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bstract

This article gives an overview of the important properties and design characteristics of electrolyte used in thermally activated (thermal) batteries.
he basic physical properties of the main compositions are reviewed. The properties of electrolytes such as melting point, ionic conductivity,
urface tension, density, thermal characteristics, and moisture sensitivity were analyzed in relation with the functioning of the batteries. Solubility
ata of alkali metals, sulphides, and oxides were compiled and analyzed. The important parameters of separator pellets are discussed in terms

f both electrical and mechanical properties as they pertain to thermal-battery design and functioning. A number of lower-melting electrolytes
re presented along with key physical properties for possible use in applications requiring lower operating temperatures such as borehole power
upplies.
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. Introduction

Thermally activated (thermal) batteries are mainly used for
ilitary purposes that require a high level of confidence. Appli-

ations and the electrochemistry of such power sources were
escribed in detail in the first part of this review dedicated to
hermal batteries [1]. The knowledge of the physical and chem-
cal phenomena arising from the components should be well
nown and understood to master the global functioning of such
omplex systems. This article is focused on molten salts used as
lectrolytes in thermal batteries. The electrolytes suitable for use
n thermal batteries require certain properties and are selected
ccording the following criteria:

low vapor pressure: the electrolyte should not evaporate inside
the battery;
high ionic conductivity: very important for “pulse” (high-rate)
applications;
large electrochemical window: i.e., no chemical reaction
between the electrode materials and electrolyte constituents:

no oxidation of the electrolyte by the cathode materials,
no reduction of the electrolyte by anode materials,

low or no solubility of Li2O: it modifies the electrolyte reten-
tion properties of the separator:

electrolyte leakage can occur, resulting in “soft” shorts
between cells in the battery stack,

low solubility of elemental Li and Li-alloy anodes: this
decreases the efficiency of the cells by electronic conduction
in the molten salt;
low solubility of the cathode and anode materials: minimizes
self-discharge reactions with attendant loss in capacity;
low solubility of discharge products: minimizes possible self-
discharge reactions;
stable towards moisture and/or oxygen: prevents the produc-
tion of hydroxides and/or oxides in the molten salt;

compatible melting point: lower than the thermal decompo-
sition temperatures of the electrode materials;
ability to wet the binder in the separator and the electrodes:
minimizes the contact resistance at the electrolyte (separa-
tor)/electrode interface.

2

t

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 411

All these points are discussed in this review. Available data in
he open literature were analyzed. The key conclusions are given
or the Li-alloy/FeS2 system. However, insights on electrolytes
sed in other technologies are briefly described. The first section
escribes the main basic properties of the single salts or mix-
ures. The following sections are devoted to issues encountered
ith the use of high-temperature molten salts in batteries.

. Lithium-halide electrolytes

Lithium halide-based mixtures were mainly used for their low
elting points (compared to sodium halide mixtures), low vapor

ressure, their relative high ionic conductivities. Fig. 1 shows the
hase diagrams of the main electrolytes used or envisioned for
se in thermal batteries. The molar and mass compositions of
he main electrolytes are listed in Table 1.

Those compositions taken from the literature [2–27] are now
onsidered as accurate and are well accepted. Most of these
hase diagrams were optimized to determine the excess mixing
roperties (see Refs. [9,28] for the binary systems and ternary
ystems, respectively). The choice of the electrolyte is usu-
lly dictated by the envisioned application and the shape of
he phase diagram may be relevant. Using the LiCl–KCl eutec-
ic compositions precipitation phenomena were observed in the
node compartment (LiCl precipitation) and in the cathode com-
artment (KCl precipitation) for high current densities [29].
raunstein and Vallet described the concentration profiles of Li+

nd K+ along the electrolyte for Li/LiCl–KCl/S type-generator
30]. It is mainly ascribed to the difference in transport number of
he two cations Li+ and K+ in the LiCl–KCl eutectic. This might
e avoided, but not entirely suppressed, by the use of all-lithium
lectrolytes. The second alternative is the use of multi-cation
lectrolyte with a low liquidus slope (dT/dx), e.g., the ternary
iCl–LiBr–KBr eutectic. The precipitation of salt in the tortu-
sity of the electrodes partially blocks the electrode/electrolyte
nterface and reduces the electrochemical active surface. The
verall cell resistance increases and the expected battery voltage
annot be realized. Usually, the temperature range of function-
ng for a given electrolyte is empirically fixed at m.p. + 50 ◦C to
void the precipitation phenomena.
398 P. Masset, R.A. Guidotti / Journal of Power Sources 164 (2007) 397–414
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.1. Electrochemical window

The electrochemical window is one of the main features of
he electrolytes because it fixes the limits of the cathodic and
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Fig. 1. Phase diagrams of selected electrolytes: (a) LiF–LiCl–LiBr from Ref. [2], (b) LiF–LiCl–LiI from Ref. [7], (c) LiBr–LiCl–KBr–KCl, (d) LiBr–LiF–KBr–KF,
(e) LiBr–LiF–LiI from Ref. [8], (f) LiBr–LiCl–LiI from Ref. [8], (g) LiF–NaF–KF from Ref. [13], (h) LiI–KI from Ref. [9].
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Table 1
Melting point and composition of some electrolytes

Electrolyte Composition (mass%) Composition (mol%) m.p. (◦C)

LiCl–KCl 44.8–55.2 58.8–41.2 354 [4], 352 [9]
LiBr–KBr 52.26–47.74 60–40 320 [9]
LiI–KI 58.2–41.8 63.3–36.7 285 [4], 260 [9–11], 280 [12], 285,286 [9]
LiF–LiI 3.7–96.3 16.5–83.5 410.9 [17]
LiBr–LiF 91.4–8.6 76–24 448 [18]
LiCl–LiI 14.4–85.6 34.6–65.4 368 [9]
LiF–LiCl 21.2–78.8 30.5–69.5 501[9]

LiF–LiCl–LiBr 9.6–22–68.4 22–31––47 443 [2], 436 [3], 444 [4], 430 [19]
LiF–LiBr–KBr 0.67–53.5–45.83 0.67–53.5–45.83 324 [4], 323 [5]

0.81–56–43.18 3–63–34 312 [6]
3.5–54.5–42 320 [15]

LiCl–LiBr–KBr 12.05–36.54–51.41 25–37–38 310 [20–22], Tt [8]
LiF–NaF–KF 29.5–10.9–59.6 46.5–11.5–42 455 [13]
LiCl–KCl–LiF 53.2–42.1–4.7 62.7–28.8–9.1 397 [23]
LiCl–KCl–LiBr 42.1–42.8–15.1 57–33–10 416 [23]
LiCl–KCl–NaCl 42.63–48.63–8.74 61.2–29.7–9.1 429 [23]

LiCl–KCl–LiI 44.2–45.0–10.7 57–33–10 394 [23]
LiCl–KCl–KI 37.6–51.5–10.9 54–42–4 367 [25]
LiBr–LiCl–LiI 19–24.3–56.7 16.07–10.04–73.88 368 [8]
LiF–LiCl–LiI 3.2–13–83.8 11.7–29.1–59.2 341 [4,7,17]
LiCl–LiI–KI 2.6–57.3–40.1 8.5–59–32 265 [14], 264 [24]

L
4.9–11.2–34.9–49 15.4–21.7–32.9–30 360 [11]
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iF–LiCl–LiBr–LiI 5.0–19.6–22.6–52.8

nodic potentials. This decomposition window is very temper-
ture dependent, which can be quite important since thermal
atteries operate at elevated temperature. Fig. 2 shows the tem-
erature dependence of the decomposition potentials for lithium
alides based on theoretical thermodynamic data [31].

