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a b s t r a c t

Novel multi-component molten salt systems containing iodides, LiF–LiBr–LiI, LiF–NaBr–LiI, and
LiF–LiCl–LiBr–LiI, were investigated for use as electrolytes in high temperature molten salt batteries to
improve the discharge rate-capability. The iodide-based molten salts showed higher ionic conductivity
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(∼3 S cm−1 at 500 ◦C) than conventional LiCl–KCl, and had low enough melting points (below 400 ◦C) that
can be used in practical high temperature molten salt batteries. The iodide-based salts showed instability
at temperatures higher than 280 ◦C in dried air. The decomposition mechanism of iodide-based molten
salts was discussed, and it was found that elimination of oxygen from the environment is effective to
stabilize the iodide-based molten salts at high temperatures.

© 2009 Elsevier B.V. All rights reserved.

odide

. Introduction

For several decades, molten salts have been studied for use
s electrolytes in batteries because of their unique features,
uch as high ionic conductivity, low vapor pressure, and so on.
here are two types of molten salt systems: conventional high
emperature molten salts and room-temperature molten salts
often called ionic liquids). The high temperature molten salts
re one of the candidates for high-power batteries, because of
heir incomparably higher electrical conductivity, >1 S cm−1, than
ny other electrolyte systems. High power batteries using Li–Al
lloy anode, FeS2 cathode and high temperature molten salts,
uch as a binary LiCl–KCl system and a ternary LiCl–LiBr–KBr
ystem, have been developed for electric vehicle applications vig-
rously at a research group of Argonne National Laboratory [1,2].
his combination has also been adopted into the so-called ther-
ally activated batteries, or thermal batteries [3], because of their

igh output power, superior stability in long-term storage, and so
n.

The high temperature molten salts show high ionic conductivity
nly in the liquid state, and thereby should be used at high temper-
tures above their melting points. Hence the thermally activated

atteries consist of two functional parts. One is the “heat generation
ystem” that generates heat and maintains the molten salt in the
iquid state, and the other part is the “electrochemical cell system”
hat generates electric power. The thermally activated batteries can

∗ Corresponding author. Tel.: +81 6 6991 4639; fax: +81 6 6998 3179.
E-mail address: fujiwara.syozou@jp.panasonic.com (S. Fujiwara).
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be stored over 10 years, because the electrolytes are kept in an inac-
tive solid state at ambient temperature. Once the salt is melted and
activated at elevated temperatures with an adequate heat source,
the battery can produce enormously high output power due to the
high electronic conductivity of the molten salt.

The conventional LiCl–KCl molten salt used in thermally acti-
vated batteries has an ionic conductivity of 1.85 S cm−1 at 500 ◦C
and a melting point of 350 ◦C. In the present study, novel molten
salt systems with improved ionic conductivity were developed to
further increase the output power of the thermally activated bat-
teries. The target of the ionic conductivity was set at 2.0 S cm−1 at
500 ◦C. In terms of the working temperature range, the target for
the melting point was set in the range of 350–430 ◦C to be fitted to
the conventional design of the heat generation system used for the
conventional LiCl–KCl salt.

Several new multi-component salt systems containing bromides
and iodides have been investigated to improve the ionic conductiv-
ity and to reduce the melting point [4–7]. The ionic conductivities
and melting points of some molten salt systems containing bro-
mides have been reported as LiCl–LiBr–KBr (1.23 S cm−1 at 500 ◦C,
m.p. 310 ◦C), LiF–LiBr–KBr (1.66 S cm−1 at 500 ◦C, m.p. 312 ◦C), and
LiF–LiCl–LiBr (3.39 S cm−1 at 500 ◦C, m.p. 443 ◦C) [4,5], which do
not meet our targets described above. In contrast, iodide-containing
salt systems seem to be suitable for controlling the balance between
the conductivity and the melting point [6,7]. For example, the

ionic conductivities and the melting points of some molten salt
systems containing iodides have been reported in the literature
as: LiF–LiCl–LiI (2.88 S cm−1 at 500 ◦C, m.p. 341 ◦C), LiBr–LiCl–LiI
(3.83 S cm−1 at 500 ◦C, m.p. 368 ◦C), LiCl–LiCl–LiI–KI (1.97 S cm−1 at
500 ◦C, m.p. 265 ◦C) [4,5].

