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from lithium ordering in the van der Waals gagfthey dp aot lead to
classical reorganisation of the base structurgf Moreovef. this imitial
diphased ordering, consequence of the #nthalpic ingractions be-
tween the intercalated species and the ybbs, is destrofed during the
first few cycles (formation), and the I9ftice changes infurder to lower
the power dissipation. This explanagfn of the formatfon is obviously
wrong if an clectronic transition gfcurs with a rearfingement of the
lattice. In addition. it is clearly sjown that the imprgvements depend
on the solvent. the nature, andfthe quality of whjch must be thor-
oughly controlled. This fondgimental conclusion gxoluins the LdM
interest on studying Li,MPX
lithium barteries in spite offi
conclusion: from LdM pojnt
compound with a practicfl er
TiS; one. A large revergble «
vond the formation limifs. Th
with Li, FeS,, if an adgquate
A practical forthcgming d
nological progresses fin using .
characterized by a lifnited amount of electrolyte\gn a porous geomy
try. Technological grogresses have to be done in\grder to vpypfitze
the positive and ngeative efficiencies. Some LdM 1% L now
classical materials [TiSy. MoS;) suggests that some ditticulties could
be solved in the near tuture, of determmined etlorts go on.
Nevertheless, specitic application should be taken into account in
order 1o test the lithium systems limits with respect to the others.

7-12 June 1982

Proc. [30th Power Sources bymp.

The Efectrochemical Sogiety

Such a point of view would gfow fis to define the future research
tields. The present unpublisid regffits until now should be added 10
K. M. Abraham's revie
standing ot the point ¢fview of fhe LdM, about its compounds.
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Advanced Rechargeable Batteries Session

A NEW CLASS OF ROOM TEMPERATURE MOLTEN SALTS
FOR BATTERY APPLICATIONS

D. Floreani, D. Stech, J. Wilkes,
J. Wililams, B. Piersma, L. King, and R. Vaughn
The Frank J. Seiler Research Laboratory
USAF Academy, Colorado 80840

Introduction

One of the particularly useful applications of molten salts s as
the electrolyte for high energy density bauteries. Untortunately. ele-
vated temperatures are usually required to maintain the salt in the
liquid state and in general, the higher the operating temperature. the
greater the problemts associated with the battery system. As a result.
much work has been dirccted towards developing thermal batteries
with lower operating temperatures.

Along these lines. the goal of our research is to Jevelop low-
melting salts suitable for use as battery electrolytes. Our approach
to this goal has three steps: first. synthesize the materiuis which
comprise the molten salt: second. determine the physical and elec-
tochemical properties of the molten salt: and third, construct elec-
trochemical cells which demonstrate the feasibility of using the mol-
ten salt as an electrolyte. Our research into these new molten salts
is the subject of this paper.

Resuits and O'scussion
Mixtures of inorganic salts such .- " ose histoncaily used m ther-
mal batteries require high temperatures to maintain the mivwire n
the liquid state, even around cutectic pommts. However. «when certiin
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organic salts were mixed with an inorganic salt, the melting points
were lower. Indeed, mixtures of some 1-alkylpyridinium chiorides
and aluminum chloride were molten at room temperatures (1). Fur-
ther, the clectrochemistry of that melt was somewhat promising, with
one major exception: the alkylpyridinium cation was too easily re-
duced. To combat this problem. we used a semiempincal molecular
orbital calculation to screen a variety of large organic cations,
earching for those that would not be readily reduced in a meit. The
search revealed the alkylimidazolium salts to be attractive candidates
for producing chloroaluminate meits (2). Further, these salts could
easily he synthesized from commercially available starting materials
(3). The alkviimidazolium chlorides studied are shown below:

R| Rg R)