The cathodic limit is given by the reduction potential of
he least stable cation in the mixture, whereas, the anodic
imit corresponds to the oxidation potential of the least stable
nion. Thermodynamic values for single salts have already been
ublished and are compared with experimental values for mix-
ures. In molten salt, the stability of the cation ranges from

b > Cs > K > Na > Li. In mixtures containing several cations,

ithium is the easiest alkali metal to reduce. This is the reason
hy cesium cannot be recovered by electrolysis in Li-containing

ig. 2. Thermodynamic decomposition potentials for halides of lithium (data
rom Ref. [31]), (�) LiF, (©) LiCl, (�) LiBr, (�) LiI.
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35.5–20–29.8 318–326 [19]

lkali halides mixture by pyrochemical process for the repro-
essing of nuclear fuels. At the other extremity of the potential
cale, the fluorides are the most stable halides: F > Cl > Br > I.
he critical point is the high redox potential of sulfur-based
pecies, e.g., in Li–Al/FeS2 batteries, regarding the less stable
alide iodide. The oxidation potential of iodide is 3.14 V versus
i+/Li at 450 ◦C (723 K) [32]. In iodide-based mixtures, it was
easured to be close to 2.55 V versus Li–Si reference at 425 ◦C

698 K), which is around 1 V lower than with pure chloride-
ased electrolytes [33]. At 460 ◦C (733 K), the redox potentials
f the pyrite-base system, dissolved polysulfides and polysulfites
re close to 1.95, 2.35 and 2.5 versus Li–Si [34], respectively.
t means the electrolyte is stable with the Li–Si/FeS2 couple
hatever the halide is in the electrolyte mixture. Oxide- and
ydroxide-base redox systems are located in the electrochem-
cal window [35,36]. From an electrochemical point of view,
he presence of residual oxides or hydroxides in the electrolyte,
oming from the hydrolysis of the salt, does not interfere directly
ith the electrolyte itself but auto-discharge reactions may be

nvisaged by direct reaction of dissolved oxide with the pyrite.

.2. Ionic conductivity

As ionic media, molten salts exhibit rather high ionic
onductivities (1–5 S cm−1) regarding ionic liquids: (1–10) ×
0−3 S cm−1 [37]) or solid electrolytes: 10−6 to 10−2 S cm−1 at

00 ◦C (973 K) [38]. In molten salts, “current” transportation
hrough single cells is ensured by the ionic species migra-
ion. Usually, their mobility follows Arrhenius-type behavior. In
able 2, the resulting ionic conductivity is expressed as follows
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Table 2
Ionic conductivity of selected electrolytes

Electrolyte Composition (mass%) Ionic conductivity (S cm−1) Value at 475 ◦C References

LiCl–KCl
58.8–41.2 18.7876 exp(−1800.6/T (K)) 1.69 [39]

1.57 at 450 ◦C [11]

LiI–KI
58.2–41.8 10.0001 exp(−1387.9/T (K)) 1.56 [39]

2.24 at 607 ◦C [41]

LiCl–LiI 14.4–85.6 13.0462 exp(−907.3/T (K)) 3.88 [39]
LiF–LiCl–LiBr 9.6–22–68.4 17.8664 exp(−1284.24/T (K)) 3.21 [39]
LiF–LiBr–KBr 0.67–53.5–45.83 20.5817 exp(−1944.76/T (K)) 1.56 [39]

0.81–56–43.18 23.021 exp(−16204.9)/RT (K)) 1.75 [44]

LiCl–LiBr–KBr 12.05–36.54–57.41 – 1.7 [41]

LiF–LiCl–LiI
3.2–13–83.8 8.895 exp(−872.6/T (K)) 2.77 [39]

2.3 at 375 ◦C [11,40]

L exp(
L exp(

[
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iBr–LiCl–LiI 19–24.3–56.7 12.6746
iCl–LiI–KI 2.6–57.3–40.1 11.0055

39–41]:

= κ0 exp

(
Ea

RT

)
(1)

here κ is the pre-exponential factor, Ea represents the activation
nergy, R the gas constant (R = 8.3145 J mol−1 K−1), and T is
he absolute temperature. Lithium-based electrolytes exhibit the
ighest ionic conductivities due the high mobility of the lithium
ation compared to other alkali-based electrolytes (Fig. 3). Elec-
rolytes with higher atomic fractions of Li+ will have higher
onic conductivities. This is readily evident from the data of
ig. 4.

In thermal batteries, due to the high level of mechanical
tresses (acceleration, shock, spin, vibration, etc.), the elec-
rolyte must be firmly immobilized by a binder. It constitutes
he so-called “separator”. Usually, the binder is made of pow-
ers of metallic oxides such as silica, alumina or magnesia that
re electrical insulators. MgO is the preferred choice as it is

hermodynamically stable in contact with high-activity anodes
t elevated temperatures. Moreover, its solubility in molten salts
emains low even at high temperature: pK(MgO) = 7.2 [42] and
.38 [43] in the LiCl–KCl eutectic at 450 and 700 ◦C, respec-

ig. 3. Ionic conductivities of some common thermal-battery electrolytes as a
unction of temperature, (�) LiCl–LiBr–LiF Eut., (�) LiCl–LiBr–KBr LiCl-
ich:39 m/o LiCl, (�) LiCl–KCl Eut., (©) LiCl–LiBr–KBr Eut. 25 m/o LiCl.

i

t
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F
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−925.0/T (K)) 3.68 [39]
−1329.4/T (K)) 1.86 [39]

ively. In the NaCl–KCl, Cherignets [43] determined pK(MgO)
o be close to 11.62 at 700 ◦C. It means the solubility of MgO is
nhanced in the NaCl–KCl mixture compared to the LiCl–KCl
utectic. Redey et al. [44] measured the ionic conductivities
f retained electrolytes (LiCl–KCl, LiCl–LiBr–KBr, LiF–LiCl–
iBr, LiF–LiBr–KBr). They expressed the “ionic conductivity
f the separator” as follows:

= κ0 exp

(
Ea

RT

)
ψαMgO (2)

The parameter ψMgO represents the mass fraction of mag-
esia MgO and the parameter α depends on the nature of the
lectrolyte. Moreover, the free volume remaining after the pel-
etization step modifies significantly the ionic conductivity of
he separator [45]. The conductivity is greatly influenced by
he tortuosity of the separator. Conductivities as a function of
emperature are presented in Fig. 5 for pellets of a number of
ommon thermal-battery separator materials. As expected, the
ll-Li separator has the largest conductivity by far, which is why

t is the preferred choice for high-power application.

It is important to note that the absolute conductivity of
he electrolyte is not the primary design factor to consider.
nstead, it is the conductivity of the separator pellet that is

ig. 4. Ionic conductivity vs. the lithium concentration in the electrolyte
500 ◦C).
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Fig. 5. Ionic conductivities of separator pellets as a function of temperature
for select electrolyte compositions, (♦) LiCl–KCl Eut. (35 mass% MgO), (�)
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mportant. Different electrolytes require different amount of a
iven binder for effective immobilization by capillary action
ecause of the required mechanical properties of the separa-
or at high temperatures when the electrolyte is molten. (This
s discussed in detail in Section 4.2.) For example, while 35%

gO is necessary for the LiCl–KCl and LiCl–LiBr–LiF elec-
rolytes, the lower-melting LiBr–KBr–LiF eutectic requires only
5% for equivalent results. The tortuosity and porosity (elec-
rolyte volume fraction) of the separator pellets impacts the
nal conductivity [46–48]. Modeling of the separator conduc-

ivity indicates that percolation theory of the porous structure
ith a distribution of porosities best fits the experimental data

45].

