obtained. In the
case of Lil, a molar fraction of 5 x 10~* was measured. It cor-
responds to the original content of LiOH in the salt. By DTA, a
weak peak was detected at 271 °C (544 K), corresponding to the
liquidus temperature of the Lil-LiOH binary mixture [50]. Oth-
erwise, the impurity concentrations (oxide plus hydroxide) were
determined to be less than 10~* mole fraction. By coupling pH
and LECO measurements, the oxides and hydroxides concentra-
tions can be determined separately. This measurement requires
working cleanly to ovoid any cross-contamination by the resid-
ual water or/and oxygen that may interfere in the concentration
determination. The level of oxide + hydroxide was checked at
each step of the electrolyte manufacturing. It was found that the
level of oxide + hydroxide remained constant before and after
the drying procedure.

3.2.3. Thermal properties of the electrolytes

The thermal properties of Lil-KI and LiF-LiCl-Lil iodide-
based electrolytes have been determined for the engineering of
the thermal batteries. The heat capacities, heat of fusion mea-
sured in this work are reported in Table 5 and compared with
those of the classical electrolytes, e.g. LiClI-KCl, LiF-LiCl-
LiBr [51,52]. The heats of fusion of iodide-based electrolytes
were found lower than those of the classical electrolytes. It might
be ascribed to the radius of the iodide anion, which diminishes

the crystal stability, and, then less energy is required to melt the
crystal. For the LiF-LiCl-Lil electrolyte, the heat capacity was
found to be higher compared to all of the electrolytes.

3.2.4. Separator deformation

Deformation tests on separators (electrolyte + MgO) were
carried out at 500 °C (773 K) whereas it was applied a pressure
equal to 0.45 daN cm™2 with a modified technique described in
the literature [36]. The deformation measurements consisted in
the change in thickness of pellet under applied pressure. It was
shown that a 27-30 vol.% of magnesia was found to be enough
to obtain an efficient retention whatever the electrolyte nature.
Optimum values are reported in Table 6. For LiF-LiCI-Lil, it
was found that 30-35 wt.% of MgO was correct. This value
agrees with the value proposed in the literature [15].

3.3. Electrochemical determinations
3.3.1. Electrochemical window

As shown previously (Section 3.1.3), sulfur is released in the
molten salt during the operating time of the battery. Despite the

Table 6
Summary of the optimum volume and weight fractions Wm0 of magnesia

LiCl-KCl LiF-LiCl-LiBr Lil-KI LiF-LiCl-Lil
Ungo (WE.%) 45 40 35 325
Wngo (vol%) 272 294 30.3 27
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Fig. 6. Voltammogramms in LiCl1-KCl (grey line) and LiF-LiCIl-Lil bath (dark
line), T = 425°C, v = 0.25 Vs~!, working and counter electrodes : W wires,
reference electrode: Li—Si alloy.

low solubility of pyrite and pyrrhotite [53] in the molten salt, sul-
fur issued from the thermal decomposition of pyrite may react
with the polysulfides (S,%_) arising from the dissolved pyrite to
form polysulfites (S,;) [54,55]. By cyclic voltammetry (Fig. 6),
the electrochemical windows of iodide-based electrolytes were
determined. Lithium deposit potential was found to be close to
—160mV versus Li-Si at 425 °C (698 K) that agrees with the
data from Sharma et al. [53]. Moreover, it was found unchanged
in the iodide-based electrolytes like the Li—Al alloy behaves
in different electrolytes [30]. The most oxidizable halide was
found to be the iodide. Its oxidation potential was found to be
around 2.55 'V versus Li-Si reference at 425 °C (698 K), which
is around 1V lower than with pure chloride-based electrolytes
(Fig. 6). This value is correct regarding the value of 3.14 V versus
LiT/Li at 450 °C (723 K) of the standard potential of the I,/1~
redox couple given by Plambeck [56]. At 460 °C (733 K), the
redox potentials of the pyrite-based system, dissolved sulfides
and polysulfites are close to 1.95, 2.35 and 2.5 versus Li-Si
[57], respectively. The electrolyte should be stable even though
the presence of sulfur, polysulfide or/and polysulfite species.
Therefore, the presence iodide in the electrolyte does not pre-
clude its use for thermal batteries.