CH, H CHy
/ CH, CH, C.H,
CH, H C.H,

PR CH,  H  aGCHy

y NG AN CHy H  n-CH,

R, Ry n-CH, H n-CH,
R,
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1-methy!-3-ethylimidazolium chloride (MeEtmClh was selected 1.40
as the baseline for detail=d study, as it was particularly easy to pre-
pare. and was found to form chloroaluminate melts with very desir-
able properties. The preparation of the chloroaluminate melts in-
volved simply mixing the R R,R,imidazolium chloride with aluminum
chioride

R.RQRJH\CI + Alc‘;-’ R,R.R,lm’ -ClI~+ AlCl.‘ - Algch-

Combining the two white solid salts yields a clear, slighty viscous
liquid that contains only ionic species. All of the negatively charged
species shown on the right side of the equation are present in the
chloroaluminate melt, but their relative proportions depend on the
ratio of AICl; and R(R4R3ImC! used in the preparation. As we shall
see below, the physical and electrochemical properties of the melt
are highly dependent on the relative proportions of ingredients.

In characterizing a melt, the first step is to determine its physical
properties. Thus for AICly + MeEtImCl (the base line melt). melting
points were measured for many different compositions ranging from
30 10 67 mol percem AIC),. Similar compositions were used in
measuring densities. viscosities, and conductivities of the baseline
melt over the temperature range of approximately 10°—JA*/00°C.

Figure 1 is a liquid-solid phase diagram for MeEtImC] + AICl; as
a function of AICI, content. Note that at room temperature (ca. 25°C).
the melt is liquid from about 30 to 67 AICl,. Also note that in two N L, "
regions. the liquid state is maintained down to —72°C and —98°C. 0.30 0.40 0.50 0.60 0.70
Els‘: h\:dheucr::.nly glass transitions occurred, and true freezing couid MOLEFRACTION AICI,

Figure 2 shows the density of the MeEUmCl + AICl; melt as a
function of temperature. The densities range from about 1.1 10 1.4
gm/ml, increasing monotonically with increasing AICl, content and
lineurly with decreasing temperature. 4 MeEtimCl & AIClg BINARIES

Figure 3 shows the absolute viscosity as a function of tempera-
ture for melts comprised of AICl; and MeEtImCl in varying ratios. T T T T T T =T
The absolute viscosities of all the melts are rather large. ranging
from 70 to 700 centipoise. Fusthermore., the viscosity. while a strong
function of composition in the basic (organic rich) region, is almost
insensitive to composition in the acidic (AICl, rich) region.

DENSITY (g/cc)

1.25

1.20

Fig. 2 Dependence of density on MeEtimCI-AICI, meit
composition.
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Figure 4 shows the dependence of specific conductivity of AICl; v 30| _
+ MeEtmCl melts on composition and on temperature. The duta ;.: o
show the specific conductivity is somewhat lower than is typical of o
molten salts: however, most molten salts are at significandy higher g 20 - N
temperatures. so when allowance is made for the lower temperatures >
w L ]
5
i T { L ] T ) LI R} 5‘ F
800 ) ® 10 -
1\ NaCi-AICl, ‘i < 4 . -
0 . AL 1 L 1 - - 1
° ?r 28 38 < 58
W 200 . MOLE-PERCENT AlIC!y :
~ J Fig. 3. Dependence of absolute viscosity on dialky- -
- limidazolium chioride AICI, meit composition and temper-
S 100 . ature A
- d TN
g MeEImCI-AICH, . .
g o _{ of the alkylimidazolium chloroaluminate melts. the specific conduc-
= tivity is in the range expected. Indeed, the specific conductivity
o T monotonically increases as the temperature increases. Also, the data
-100 Ly L | 4 indicate that as the AICH, mol fraction is changed, the specific con-
At duchivity 15 o maximum at eqimolar melts. falling off more rapidly
0.0 0.2 0.4 0.6 0.8 1.0 in the hasic (organic rich) region
MOLE FRACTION Aict, In addition 10 the measurements on the baseline melt, we mea-
Fig. 1. Liquid-solid phase diagram for MeEtimCI-AIC!, sured likewise the physical propenties of 33, 50. and 66 m/o AlCl,
and NaCl-AICl,. melis with most ol the remaining alkylimidazolium chlondes shown
NS ';
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MeEtImC) & AICI3 BINARIES
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MOLE-PERCENT AlICI,

Fig. 4. Dependence of specific conductivity on Me-
EtimCI-AICl, meit composition and temperature.

before. The melting points. densitics, viscosities, and conductivities
of these other melts were found to foilow the trends shown above
for the baseline melts.