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:fujiwara.syozou@jp.panasonic.com
dx.doi.org/10.1016/j.jpowsour.2009.06.063
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cation–anion interactions and decrease the number of ion-pairing
in the liquid states, which effectively raises the ionic conductivity.
These effects are one of our major subjects to be discussed in the
future.
S. Fujiwara et al. / Journal of Po

In the present study, we focused on molten salt systems contain-
ng iodides, and investigated the ionic conductivities and melting
oints of new ternary salt systems, LiF–LiBr–LiI and LiF–NaBr–LiI
nd a quaternary salt system, LiF–LiCl–LiBr–LiI, the ionic conductiv-
ty of which has not been reported yet to the best of our knowledge.
heir conductivities and melting points were compared with those
f other salt systems, LiF–LiBr–KBr, LiF–LiCl–LiBr, and LiCl–KCl,
hich did not contain iodides. We also investigated the stability

f the iodide-based molten salt systems [8], which has not been
eported in detail in the literature, and discussed the mechanism
or the decomposition of the iodide-based molten salts to improve
heir stability.

. Experimental

.1. Materials

LiF, LiBr and KBr from Kanto Chemicals, LiCl and NaBr from
ojyundo Kagaku, and LiI from Cerac were used as raw materi-
ls. All these materials were of reagent grade with purity over
9.9%. After these salts were dried separately at 200 ◦C under vac-
um for 48 h, they were mixed to obtain six kinds of molten salt
ystems, LiF–LiBr–LiI, LiF–NaBr–LiI, LiF–LiCl–LiBr–LiI, LiF–LiBr–KBr,
iF–LiCl–LiBr, and LiCl–KCl at eutectic compositions as listed in
able 1.

.2. Ionic conductivity

The cell for ionic conductivity measurements was made of
quartz body and Pt wire electrodes. Prior to measurements,

he cell constant K was determined with a 1 mol l−1-KCl solution
111.34 mS cm−1 at 20 ◦C) and molten salts with well-accepted ionic
onductivities, e.g. LiCl–KCl (1.85 S cm−1 at 500 ◦C) [9]. The ionic
onductivity measurements were conducted by the alternating cur-
ent (AC) impedance method. The ionic conductivity � was obtained
rom the resistance R of the sample using the following equation:

= KR−1 (1)

he preparation of the molten salts and conductivity measurements
ere conducted in a glove box filled with dried air unless otherwise
oted. The dew point in the glove box was maintained below −45 ◦C.

n some experiments, a glove box filled with high purity argon gas
>99.999%, oxygen content: less than 1 ppm) was used to eliminate
he effect of oxygen.

.3. Melting point and thermal stability

The melting points of the molten salts were determined by dif-
erential thermal analysis (DTA) and thermal stability was evaluated
y thermogravimetry (TG) using a TG–DTA system (Bruker Axs,

G-DTA2000SA). The compositions of the multi-salt systems after
easurements were analyzed by ion chromatography (IC, DIONEX,

CS-1500) and inductively coupled plasma analysis (ICP, Thermo
isher Scientific, icap6300).

Table 1
Eutectic compositions of molten salt systems.

Molten salt system Composition (mol%)

LiF–LiBr–LiI 13–34–53
LiF–NaBr–LiI 42–7–51
LiF–LiCl–LiBr–LiI 13–18–38–30
LiF–LiBr–KBr 0.7–53.5–45.8
LiF–LiCl–LiBr 21–23–56
LiCl–KCl 59–41
ources 194 (2009) 1180–1183 1181

3. Results and discussions

To improve the discharge rate-capability of batteries, the elec-
trolyte should have a high electronic conductivity. In addition, the
melting point is another important factor for use in thermally acti-
vated batteries. The high temperature molten salt batteries are
activated by a proper heat generation system to keep the molten salt
being in liquid state. After activated, they work until reaching either
the capacity limit of active materials or the solidification tempera-
ture of the molten salt electrolyte. The lower limit of this working
temperature is the melting point of molten salt electrolyte, and the
upper limit is the decomposition temperature of the FeS2 cathode at
around 600 ◦C [10]. The batteries are thus expected to work within
a proper temperature range between the melting point of the salt
around 400 ◦C or lower and the decomposition temperature of the
positive electrode material about 600 ◦C.