.3. Density

The density of the single salts and mixtures are of importance
uring the design step where the volume and the mass are critical
arameters. Values found in the literature [49–53] are grouped in
able 3. It should be pointed out that the density in the liquid state

s somewhat 20–25% lower than in the solid state [49]. It may
ead to an over-pressure in the stack during the heating phase
fter battery activation and cause electrolyte leakage. Usually,
he density of the mixture increases with the size of the anion
nvolved in the mixture. It might be detrimental in the process

esign where the mass parameter is crucial. However, the ratio
(cr.) overρ(liq.) for bromide- or iodide-based mixtures remains
onstant in the range 1.2–1.25 as for chloride mixtures.

able 3
ummary of the literature values of liquid salt densities ρ(liq.) at 500 ◦C and
olid salt densities ρ(cr.) at 25 ◦C

lectrolyte ρ(cr.) (g cm−3) ρ(liq.) (g cm−3)

iCl–KCl 2.01 [49] 1.59 [49], 1.6 [50]
iI–KI 3.53 [49] 2.83 [49], 2.77 [53]
iF–LiCl–LiBr 2.91 [49], 2.92 [52] 2.17 [49], 2.19 [52]
iF–LiCl–LiI 3.513 [49] 2.69 [49]
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.4. Surface tension

The surface tension affects the degree of wetting of the binder
aterial by the molten salt, which, in turn, affects the capillary

orces acting on the binder. The three-phase region of gas, solid,
nd liquid is determined by the relative energies involved, as
hown in Fig. 6.

This will determine the final contact angle of the liquid on
he solid. In the case of the pressed-powder separator materi-
ls (MgO), the contact angle will be that of the molten salt.
he solid–vapor surface tension, γSV, reflects the interaction
f the solid and gas phases. The liquid–solid vapor tension,
LS, reflects the interaction of the solid and liquid phases. The

iquid–vapor surface tension, γLV, reflects the interactions of
he liquid and vapor phases. The net interaction is defined by
oung’s equation [54,55]:

LV cos(φ) = γSV − γSL (3)

The smaller the wetting angle (φ), the better the wetting. In
he case of separators for thermal batteries, the factors that are
elevant are:

composition of the binder used in the separator (including
impurities);
composition of the molten salt;
composition of the atmosphere surrounding the sample;
surface tension of the molten salt;
temperature;
pressure (this is important in a real battery);
shape of the MgO particles;
origin of the binder (e.g., MgO Maglite “S”).

For example, the surface tension of the LiCl–KCl eutectic
lectrolyte at 823 K is 122 dyne cm−1 [56]. This compares to
9.1 dyne cm−1 for water at room temperature [57]. If a ther-
al battery should overheat, the reduced surface tension could

esult in massive electrolyte leakage because of dewetting from
he binder. This can result in breaching of the separator, lead-
ng to shorting between the anode and cathode that can cause

thermal runaway that destroys the battery. Wetting angle of
gO by molten LiCl–KCl eutectic was experimentally mea-

ured [33,58]. The LiCl–KCl eutectic presents a good wetting
ehavior on MgO surface (wetting angle of 56◦ [33] and 60◦
58] at 450 ◦C). In contrast, the pyrite FeS2 is poorly wet-
ed by the molten LiCl–KCl eutectic. The wetting angle was
ound to be close to 120 ◦C [33,58]. The wetting behavior of

gO and FeS2 is depicted in Fig. 6 [33]. The wetting behavior
decrease of the wetting angle) is also enhanced by the pres-
nce of dissolved oxides [33]. The solubility of lithium oxide
n LiCl was measured in LiCl [59] and calculated for the pur-
oses of pyrochemical process [60,61]. In the NaCl–KCl system,
arbin and Nekkrasov [62] determined the solubility of Li2O to

e SNaCl−KCl

Li2O =(0.187–5.221) × 10−3/T (K). This latter value
grees with the previous determination made by Kaneko and
ojima [63] who estimated the solubility of Li2O in NaCl–KCl

o be close to 0.31 mol% at 700 ◦C. Despite the solubility of
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F b) wetting angle of the LiCl–KCl eutectic on pyrite FeS2 substrate in Ar–H2 5 (v/o),
( (v/o).
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Table 4
Heat capacity Cp(cr.) and Cp(liq.) (J K−1 g−1) and heat of fusion�Hfusion (J g−1)
of the single salts [26]

Salt Cp(cr.) (J K−1 g−1) Cp(liq.) (J K−1 g−1) �Hfusion (J g−1)

LiF 2.389 3.613 59.6
LiCl 2.744 3.545 26.8
LiBr 2.794 3.911 11.6
LiI 2.844 3.776 6.25
KF 4.471 3.814 26.7
KCl 2.930 4.111 20.1
K
K

a

C

T
H

S

L
L
L
L
L

ig. 6. (a) Schematic representation of the wetting of a solid by a liquid phase, (
b) wetting angle of the LiCl–KCl eutectic on MgO 〈1 1 1〉 substrate in Ar–H2 5

xides in molten salts (lower than 1 mol% in the LiCl–KCl) it
ay modify significantly the electrolyte retention properties. It

as been shown to cause electrolyte leakage and may induce soft
hort between cells in the stacks. It should be also mentioned
hat lithium oxide (Li2O), as well as lithium sulfide Li2S, are
sed in the catholyte as anti-peak (lithiation) agent to remove
he potential peak (voltage spike) arising from oxidized species
n the earlier stage of the battery discharge.

.5. Thermal properties

Heat management is critical for the proper functioning of a
hermal battery. Information regarding the thermal properties
f the battery constituents (viz., cathode, anode, separator, and
yrotechnic) is necessary for the design of the battery to deter-
ine the amount of insulation required and the amount of heat
ecessary for a given application. The most important thermal
roperties are the heat capacity of the electrolyte in the solid and
olten states Cp(cr.) and Cp(liq.), respectively, and the heat of

usion �Hf. The heat capacity of the mixture can be evaluated

w
h
o

able 5
eat capacity Cp (J K−1 g−1) and heat of fusion �Hfusion (J g−1) of the electrolytes

alts Cp(Tf) (J K−1 g−1) �C

iCl–KCl 0.74 0.2
iI–KI 0.55 0.8
iF–LiCl–LiBr 0.87 0.4
iF–LiCl–LiI 1.22 ND
iF–LiBr–KBr 0.505 0.2
Br 2.988 4.173 12.2
I 3.015 3.944 9.15

ccording to the below equation:

p(T ) =
∑

XiCp,i(T ) (4)

i

here Xi is the molar fraction of constituent i and Cp,i(T) is the
eat capacity of the constituent i versus the temperature. Values
f heat capacities of single salts are reported in Table 4. However,

p = Cp(liq.) − Cp(cr.) (J K−1 g−1) �Hfusion (lit.) (J g−1)

6 244 [33], 234.78 [64]
5 71 [33]
1 266 [33], 293.80 [64]

157 [33]
48 103 [33], 134 [64]
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he heat capacities of mixtures have to be measured because the
elting point of the eutectic compositions and single salts are

ften different. This limits the determination of the heat capacity
f the electrolyte over the full temperature range of interest. The
eat capacities of a number of electrolytes have already been
etermined and the literature data [33,64] are summarized in
able 5.

. Hygroscopicity of salts

.1. MX·nH2O hydrates (M = Li, Na, K and X = F, Cl, Br, I)

Alkali halides are known to be sensitive to moisture. It
as shown that the water up-take kinetic follows the order:

odide > bromide > chloride ≈ fluoride in a dry-room at <3% RH
65]. These results are in agreement with previous measure-
ent performed by Redey et al. [5] who estimated that the
ater uptake rate by LiF–LiBr–KBr eutectic was eight times
igher than that for the LiCl–KCl eutectic due to the high hygro-
copicity of LiBr. Moreover, it was pointed out that the kinetic
onstant was multiplied by a factor of 10 when the water par-
ial pressure was multiplied by three. The sensitivity towards
oisture decreases from Li to Na, K alkali. No hydrate forms

etween sodium and potassium halides as well as LiF and water
t room temperature. In the case of KCl, the KCl·H2O phase was
stablished by several authors [66–69]. A continuous equilib-
ium exists between KCl and H2O. In contrast, lithium salts are

nown to form LiX·nH2O (X = F, Cl, Br, I) hydrates [33,70–74]
see Fig. 7). Water is taken up as water of crystallization. The
alue of n varies from 1 to 3 depending on the anion. The ther-
al stability of the hydrates depends on the number of waters of

o
t
[
i

Fig. 7. Phase diagrams of MX–H2O systems: (a) LiI–H2O [73], (b
ig. 8. Typical DTA/TGA spectra recorded at 1 ◦C min−1 under helium atmo-
phere of the LiCl·H2O hydrate.

ydration present, the nature of the anion X, and the partial pres-
ure of water (see Fig. 8, example of DTA/TG curves obtained
ith LiCl·H2O). The decomposition temperatures of LiX·nH2O
ydrates (X = Cl [33,70,71,72], Br [33,70,71], I [33,73,74]) have
een measured by thermal analysis under inert gas (see Table 6).