3.3.2. Ionic conductivity

Lowering the melting point of the electrolyte seems to be
interesting to reduce the thermal decomposition of pyrite by
decreasing the upper temperature limit. But on the other hand,
one question remains uncertain: does the load program could be
sustained at low temperature, especially near the melting point or
at the end of life of the battery ? Different iodide-based composi-
tions were tested and compared with other classical electrolytes.
The ionic conductivities of all lithium iodide-based electrolytes
were found higher than the other ones [33]. This is mainly due
to the higher ionic mobility of the lithium cation compared to
that of potassium. Concerning the classical compositions our
results agree with the previous determinations published in the
literature (LiCl-Lil, Lil-KI [58], LiC1-KCl [58,21], LiF-LiCl-
LiBr[58,21], LiF-LiBr—-KBr[58,21], . .. ). To our knowledge, no

data concerning the ionic conductivity of LiF-LiCl-Lil (except
one value 2.3 Scm~! at 375°C [59]) was published. The ionic
conductivities of numerous iodide-based electrolytes have been
investigated. It appeared that most of them were not suitable for
the thermal battery application which requires current peaks at
the end of the battery life. Opposite, the advanced composition
LiF-LiCl-Lil seems to be promising and suitable to be used in
thermal batteries. The ionic conductivity of the LiF-LiCl-Lil
electrolyte was fully measured in the 345-600 °C (613-873 K)
temperature range and it could be expressed as a function of tem-
perature as follows: o = 8.8995 exp(—872.6/T(K))in Scm™!.

3.4. Discharge tests

To complete the basic determinations, a comparative single
cell discharge study of two electrolytes: LiF-LiBr—KBrand LiF-
LiCl-Lil. These two electrolytes were selected because their
melting points are close. Therefore, performance output can be
compared easily. Single cell discharges were carried out in the
400-580°C (673-853 K) temperature range that corresponds
approximately to the operating temperature of the thermal bat-
teries. A fictive load program was applied to measure the cell
performances. The load program contained:

(i) asteady-state current of 25 mA cm~2 was applied through-
out the experiments, which stimulates the continuous elec-
trical needs during the life of the battery.

(ii) Every 120s, short current pulses of 1 A cm™2 were imposed
in order to measure the internal cell resistance during the
discharge.

(iii) After 1860 s and 2860 s, current pulses of 500 mA cm 2
were applied during 30 s, which corresponds to the electri-
cal needs that might be required at the end of the battery
life.

Prior to discharge, a delay of 60 s was observed to make sure
that the cell had reached the required temperature. It was consid-
ered that the cell potential of the cell should remain higher than
1.6 V during the discharge and especially during the long pulses.
As shown in Fig 7, the LiF-LiBr—KBr-based cells could not sus-
tain the load program at temperatures lower than 460 °C. It was
the most important difference noticed between the performances
of the two electrolytes studied. With the iodide-based electrolyte
and at low temperature (T < 450 °C), the cathode efficiency was
close to unity. Conversely, with the LiF-LiBr—KBr electrolyte,
the cathode efficiency was found to be rather low at temperatures
below 450 °C. This was ascribed to the poor conductivity of this
electrolyte and the high internal cell resistance induced. There-
fore, the second discharge plateau was shorter than expected. At
temperatures higher than 550 °C, one can observe a very similar
behaviour for both electrolytes, with a decrease of the cathode
efficiency mainly due to the thermal decomposition of pyrite.
The kinetics of this thermal decomposition was investigated in
molten salts LiX—KX (X = Cl, Br, I) [39]. The LiF-LiBr—KBr
(0.7-53.5-45.83 mol%) molar composition is close to that of
LiBr-KBr (60-40 mol%). It was shown that the pyrite decom-
position rate was a few percents higher in LiF-LiCIl-Lil than in
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LiBr—KBr. The measured cathode efficiency agreed with previ-
ous kinetic determinations that we made elsewhere. Our results
agree also with the data published by Guidotti et al. [15]. They
found that cathode efficiency decreased drastically with the use
of iodide-based electrolytes at high temperatures with respect
to the all-lithium LiF-LiCI-LiBr electrolyte. We observed a
similar behaviour for both electrolytes. In conclusion, we can
state that the efficiency of FeS, is severely reduced at high
temperatures both in the LiF-LiBr—KBr and in the all-lithium
LiF-LiCI-Lil electrolyte. Temperature should be carefully con-
trolled (pyrotechnics and insulators) and should do not exceed
600 °C for long time operation. We examined the cell internal
resistance, on which the voltage of operating cells depends. The
overall resistance of the LiF-LiBr—KBr based cells was found
twice higher than that of the iodide based cells whatever the tem-
perature. The variations with temperature were mainly linked to
the variations of the electrolyte ionic conductivity, whereas its
time evolution during a given discharge process was affected by
phase precipitation.