The ionic conductivities and the melting points for various salt
systems are plotted in Fig. 1. New ternary and quaternary molten
salt systems, LiF–LiBr–LiI, LiF–NaBr–LiI and LiF–LiCl–LiBr–LiI, which
contained iodides, gave high ionic conductivities of 3.18, 2.90, and
3.32 S cm−1, respectively, at 500 ◦C, and rather low melting points
below 400 ◦C. These iodide-containing systems meet our targets
in ionic conductivity (>2.0 S cm−1 at 500 ◦C) and melting point
(350–430 ◦C). Their ionic conductivities were much higher than the
conventional LiCl–KCl system (1.85 S cm−1 at 500 ◦C) or a ternary
system LiF–LiBr–KBr (1.66 S cm−1 at 500 ◦C), both of which did
not contain iodides. Though a ternary system LiF–LiCl–LiBr did
not contain iodides, it showed one of the highest ionic conduc-
tivity values (3.29 S cm−1 at 500 ◦C). However, its melting point
was higher than 400 ◦C [11]. The measured ionic conductivities and
melting points of the other systems, LiCl–KCl (1.85 S cm−1 at 500 ◦C,
m.p. 350 ◦C), LiF–LiBr–KBr (1.66 S cm−1 at 500 ◦C, m.p. 325 ◦C), and
LiF–LiCl–LiBr (3.29 S cm−1 at 500 ◦C, m.p. 438 ◦C), well agreed to
those reported in the literature, LiCl–KCl (1.83 S cm−1 at 500 ◦C,
m.p. 354 ◦C), LiF–LiBr–KBr (1.66 S cm−1 at 500 ◦C, m.p. 312 ◦C), and
LiF–LiCl–LiBr (3.39 S cm−1 at 500 ◦C, m.p. 443 ◦C) [4,5].

From these results, the addition of iodide anions is effective for
both increasing the ionic conductivity and lowering the melting
point, as reported in the literature [4,5]. These effects are prob-
ably brought about by the large ionic radius of iodide anions.
Large iodide anions reduce the total stability of the crystal struc-
tures of the iodide-based systems in the solid states, and this
resulted in lowering their melting points. They also reduce the
Fig. 1. Relationship between melting point and ionic conductivity at 500 ◦C.
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ig. 2. Temperature dependencies of ionic conductivity of molten salt systems.

The temperature dependencies of the ionic conductivity of vari-
us molten salts in the range 450–550 ◦C are shown in Fig. 2. In the
ase of the LiF–LiCl–LiBr system, the lower temperature limit was
et at 475 ◦C to avoid solidification. The temperature dependencies
f the iodide-based systems are almost the same as that of the con-
entional LiCl–KCl system. The discharge rate-capability, therefore,
an be improved by the use of the iodide systems because of their
igh ionic conductivity, and a similar temperature-dependence of
ischarge characteristics would be expected in practical battery
pplications.

Thermal stability in the range from room temperature to 600 ◦C
as investigated by TG. Fig. 3 shows TG curves for LiF–LiBr–LiI,

iF–NaBr–LiI, and LiF–LiCl–LiBr in air. The LiCl–KCl system showed
ood stability up to 600 ◦C; however, a significant weight loss in the
ange of 280–600 ◦C was observed for all the iodide-based systems.
ig. 4 shows TG curves for pure LiF, LiCl, LiBr, and LiI samples. No
ppreciable weight loss was observed for LiF and LiCl up to 600 ◦C,
nd for LiBr up to 550 ◦C. In contrast, a significant weight loss was
bserved at temperatures above 280 ◦C for LiI, which clearly indi-
ates that the observed weight loss for the iodide-based molten
alts in Fig. 3 originated from the instability of iodides.