In the case of lithium halides (e.g., LiCl and LiBr), work
t Sandia has shown that the water uptake is completely
eversible, with the water being completely removed by vac-
um drying overnight at 125–150 ◦C. This is not the case for
gCl2·6H2O, however, where MgO and HCl are formed on

lectrolyte melting. It disagrees with the calculated phase dia-
ram (Fig. 7) given by Zeng [69] who used the experimental data

f several authors which evidenced four successive hydrates in
he MgCl2–H2O system: MgCl2·6H2O [66,75], MgCl2·4H2O
66,76], MgCl2·2H2O [66,76], MgCl2·H2O [77] to give MgCl2
n equilibrium with H2O at high temperature).

) LiCl–H2O [69], (c) KCl–H2O [69], (d) MgCl2–H2O [69].
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Table 6
Decomposition temperature of LiX·nH2O hydrates (X = Cl, Br, I) under inert
atmosphere by thermal analysis

Hydrate Texperimetal (◦C)

LiCl·H2O 98 [33], 110 [70], 100.5 [71], 99 [72]
LiCl·(1/2)H2O 160 [33], 162 [70], 152 [71]
LiBr·H2O 159 [71], 160 [70]
LiBr·(1/2)H2O 175 [33], 165 [70]
LiI·3H2O 210 [70]
LiI·H2O 190 [33]
LiI·(1/2)H2Oa 215 [70]
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details.) Excessively high calcination temperatures (>700 ◦C)
resulted in sintering of the MgO particles that adversely affected
the pore-size distribution and, consequently, the immobilization
capability (Table 7).

Table 7
Summary of the optimum volume and weight fractions ΨMgO of magnesia
This compound was observed by Chevalier [74], whereas, Rudo et al. [73]
enied its existence.

.2. Drying procedures

A drying step has to be carried out before the salt processing to
emove adsorbed or crystallized water and to avoid hydrolysis
f the salt during heating. It means that the drying tempera-
ure should be above the decomposition temperature of the most
table hydrate (see Table 6). It should be pointed out that the
ehydration of the salt depends also on the partial pressure of
ater above the salt. If a vacuum is applied during the drying
rocess, the drying temperature can be lowered. The highest tem-
erature should correspond to the temperature where the reaction
etween the salt and the moisture occurs.

In the literature, it was noted that LiI was successfully dried
n 8 h between 200 and 230 ◦C under vacuum without hydrox-
de formation [78], whereas, Kleppa extended the drying step
ver two weeks with a temperature ramp up to the melting
oint [79]. By DTA measurements carried out with a known
mount of water in salt contained in a sealed crucible, the
ydrolysis temperatures of LiBr and LiI were found to be 371
nd 326 ◦C, respectively [4]. This is in good agreement with
he eutectic temperature of the LiBr-LiOH and LiI–LiOH mix-
ures [80]. Moreover, the re-crystallization temperature of the

ixture obtained was found to be close to the liquidus tem-
erature predicted by the phase diagram of the salt–hydroxide
ixture. According to the LiF–LiOH [81] and LiCl–LiOH [9]

hase diagrams, the eutectic temperatures are 431 and 314 ◦C,
espectively.

The hydrolysis of the LiCl–KCl eutectic was determined to
e close to 250 ◦C by Parash et al. [82]. This agrees well with
he eutectic temperature of 262 ◦C proposed for the eutectic for
he reciprocal system LiCl–LiOH–KCl–KOH [83]. Regarding
he previous studies devoted to the drying of salts, the drying
tep should be carried out in a temperature window between
00 and 250 ◦C and under vacuum over a sufficient long time to
llow diffusion of residual water. After vacuum drying for 16 h
t 125 ◦C, the water content of LiCl–KCl eutectic ranges from
.05 to 0.07 (w/o) [84].
. Retention of the electrolyte

Due to the high level of environmental stresses (acceleration,
pin, shock, and vibration) that the thermal battery can encounter

Ψ

Ψ

wer Sources 164 (2007) 397–414 405

uring operation, the molten electrolyte must be stabilized or
etained by capillary forces in a binder (e.g., MgO).

.1. Binder

In the past, ceramic fiber felts were used to immobilize the
lectrolyte. A BN felt was developed by Argonne National Lab-
ratory for use in its secondary battery program [85,86]. This
as abandoned in favor of an oxide powder, since anodes and

athodes are manufactured using powder technology. A consid-
rable effort was mounted at Sandia National Laboratories in
he 1970s to develop alternative binders to the kaolin clay that
as then being used for Ca/LiCl–KCl/CaCrO4 thermal batter-

es [87]. Fumed silica (SiO2) was found to work quite well,
as inexpensive, and required only a small amount (10 mass%)

o get an acceptable electrolyte immobilization comparable to
he kaolin clay that needed 30–40%. (This material is formed
y the steam hydrolysis of SiCl4.) The large number of surface
unctions, groups on the SiO2 surface explain the low level of
inder required. A number of fumed silicas and fumed titania
nd alumina were examined for possible use as binders. The
atter oxides did not work as well as the silicas and required
0–100% more material for equivalent binding action [52]. Sil-
ca was eventually abandoned because of its high reactivity with

etallic lithium and lithium-alloy anodes at the elevated tem-
eratures during thermal-battery operation. Inert oxide such as
2O3, ZrO2, and others inert materials such as BN have also
een examined.

An extensive investigation was conducted of the properties of
agnesia (MgO), the most commonly used electrolyte binder, to

etermine the most important ones for good electrolyte immo-
ilization [88]. Different parameters were investigated such as
agnesia type (source), particle size and morphology, BET

urface, chemical impurities, pore-size distribution, and cal-
ining temperatures. The various MgOs were formulated into
eparator mixes that were then characterized so that their prop-
rties could be correlated with those of the MgO. The main
onclusions were that only the pore-size distribution and mor-
hology could be tied to the MgO that performed the best
Maglite ‘S’). This material had a bimodal particle-size dis-
ribution and a unique pore-size distribution that provided the
ecessary capillarity for effective electrolyte immobilization.
he degree of electrolyte leakage from the separator and the
eparator deformation were found to be excellent metrics for
inder characterization and qualification. (See next section for
LiCl–KCl LiF–LiBr–LiCl LiI–KI LiF–LiCl–LiI

MgO (wt.%) [51] 35 30 35 32.5

Mg (vol.%) [49] 23.3 25.4 30.3 27
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.2. Mechanical properties of the separator

The mechanical properties of the separator are just as impor-
ant as its electrochemical properties. A high ionic conductivity
s of little value if separator pellets cannot be made that are
obust and can be handled without cracking or breaking dur-
ng battery-stack assembly. The properties at battery operating
emperatures, when the electrolyte is molten, are equally impor-
ant. Batteries are closed and welded off under a high-applied
ressure (typically, 1.2–2.5 MPa) to maintain good interfa-
ial contact between the pellets in the battery stack and to
revent movement during any environmental stresses while
unctioning.

Once the electrolyte melts, however, a rapid stack relaxation
ccurs, with the pressure dropping to <0.4 MPa within seconds
89]. This occurs through deformation of the separator pellet,
hich is evidenced by a decrease in thickness. This does not
ccur with the anode and cathode pellets, as the particle sizes
f the electroactive materials are relatively large and the parti-
les tend to interlock. Empirically, it has been determined that
eparator pellet deformation in the range of 15–30% is ideal
or thermal batteries during operation. Lower values result in
educed interfacial contact between pellets in the battery stack;
uch higher deformation leads to separator extrusion into the

attery wrap, which can result in excessive electrolyte leakage
nd possible separator breaching. A number of factors influ-
nce the deformation process for a given electrolyte, including
emperature, porosity, binder content, and applied pressure [51].
he porosity and binder levels have the most effect, followed by
pplied pressure.