While the physical properties discussed above are invaluable to
the understanding of the nature of the melts, even more important is
an understanding of the electrochemical behavior of the melts. The
initial work in the electrochemical study used cyclic voltammetry to
examine the electrochemical window. The elecrochemical window
is that region of potential in which no significant electrode reaction
occurs (arbitranly defined as when the current is less than § mA).
and, thus. is the usable potential span of the melt. The cyclovoltam-
metric study of the R{RyR4ImC1 + AlCly melts showed large electro-
chemical windows. ranging from 2.40 to 2.65V in the acidic (AICly
rich) melts and from 2.57 to 2.82 in the basic (organic rich) melts,
using a glassy carbon electrode. (In all the electrochemical experi-
ments with the melts, the reference electrode was an aluminum wire
in a 60 m/o AICl, baseline melt.) To see the effects of differen
electrodes. twenty one electrodes were examined for stability in the
baseline (MeEUmMCQC! + AICly) melt; the three electrodes having the
greatest stability and their electrochemical windows (in volts) in basic
and acidic melt were (i) glassy carbon, 2.57 and 2.43: (ii) tungsten,
1.70 and 2.48; and (iii) TW20%Ru. 2.95 and 2.40.

The next step was to study the electrochemical behavior of var-
ious cations added to the baseline melt. The chloride salts of twenty
five cations were surveyed in the MeEtIimCl + AlCl, melts using cy-
clicvoltammetry. For the purpose of deveioping batteries. the cations
which exhibit reversible oxidation-reduction behavior closest to the
anodic limit of the melts are the more desirable and ment turther
study. The relative positions of the cations in this respect can be
convenienily displayed by Eng, the sum of the potential of the cath-
odic and the anodic peak divided by 2. In the acidic baseline melit
(which has an anodic limit of 2.35V), the three cations having the
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Fig. 5. Discharge curge of an Al/FeCl; cell.

Similarly in the basic baseline melt (anodic limit=1.00V), the three
largest Eyg values were W*, 0.62V: Mo**, 0.31V; and Fe**, 0.30V.
These results have been used to select cations for more detailed smd-.
K©s. -]
The goal of this rescarch. as mentioned earlier, is to develop lowd
melting salts suitable for use as battery electrolytes. Thus, the fead
sibility of batery cells using the newly developed electrolytes musG
be demonstrated. g

To design a cell properly, more electrochemical experiments mus§
be performed on potential cathodes and anodes in the melts. Never2
theless, we constructed a prototype battery cell using an aluminung
anode and an ion(lID) chloride cathode. The anode was simply &
disk of aluminum: the cathode was FeCl, in electrical contact witl{
a tungsten collector. The melt (60 m/o MeEtmCl, 40 m/o AIClLX
combined with an equal volume of benzene served as both the ag~—
olyte and the catholyte. (Benzene is soluble in the melt, but causes
the FeCly to become insoluble in the melt.) The anode and cathode
compartnents were separated by a fine-porosity glass frit. This cell
design is clearly not optimal, either chemically or mechanically. Fig.
S shows a discharge curve at constant current for the crude cell. The
discharge is quite flat, dropping sharply when the Fe(flD) is depleted.
This is the first true molten salt battery that operates as low as 20°C.

This cell, although not optimized, does constitute a proof-of-
concept, and is an important milestone in our effort t0 develop an
ambient-temperature rechargeable molten salt battery. In the future,
our cfforts will include a systematic study to develop a prototype
cell which will demonstrate the feasibility of using the chioroalumi-
nate meits as battery electrolytes.
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