The instability of the iodide-based molten salts at high temper-
tures can be explained as follows:
(i) The iodide anions in the molten salt are oxidized by oxygen in
air to form triiode ion (I3

−).

3I− + 1/2O2 → I3
− + O2

− (2)

ig. 3. TG curves of iodide-based salt systems and LiCl–KCl under dried air atmo-
phere.
Fig. 4. TG curves of pure LiF, LiCl, LiBr, and LiI under dried air atmosphere.

(ii) Iodine molecules are formed from the triiode ions (I3
−) by the

following equilibrium.

I3
− ↔ I2 + I− (3)

Though I− ions do not have an appreciable vapor pressure, I2
molecules evaporate at high temperatures (boiling point of I2:
184.25 ◦C). In addition, high temperature accelerates the oxidation
rate in Eq. (2), by which the equilibrium in Eq. (3) is shifted to the
right-hand side. Hence both the formation and evaporation of I2
reaction are accelerated at high temperatures.

Based on this mechanism, it is clear that elimination of oxygen
from the environment is effective for an improvement of the ther-
mal stability of the iodide-based molten salt systems. To confirm
this, TG analysis of the iodide-based systems was conducted under
highly pure Ar atmosphere (less than 1 ppm in oxygen content).
TG curves obtained for LiF–LiBr–LiI, LiF–NaBr–LiI, and LiF–LiCl–LiBr
are shown in Fig. 5. Though a weight loss of several percents at
600 ◦C was still observed for each iodide-based system, the stabil-
ity at higher temperatures above 280 ◦C was greatly improved in
the absence of oxygen.

So far molten salt electrolytes had been prepared in a glove
box under dried air. To confirm the effect of oxygen more clearly,
all processes (weighing, mixing, melting, and crushing) in the

preparation of the LiF–LiCl–LiBr–LiI molten salts were conducted
under highly pure Ar atmosphere (less than 1 ppm in oxygen con-
tent), and the salt compositions were checked by IC and ICP after
weighing/mixing and melting/crushing processes. The results are

Fig. 5. TG curves of iodide-based salt systems and LiCl–KCl under high purity Ar
atmosphere.
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Table 2
Compositions after the weighing/mixing and melting/crushing processes for LiF–LiCl–LiBr–LiI under high-purity Ar atmosphere.

Material Nominal composition (mol%) Weighing/mixing (IC) (mol%) Weighing/mixing (ICP) (mol%) Melting/crushing (IC) (mol%)

L
L
L
L

s
s
m
f
s
s

4

m
i
m
t
(
a
h
d
i
t
p
H
a

S.K. Singer, Journal of Physical and Chemical Reference Data (JPCRD) (1975)
iF 13.5 14.3
iCl 17.9 16.1
iBr 38.6 39.6
iI 30.0 30.1

ummarized in Table 2. The composition of the LiF–LiCl–LiBr–LiI
alt system did not change without any weight loss even after
elted at high temperatures under pure Ar atmosphere. It is there-

ore concluded that the stability of the new iodide-based molten
alts can be improved by elimination of oxygen from the atmo-
phere.

. Conclusions

To improve discharge rate-capability of high temperature
olten salt batteries, new multi-component salt systems contain-

ng iodides were investigated as electrolytes. The iodide-based
olten salts gave higher ionic conductivities (∼3 S cm−1 at 500 ◦C)

han conventional LiCl–KCl system with low enough melting point
below 400 ◦C). However, the iodide-based salts showed instability
t high temperatures in dried air. They decomposed at temperatures
igher than 280 ◦C owing to the oxidation of iodides by oxygen in
ried air. It was found that elimination of oxygen greatly relieves the
nstability of the iodide-based molten salts. It is therefore concluded
hat the newly developed iodide-based molten salt systems are
romising for use as electrolytes in thermally activated batteries.
owever, considering practical severe usage of the high temper-
ture molten salt batteries, further investigation on other critical

[

[

14.4 13.4
17.0 17.5
38.4 37.6
30.3 31.6

subjects such as stability during long-term storage and the cost of
the salts is needed before used in practical batteries.
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