If the separator pellets are too dense, there is no place for
he electrolyte to go once molten, which leads to electrolyte
eakage into the ceramic blanket with which the battery stack
s wrapped. This can then lead to parasitic shunting currents.
Porosities of 25–30% are found to be ideal.) Techniques for
easurement of electrolyte leakage have been developed as part

f separator-characterization studies and good correlation was
btained with pellet-deformation behavior [88,90]. These two
etrics are very useful when examining a new potential elec-

rolyte for use in thermal batteries. Together, they determine
he minimum amount of binder that is necessary to effectively
mmobilize the electrolyte when used in the separator. Simi-
arly, these can be used to qualify alternative binder materials
or use in the separator. The manner in which the electrolyte
s blended with the binder can also impact the final properties
f the separator pellet, due to particle–particle interactions and
rinding action [90]. There will always be a tradeoff between
he electrochemical performance (e.g., resistivity) and mechan-
cal requirements of the separator for severe environments. The
atter may require increasing the level of binder, which will lead
o an increase in the resistance of the separator and a resulting
ise in battery impedance.

In contrast to the separator, pressing of the anode and cath-

de pellets to high densities (<15% porosity) does not affect
erformance significantly. The higher densities result in thinner
ellets and a shorter battery stack, which increases the over-
ll energy density of the battery. However, if the non-malleable

t
T
E
3

wer Sources 164 (2007) 397–414

i–Si anodes are over pressed without added electrolyte, radial
racking can occur due to stresses built up in the pellet. The
ddition of 15–20% electrolyte greatly reduces (by a factor or
our or more) the pressure needed to fabricate Li–Si anodes
84].

. Solubility phenomenon in molten salts

.1. Solubility of lithium and electronic conductivity

Alkali-metal solubility in alkali metal halides has several ori-
ins and was observed mainly during an electrolysis process
sing molten salts as electrolytes. Plambeck et al. [91] studied
ithium hydride electrolysis in LiCl–KCl eutectic at 375 ◦C and
oted Li and K solubility where metallic lithium was gener-
ted at the cathode. It was necessary to use temperatures below
50 ◦C to avoid the metathesis reaction of the metallic lithium
ith the potassium chloride.

i0(l) + K+ → K0
(g) + Li+ (5)

Dark deposits that analyzed as pure K were observed the
ool part of the electrochemical cell. In thermal batteries, the
ithium comes from either the Li–M (M = Al, Si, B) alloys or the
LAN” anodes (Li immobilized with Fe powder). In the latter,
he efficiency remains lower than 80% and dissolution of lithium
n the salt phase is suspected to explain the lithium losses.

The metallic lithium solubility in the electrolyte may induce
elf-discharge due to the native electronic conductivity in the
olten salt electrolyte [92]. With the pure salts LiX (X = F, Cl,
r, I), the lithium solubility increase correlates with the halide
nion radius [93]. In the LiCl salt, the lithium solubility was
easured by several authors [94–97]. However, its solubility

oes not exceed 1 mol% and remains low compared to other
lkali metals in solution their metal halide (up to 10 mol% for
a in NaBr). Haarberg et al. [98,99] studied the electronic con-
uction in Na halide melts. However, they used Bi electrodes
nd it has been shown that Na–Bi alloys exhibit solubility of
i as well as Na in molten salts due to Bi3− formation [100].
he electronic conductivity of the Li–LiCl solutions did not
xceed 10−2 S cm−1 [101,102] and is much smaller for other
–MX solutions (M = Na, K, Cs, Rb and X = F, Cl, Br, I). Liu

nd Poignet [102] showed that the “F defaults” concentration
n the Li–LiCl solutions was two order of magnitude higher
han the corresponding M–MX solutions. Recently, Hebant and
icard [103] studied the Li–(LiCl–KCl) interface. They demon-
trated that the sub-halide Li2Cl was thermodynamically stable.
his could explain the low solubility of metallic lithium in the
olten LiCl–KCl and the low electronic conductivity.
The measured lithium solubility in the LiCl–KCl eutectic

s between 1 and 2 mol% [96]. The solubility of Li was also
erified by Reynolds et al. as being significant in LiCl–KCl
lectrolytes [104]. The electronic conductivity increased mono-

onically with temperature and activity of the Li-alloy anode.
hese results agreed with those reported earlier by Heus and
gan [105]. This translates into a self-discharge current of
4 �A cm−2 at 405 ◦C, increasing to 200 �A cm−2 at 465 ◦C
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or Li–Al anodes [104]. Workers at Argonne National Lab-
ratory studied the self-discharge rates of a Li-alloy anode
n LiCl–KCl and LiBr–KBr–CsBr eutectics and reported self-
ischarge rates in the former of 1.0, 1.4, and 1.9 mA cm−2 at
emperatures of 395, 415, and 436 ◦C, respectively [106,107].
he self-discharge rate for the LiBr–KBr–CsBr eutectic was
uch lower, 0.18 mA cm−2 at 415 ◦C, which shows that the

lectrolyte composition and the Li activity of the anode have
dramatic influence on the self-discharge process. The self-

ischarge rates for Li–Al/FeS2 cells on open circuit were almost
0 times less for Li–Si/FeS2 cells.

Self-discharge rates of 4.7% per day were calculated for
ngineering-sized Li–Al/FeS2 cells, which was attributed to
lectronic conduction of the LiCl–KCl electrolyte [108]. In the
ase of Li–Cl2 cells, the saturation level for dissolved Li was
ot reached due to the presence of dissolved Cl2 [109]. The use
f Li and Li-alloy anodes is not precluded in thermal batteries
espite the reduced efficiency caused by unwanted electronic
onductivity in molten salts. This is because thermal batteries
re not at temperature for prolonged periods as in the case for
igh-temperature secondary batteries or commercial electrolysis
ells.

.2. Solubility of sulfur-based species

Mainly three sulfides, Li2S, FeS2, FeS1.14, are involved in
he thermal battery functioning. According to the Fe–S diagram,
he thermal stability of the FeS2 depends on sulfur gas pressure
110,111]. FeS2 (pyrite) is used as a cathode material in ther-
al batteries and decomposes at temperature between 550 and

00 ◦C, depending on purity and particle size [112,113]. It leads
o the production of pyrrhotite FeS1.14 (Fe7S8) and sulfur gas
volution in the molten salt electrolyte as shown by the below
quation:

FeS2(s) → Fe7S8(s) + 3S2(g) (6)

Work has shown that the rate of decomposition of pyrite is
ramatically slowed in the presence of electrolyte [114,115].
he electrolyte that coats the pyrite particles inhibits the loss
f gaseous sulfur from the cathode. Kinetic constants in molten
alts were found to be approximately three orders of magnitude
ower than in helium gas atmosphere [115]. The solubilities as a
unction of temperature of the various sulfur species in molten
iCl–KCl eutectic are summarized in Table 8 and are plotted in

ig. 9.