3.5. Future for iodide-based electrolytes

This work showed that iodide salts are more sensitive to
moisture than chlorides, which complicates their handling at
the industrial scale and may require their handling under
inert atmosphere for long manufacturing process. But, it has
been established that iodide-based electrolytes, and especially
the LiFLiCI-Lil eutectic, are suitable as electrolyte in ther-
mal batteries. And it has also been proved that lowering the
operating temperature range of the thermal batteries by using
iodides remains interesting. Therefore, the iodide-based elec-
trolytes still represents a way of progress. The advantages of
the all-litthum LiF-LiCI-Lil electrolyte composition are well
identified:

(i) the risk of precipitation phenomenon in the alloy-based
anode [60] and the concentration gradient [61] at the elec-
trodes during current peaks is reduced.

(i) The ionic conductivity is enhanced. The drawback of
all-lithium electrolyte is that the first plateau efficiency
decreases inversely proportionally with the lithium activ-
ity in the electrolyte [62].

By comparison with the LiF-LiCl-LiBr which operates at
temperature over 450 °C, or the LiF-LiBr—KBr which can sus-
tain a load program only above 450 °C [63], it is thought that
the lower limit of the operating temperature of the iodide-based
electrolyte could be increased without reducing drastically the
performances of the battery. Preserving the advantages of the
all lithium iodide-based electrolyte, it thought that substituting
partially Lil by LiF and LiCl in the ternary mixture, the rate
of the thermal decomposition of the pyrite would be reduced
[64]. Moreover by decreasing the iodide content in the elec-
trolyte the sensibility of the solid salt against moisture would
be also reduced [48]. According to the LiF-LiCl-Lil phase dia-
gram (Fig. 8), moving the composition of the ternary mixture
along the eutectic valley to cross the dashed lines superim-

450 410.9°
/
//
(606.86°) \ / (469°)
0 20 40 60368.0° 80 100

LiCl Mol % Lil

Fig. 8. LiF-LiCI-Lil phase diagram.

posed to the phase diagram gives two compositions C4gp and
Cy50 at 400 and 450 °C, respectively. The composition Caog
is equal 20—-40—40mol% whereas the Cys0 is close to 25-55—
20 mol%.

4. Conclusions

In this work, iodide-based electrolytes were investigated.
Despite their sensibility against moisture, it was shown that
some of them are suitable to be used as electrolytes in thermal
batteries. It was demonstrated that iodide-based electrolyte
can be handled efficiently from the delivery until the end of
the manufacturing process with accurate control tools. The
selected composition LiF-LiCl-Lil was tested and compared
with the classical composition LiF-LiBr-KBr electrolyte
with discharge tests. The results showed that the output
performances are at least equal at high temperture (above
450°C) and better below 450°C. Considering the ternary
composition LiF-LiCI-Lil, it is thought that the modification
of the composition might reduce its sensibility against moisture
and reduce the FeS; decomposition rate. Therefore, an increase
of the performances is still expected with this advanced
composition.
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