By recombination of the dissolved sulfur in the molten salt
ith dissolved lithium arising from the Li-based alloy anode,

he formation of a solid insulating layer of Li2S is observed in

able 8
xpression of the solubilities of sulfur (Li2S, FeS2, FeS1.14) vs. the temperature

n the LiCl–KCl eutectic

ln X(MxSy) (moles fraction)

i2S (11.077–6.1046) × 103/T (K) [119–124]
eS2 (10.753–11.882) × 103/T (K) [125]
eS1.14 (6.4477–7.6622) × 103/T (K) [125]

T
t

F

(
[
e

S

S

ig. 9. Logarithm of solubility of Li2S, FeS2 and FeS1.14 in LiCl–KCl eutectic
s. the inverse of the absolute temperature. (
) Li2S data from Ref. [119–124],
�) FeS2 from Ref. [126], (�) FeS1.14 from Ref. [126].

he retained electrolyte along with elemental Fe [116–118]. This
an cause battery failure by shorting in very thin separators in
econdary batteries that may experience electrolyte migration
fter prolonged discharge times. This is generally not a problem
ith conventional thermal batteries.
The solubilities of Li2S in the LiCl–KCl eutectic [119–124],

eS2 [125] and FeS1.14 [125] have been experimentally deter-
ined. The Li2S solubility limit was also determined in

LiCl–(1 − x)KCl mixtures (0.4 < x < 0.6) [119,126] and in the
iF–LiCl [123] and LiF–LiCl–LiBr [127] electrolytes, respec-

ively. Santarini [128,129] reported the solubility limit of FeS2 in
he LiCl–KCl eutectic to be 5.28 × 10−4 in molar fraction. This
alue is lower than the previous values (mean value: 13.7 × 10−4

t 450 ◦C) in the LiCl–KCl eutectic. It was explained by
he formation of the so-call “J-phase” (LiK6Fe24S26Cl) at

temperature below 470 ◦C described later by Tomczuk et
l. [130] arising from the reaction between FeS1.14 and the
olten chlorides [131,132]. The solubilities of Li2S, FeS2, and
eS1.14 follow Arrhenius-type law. The analytical expressions
re reported in Table 8.

The nature of the sulfur-containing species arising from dis-
olution of FeS2 in molten salts has not been totally ascertained.
t is know that solutions of elemental sulfur in LiCl–KCl elec-
rolyte give rise to blue colors [133,134]. However, in the case
f FeS2–LiCl–KCl solutions, an amber color is obtained [84].
his may be explained by the presence of polysulfide species

hat may involve Fe, as shown in the below equation:

eS2(s) → Fe2+ + S2
2− (polysulfide) (8)

The sulfur is originally present in FeS2 in the form of polysulfide
135,136].) The polysulfide may undergo dissociation to form
lemental sulfur that can be lost from the melt by evaporation:

2− 2−

2 → 0.5S2(g) + S (9)

Or, it can experience oxidation:

2
2− → 0.5S2(g) + S− + e− (10)
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he S− species has been postulated previously [134]. The chem-
stry and electrochemistry of S and Fe–S species in complex and
ot yet completely understood.

In addition, there is the possibility in a conventional thermal
ell of direct chemical reaction of the Fe–S solution species with
issolved Li that results from the Li-alloy anode:

Li0(soln) + Fe2+ + S2
2− → Fe0

(s) + 2Li2S(s) (11)

his would explain the observation of clusters of particles of Fe
nd Li2S found in the separators of deeply discharges Li–Si/FeS2
ells [114,117]. Nevertheless, it should be emphasized that the
eaction between sulfur and sulfide in the molten salt may
ncrease the total solubility of sulfur-based species [137].

Analysis of filtered and quenched aliquots of molten elec-
rolyte equilibrated with FeS2 indicate that the atomic S/Fe ratio
ncreases dramatically to >5 relative to 2 for the solid pyrite [84].
oss of S from the electrolyte by volatilization would result in
S/Fe ratio <2. The reduced ratios could indicate that loss of
e by precipitation may be occurring, as shown in the below
quation:

e2+ + S2
2− → FeS(s) + S2− (11)

ata by Sharma and Seefurth show a solubility of FeS2 in
iCl–KCl electrolyte of 2.51 × 10−6 moles fraction at 550 ◦C

125]. In contrast, a value of 6.85 × 10−5 moles fraction was
etermined by Guidotti by direct chemical analysis of an aliquot
f the solution filtered at temperature; a S/Fe atomic ratio of 3.28
as noted for the sample [84].
The composition of the electrolyte has a significant affect

pon self-discharge, due to differences in the solubility of
he various sulfur-containing species arising from the FeS2
n contact with the melt [117]. The discharge current den-
ity and temperature also impact the process, with greater
osses occurring at lower current densities and higher temper-
tures [114]. For example, Li-alloy/FeS2 cells with an all-Li
lectrolyte (3.21LiF–13.04LiCl–83.75LiI, m/o) lost capacity of
he upper-voltage plateau at the rate of 0.172% per day at
50 ◦C at discharge rates of 20–60 mA cm−2. This increased
o 0.217% per day at 450 ◦C. When a lower-melting elec-
rolyte (0.95LiCl–5.14LiBr–45.09LiI–16.75KI–32.07CsI, m/o)

as used, loss of capacity dropped to 0.05% per day at a

ate of 1–5 mA cm−2 at 200 ◦C. (The lower rate was necessi-
ated by the much lower temperature.) When the electrolyte
ontains K+, there is the possibility for formation of the J-

t
(

b

able 9
alide eutectics with melting points <300 ◦C

lectrolyte Composition (mol%) Melting

iBr–RbBr 42–58 271 [14
iBr–CsCl 42–58 262 [14
iI–KI 40–60 260 [14
iBr–CsBr 59–41 259 [9]
iCl–KCl–CsCl 57.5–13.3–20.2 265 [25
iCl–KCl–RbCl–CsCl 55.5–18.7–1.4–24.3 258 [14
iBr–KBr–CsBr 56.1–18.1–25.3 236 [14
iBr–LiI–KI–CsI 9.6–54.3–16.2–19.9 189 [25
iCl–LiBr–LiI–KI–CsI 3.5–9.2–52.4–15.7–19.2 184 [25
wer Sources 164 (2007) 397–414

hase (LiK6Fe24S26Cl). This is one possible reason for some
f the loss in capacity of the lower-voltage plateau for the cells
sing the 12.05LiCl–36.53LiBr–51.42KBr (m/o) electrolyte at
20 mA cm−2. This was not observed for cells with the all-Li
lectrolyte [114].

. Lower-melting electrolytes

.1. Alkali halide systems

Thermal batteries are used as the primary power sources for
efense applications and for nuclear weapons. There has been
nterest in recent years to adapt this technology for possible
elect domestic applications, such as a power source for borehole
rilling application [138–144]. The idea was to eliminate the use
f the internal pyrotechnic and use the heat of the borehole to
eep the electrolyte molten during use. However, this would
equire the use of electrolytes that melt ≤300 ◦C [145–149].
one of the electrolytes listed in Table 1 would be suitable for

his application. The incorporation of iodide ions and Rb and Cs
ations results in a number of promising candidates; these are
isted in Table 9.

Codd reported on the performance of the Li(Al)/FeS2 cou-
le in single cells based on LiBr–CsBr, LiBr–CsCl, LiBr–RbBr,
nd LiCl–RbCl eutectics [150]. Under a 3-� load, none per-
ormed well at 320 ◦C. At 360 ◦C, the order of decreasing cell
ife under the same load was LiBr–CsBr > LiBr–CsCl > LiBr–
bBr 
 LiCl–RbCl. No batteries were built with these elec-

rolytes.
The performance of the Li–Si/FeS2 couple with the LiCl–

iBr–LiI–KI–CsI pentanary eutectic has shown reasonable per-
ormance in battery stacks at temperatures as low as 200 ◦C [84].
owever, an intrinsic problem at these lower temperatures is the

educed rate capability due to kinetic effects and higher battery
mpedance because of the increased resistivity of the separator.
The much larger Cs+ has an intrinsically lower mobility than
i+.) As a result, sustainable current densities of <5 mA cm−2

re typical, which is more than two orders of magnitude less
han what is typical for conventional thermal batteries operat-
ng at 400 ◦C or higher. One way to engineer around this is

o electrically parallel several battery stacks to share the load
Fig. 10).

The use of iodides would result in a thermal battery that would
e somewhat heavier than one based on the LiCl–KCl eutectic

point (◦C) Density (g cm−3) Conductivity (cm−1)

5] 2.63 at 647 ◦C 1.33 at 567 ◦C
6] – 2.68 at 800 ◦C
7] 2.57 at 637 ◦C 2.22 at 607 ◦C

2.82 –
] 2.23 0.28 at 280 ◦C
8] – –
9] – –
] – –
], 151 [84] 3.1 –
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Fig. 10. Comparison of the performance of the Li–Si/FeS couple in
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iBr–KBr–CsBr (bold line) and LiCl–LiBr–LiI–KI–CsI (normal line) eutectics
n single cells at 250 ◦C and 8 mA cm−2 [84].

ue to the higher density of the salt—especially for an all-iodide
ystem. These salts are also more expensive than the bromides
nd chlorides. (Cs and Rb halides are even more expensive.) In
ddition, iodide electrolytes suffer from sensitivity towards oxi-
ation by oxygen to form elemental iodine. This occurs even at
he low humidities (<3% RH) found in dry rooms. Melting of
hese salts during electrolyte preparation must be done under an
nert atmosphere and the materials stored under similar condi-
ions. This is not practical for the commercial manufacturing of
hermal batteries because of the constraints it imposes. In addi-
ion, there is evidence of increased self-discharge for batteries
sing such salts [151].

The Li–Si/FeS2 couple has also been examined for possi-
le borehole applications using the LiBr–KBr–CsBr eutectic
lectrolyte that melts at 236 ◦C [139–141]. While single-cell
erformance was acceptable, it suffered from similar impedance
roblems observed with the pentanary iodide electrolyte. The
esistivity of the separator was 23.29� cm at 290 ◦C and
.22 at 450 ◦C (30% MgO), which compares to 1.25� cm
or the LiCl–LiBr–KBr electrolyte at 450 ◦C (30% MgO)
20,44,118].

The separator resistivity is the largest contributor to the total
olarization, ntot, which can be defined as follows:

tot = nactA + nactC + nirA + nirS + nirC + nconcA + nconcC (9)

here the nactA and nactC refer to activation polarization, nirA,
irC, and nirS refer to ohmic polarization, and nconcA and nconcC
efer to concentration polarization. (“A” refers to the anode, “C”
o the cathode, and “S” to the separator). The types and extent
f polarization will depend primarily upon the electrochemical
ystem, temperature, current density (which depends on the load
nd electrode surface area), electrolyte composition, and physi-
al configuration of the cell. Other factors may also be involved
n certain situations.
The total polarization can be viewed as a resistance in series
ith the cell or battery. Obviously, one wants to minimize all
ossible sources of polarization in any system, to maximize the
ower that can be delivered. The various types of polarization
re discussed briefly below.

h
t
w

t

wer Sources 164 (2007) 397–414 409

.1.1. Activation polarization
The energy associated with initiation of the charge-transfer

rocess (rate of reaction) at an electrode is defined as the acti-
ation energy. The resistance to this transfer process is the
ctivation polarization. This is a kinetically related phenomenon
nd is generally not relevant for batteries that operate at high
emperatures (e.g., >450 ◦C). However, this can start becoming
mportant at temperatures below 200 ◦C for borehole applica-
ions. The kinetics of the reaction determine how rapidly the
eactions can take place—reduction at the cathode and oxidation
t the anode. As with all chemical reactions, this type of polar-
zation is very temperature sensitive; it becomes less important
t elevated temperatures, where the rates are higher (e.g., in con-
entional thermal batteries). This type of polarization typically
hows Arrhenius behavior.

.1.2. Ohmic polarization
Ohmic polarization is related the electrical conductivity of the

lectrodes and separator and behaves as a simple series resistor
n the circuit. A poorly conducting cathode, for example, will
ave a high ohmic polarization. In the case of oxide cathodes,
his can be reduced by incorporating conductive additive. This is
ot an issue with FeS2, as it is a good semiconductor. Some cath-
des show almost metallic behavior (e.g., CoS2). Generally, the
eparator makes the largest ohmic contribution to the overall cell
esistance, especially at lower temperatures when they approach
he melting point of the electrolyte. Large increases in cell resis-
ance can also occur during discharge at phase transitions in the
athode (e.g., FeS2 → Li3Fe2S4).

.1.3. Concentration polarization
Concentration gradients develop at the anode-separator and

athode separator interfaces during discharge of a cell where
ulti-cation electrolytes are used (e.g., LiCl–KCl eutectic)

152,153]. These gradients arise from mass-transfer limita-
ions that can occur at each electrode as material is discharged
or charged, for secondary batteries). This resistance to mass
ransfer (i.e., concentration polarization) becomes increasing
mportant at high current densities. This results in the deposition
f solids from the electrolyte as the composition moves off the
utectic. This is aggravated by the tortuous paths presented by
he immobilized electrolyte in the separator. This is one reason
or using an all-Li+ electrolyte when possible.

The relative performance of the pentanary and CsBr-based
lectrolyte are shown in Fig. 8 for Li–Si/FeS2 single cells. The
atter electrolyte cannot be used below 250 ◦C, which is only
4 ◦C above the melting point. Although it has a lower melting
oint, the pentanary electrolyte did not perform as well as the
iBr–KBr–CsBr electrolyte. This likely reflects higher separator

mpedance for the former due to the high iodide concentration.
ote that the capacity of the cell is comparable to that of a
i–Si/LiCl–KCl/FeS2 cell discharged at 400 ◦C but at a much
igher current density of 125 mA cm−2. However, that cell’s

otal polarization of 0.2� is much lower than that for the cell
ith the LiBr–KBr–CsBr electrolyte (∼0.6�) at 250 ◦C.
The CsBr-based ternary electrolyte has been successfully

ested in battery stacks at 250 ◦C and a current density of
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mA cm−2 for discharge times of over 32 h. Similar tests were
onducted with battery stacks at 200 ◦C and 4 mA cm−2 using
he pentanary electrolyte with comparable run times. However,
oor reproducibility was found using the pentanary electrolyte
84]. Both of these electrolytes are compatible with FeS2 cath-
des but bromide is not stable with higher-voltage oxides
athodes, such as MnO2, LiMn2O4, and Ag2CrO4 [154–156].

.2. Nitrate-based systems

Some nitrate-based systems offer the potential of use at much
ower temperatures than the best alkali halide systems because
f the much lower melting points. The prominent nitrate system
s the LiNO3–KNO3 eutectic with the composition 42–58 mol%
157,158]. This system was studied extensively by Miles and co-
orkers at the Naval Air Warfare Center (China Lake, CA). Most
f the studies dealt with the basic electrochemistry; some sin-
le cells were tested but no batteries were ever built [159,160].
his electrolyte has a melting point of 124.5 ◦C with an ionic
onductivity of 0.875 S cm−1 at 560 K a surface tension of
13 dynes cm−1, and a viscosity of 3.497 cP at the same tem-
erature [158]. Raistrick et al. studied the electrochemistry of
iAl anodes in this salt [161].

The conventional sulfide electrode materials are not compat-
ble with molten nitrates, so that oxides must be used instead.
ince these are typically insulators, conductive additives such
s graphite must be added to the catholyte mixes—typically at
level of 10–15%. This automatically reduces the maximum

nergy density and specific energy that is possible. Giwa has
eported the performance of the Li–Al/Ag2CrO4 couple in the
itrate eutectic [162,163]. More recently Guidotti and Reinhardt
tudied the same cathode material but with Li–Si and Li–Al
nodes over a wider temperature range [164]. Other cathodes
hat have been examined with the eutectic nitrate electrolyte are

nO2 [165], LiMn2O4, LiCoO2, and CrO2 [84].
A LiNO3–KNO3–CsNO3 eutectic that melts at ∼96 ◦C has

een examined by Wang and Huggins [166]. They were able to
ischarge Li–Al/LiCoO2 cells at up to 10 mA cm−2 at 120 ◦C.
sing a LiCl–LiNO3–NaNO2 eutectic electrolyte, Bolster et al.

eported discharge current densities of up to 150 mA cm−2 at
00 ◦C for Li–Al/Ag2CrO4 cells [167].

The compatibility of various anode materials with the molten
itrate electrolyte has also been studied [164,165]. The only rea-
on that high-activity Li anodes can be used at all with the highly
xidizing molten nitrates is the protective passive film of Li2O
hat forms on melting of the electrolyte [168]. (This is anal-
gous to the formation of the passive LiCl film in Li/SOCl2
ells.) However, this film is only stable up to a certain temper-
ture depending on the anode material. Li–Al is more stable
han Li–Si and shows an exotherm starting near 284 ◦C, with a

ajor exotherm at 315 ◦C. In the case of the Li–Si anode, an
xotherm starts near 200 ◦C, with a major exotherm at 260 ◦C
s the passive film breaks down.
While single cells and heated battery stacks have been built
sing the nitrate electrolyte [84], the use of this technology with
n internally heated thermal battery does not appear practical
ue to the exothermic reaction of the anode with the molten

s
a

r

wer Sources 164 (2007) 397–414

lectrolyte if the passive film fails. The thermal impulse that
he battery will experience at the anode-separator interface dur-
ng activation will be well above the initiation temperature for
xothermic reaction. (The pyrotechnic burn temperatures can
xceed 1000 ◦C for a short period of time.) When the passive
lm on the anode breaks down, the resulting chemical reaction

s extremely violent and would pose unacceptable hazards to
earby equipment and personnel. This can result in complete
eltdown of the battery.

.3. Chorates and perchlorates

Some work has been done studying the use of molten chlo-
ates and perchlorates as possible battery electrolytes. LiClO3,
or example, melts at 128–129 ◦C and has been studied with
i–Al anodes at 140 ◦C [169]. Both chlorates and perchlorates
epend on a protective passive film to prevent catastrophic reac-
ion with highly reducing anode materials. Thus, they possess the
ame hazards as the molten nitrates and are not considered viable
lectrolyte candidates for low-temperature thermal-battery use.

.4. Tetrachloroaluminates

Another category of low-melting molten salts is the tetra-
holoraluminates. The melting point of NaAlCl4, for example,
s 154 ◦C, while that for LiAlCl4 is 143.5 ◦C. This NaAlCl4 elec-
rolyte has been used in the Na/S cells but requires a ceramic
a+ conductor separator (e.g., �′′ alumina) [170]. However, if

he molten salt is placed in contact with a high-activity anode
aterial, such as Li–Si alloy, the Al3+ is reduced to Al0. The

etrachloroaluminates also have a significant vapor pressure
f AlCl3 at temperatures above 200 ◦C. In addition, they suf-
er from poor conductivity—only 250–500 mS cm−1 at 200 ◦C.
onsequently, tetrachloroaluminates are not considered viable

or possible thermal-battery applications.

.5. Organic salts

A number of organic salts with low melting points have
een examined for possible high-temperature battery use. They
nclude acetamides, acetates, formates [171,172], urea [173],
nd mixtures thereof. They have limited thermal stability and all
eact with Li alloys when molten. In addition, they possess very
ow conductivities, <20 mS cm−1at 150 ◦C for some urea mix-
ures [174]. While NaSCN–KSCN mixtures have been proposed
s possible low-temperature electrolytes [175], similar compat-
bility and conductivity issues arise with their use, making them
mpractical for thermal-battery use [142].

Other organics that have been screened include lithium
rifluoromethanesulfonimide [LiN(CF3SO2)2 or “Li imide”;

.p. = 229.5 ◦C], Li trifluoromethanesulfonate [Li(CF3SO3) or
Li triflate”, m.p. = 160.8 ◦C], and dimethylsulfone [(CH3)2
O2, m.p. = 108.5 ◦C] [142,176]. When molten, all suffered to

ome degree from similar incompatibilities with high-activity
nodes.

There are a number of tetraalkyl ammonium salts that have
easonable low melting points that are potential candidates for
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Table 10
Properties of some tetraalky ammonium and thiocyanate salts [171]

Salt Melting point (◦C) Density (g cm−3) Viscosity (cP) Conductivity (S cm−1) Temperature (◦C)

(Pr)4NBF4 224.8 0.907 2.96 0.0955 257
(Pr)4NPF6 232.0 1.07 2.64 0.0773 257
(Bu)4NBF4 162.0 – 2.25 – 257
(Bu)4NPF6 247.0 0.978 2.84 0.0419 257
(Bu)4NBr 119.5 1.077 – 0.00853 167
(Bu)4NI 146.0 1.0769 – 0.00853 167
(Hex)4BF4 91 0.841 3.62 – 227
(
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Me)4NImide 135 [58] 1.4 [84]
SCN 172 1.55
aSCN 310 –

ow-temperature thermal batteries. Physical properties of a num-
er of these salts are listed in Table 10. The properties of ionic
iquids (electrochemical properties, density, viscosity, melting
oint, glass transition temperature, decomposition temperature,
olubility of gas, solution in organic solvent, solvatation, . . .)
ave been extensively reviewed by Billard and Moutiers [177].
ome of these show great promise. The tetramethylammonium

mide salt, for example is stable to 300 ◦C in the presence of
i–Si alloy [84]. More work in this area is currently under-
ay to explore the full potential of this category of salts. The

dvantage of these types of salts is that the organic cation can
e easily modified by changing the functional groups to mod-
fy the salts properties to be better suited for certain low- to

edium-temperature battery applications. This is not an option
ith conventional inorganic salts.
Except their price, which remains high compared to classi-

al molten salts, some drawbacks are now well identified for
hose types of organic salts. Most of the ionic liquids (except
hose based on the PF6

− anion) are stable in air and in contact
ith water but they are moisture sensitive, depending on their

hemical structure. Experimental investigations pointed out that
he basic physico-chemical properties (viscosity, density, elec-
rochemical window, etc.) are strongly affected by the amount
f water they contain [178] and many publications have stressed
he importance of controlling the water amount in ionic liquids
179,180]. Various efficient procedures allow to dry ionic liquids
181–184]. Ionic liquids can be dried according an assessed pro-
edure (drying process: heating cycle 48 h, 70 ◦C under vacuum)
r using an innovative route: the classical freeze–thaw technique.
egassing of the ionic liquids to remove the dissolved oxygen

ppeared to be essential to keep the electrochemical window
185].

. Conclusions

There are a number of physical and chemical properties of
lkali-metal halide eutectics that are important for their use
s molten electrolytes in conventional thermal batteries. These
nclude density, surface tension, melting point, ionic conductiv-

ty, sensitivity towards moisture, solubility of anode and cathode

aterials, and composition. Data from the open literature and
npublished data have been compiled and evaluated for these
roperties and the results are summarized in this report. The
– – 200
5.09 0.311 237
2.56 0.754 317

haracteristics of certain mechanical properties of separator
ellets made with typical thermal-battery electrolytes are also
iscussed. The immobilization of the molten salt at thermal-
attery operating temperatures critically depends on the nature
f the oxide binder used. Control of deformation of, and elec-
rolyte leakage from, the separator pellets is important for proper
unctioning of thermal batteries and factors affecting these pro-
esses are noted. These parameters are especially important for
arsh battery environments that involve elevated levels of shock,
pin, vibration, and acceleration.

The use of low-melting electrolytes for non-conventional
hermal-battery operation was briefly described. The halide-
ased systems that contain iodide and/or Cs tend to have
ow ionic conductivities and low-rate capabilities because of
nfavorable kinetics at temperatures <250 ◦C. Nitrate-base elec-
rolytes have been shown to function under these conditions with
he use of oxide cathodes and Li and Li-alloy anodes—sulfide
athodes are not chemically compatible. However, the break-
own of the passive Li2O film on the anode makes these
andidates hazardous to use in a real battery that may expe-
ience overheating. Similar results are noted for perchlorate and
hlorate electrolytes. Many organic electrolytes (e.g., acetates,
cetamides, formates, ureas), while having relatively low melt-
ng points, suffer from low ionic conductivity and, more
mportantly, incompatibility when molten with high-activity
nodes. The tetraalkyl ammonium salts, however, do possess
reat potential for use in medium-temperature batteries operat-
ng at <300 ◦C (e.g., for borehole power supplies).
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