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Abstract

In high temperature electrical generators such as thermal batteries, the molten salt electrolyte needs to be retained by a binder, e.g. MgO. \
have pointed out that the magnesia volume fraction was a more accurate parameter than the usually used weight fraction. Moreover, based
our technique measurements, we defined a magnesia volume fraction range (27—-30 vol.%) where the electrolyte retention could be consider
as efficient whatever its nature. And finally, we proposed a microstructure description of the retained electrolyte.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction based salts. Other metal oxides such a®% LIAIO,, ...
were envisaged as the electrolyte bindér\We may mention
In thermal batteries, the electrolyte is in the solid state that the BN boron nitride was also used. Finally, MgO was
at room temperature. After thermal activation (pyrotechnic found the most efficient material in the replacement of silica.
combustion), the electrolyte becomes liquid, and then con- Its solubility in molten alkali halides is considered to be low
ductive due to the ionic species motion between the anode andenough. In the LiCI-KCl eutectic, the solubility produckp
the cathode. Molten salts are suitable media as electrolytegMg?*][0%~]) was found to be equal to 7.2 at 450 [2] and
in thermal batteries. Due to high level of mechanical stresses8.38 at 700C [3]. From the thermodynamic point of view,
(acceleration, gyration, etc.) during the operation time, the magnesia is stable even with molten fluorides whatever the
liquid electrolyte needs to be retained by a binder. By means considered temperature this is opposite to silica. But a high
of the capillary forces, the electrolyte is stabilized. weight fraction is required to obtain an efficient electrolyte
Few materials could be used as electrolyte binder. In the retention.
past, SiQ silica was widely used. Its use was abandoned be-  The amount ofthe binder electrolyte is one the mostimpor-
cause of its high reactivity with molten lithium at high tem- tant parameters. If the magnesiaratio is too low, short-circuits
perature. Moreover, silica could react with molten fluoride may occur

- e between the anode and the cathode (no physical separa-
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Fig. 1. lonic conductivitys (S cnt 1) of LICI-KCl based separators vs. the temperature and the weight fraction of magnesia (MgO (a) 0%, (b) 35%, (c) 40%,
(d) 50%).

However, if the magnesia ratio is too high, two conse- tion. Moreover, we expect to understand more precisely the
quences are expected: retention phenomenon by observing separator microstruc-

S - tural features.
e the separator deformation is insufficient to allow electrode

wetting by the electrolyte, it induces an increase in the
contact resistance;

e electrolyte binders are electrical insulators, so that the ionic
conductivity decreases drastically with the amount of mag- 2 1. Materials
nesia as sketchedfig. 1(data issued from referengd).

2. Experimental

Finally, the overall resistance of the battery increases and2-1.1. Salts
the cell voltage decreases. To reach the electrical require- LiF, LICl, LiBr (99.99% purity) were supplied by
ments, stacks could be added but the mass and the volume oPigma-Aldrich. Lithiumiodide of 99.9% purity-(200 mesh)
the battery increase. was purchased from Cerac. They were used as starting ma-
Numerous physical parameters influence electrolyte re- terials. The salts were dried individually under vacuum in a
tention. The separator (electrolyte + binder) is obtained by quartz crucible during 15h. The mixtures were fused under
electrolyte and magnesia powders compaction at room tem-argon, in glassy carbon crucibles to prevent silica dissolution
perature. The density of the pellets could also occur. A much in the presence of fluoride ions, and maintained at“&D0
more appropriate amount of magnesia required in the separafor 15h. They were quenched directly in the grinder. Once

tor was determined for some electrolytes. Data available areground, they were stored in a glove box under argon. Im-
summarized in th&able 1 purity concentrations (mainly oxides and hydroxides) were

Reinhardt[5] used 35wt.%. To our knowledge, this value of Lil, a molar fraction of 5.102 was measured. Electrolyte
was not optimized. This value was taken as a reference forCOmMpositions are reported rable 2
the present study. .

Recently, a new process was propofgld It consists of ~ 2.1.2. MgO magnesia _
a ceramic felt filled with electrolyte. Thinner and higher me- ~ MgO powder, used as an electrolyte binder (E.B.), was
chanical resistant separators were obtained than the usuaProvided by ASB — Aerospatiale Batteries. The MgO sam-
process. But, magnesia-based separators are still industriallyples were slowly heated from room temperature to and
used and more studies are needed to have a better understanf?aintained at 850C for 15h in argon gas atmosphere.
ing.

The aim of the present work is to determine the appropriate Table 2

amount of magnesia needed to obtain good electrolyte reten_!Vleltlng point (mp), molar and weight compositions of the electrolytes used

in this study
Table 1 Electrolytes mp  Composition  Composition References
avel _ _ CC)  (Wt.%) (mol%)
Magnesia weight and volume fractions used in the sepaj@itor
LiCL-KC| LICI-LIBr-KBr LIF-LiBr-KBr LIF-LiBr-LiCl LiF-LiCI-LiBr 443 9.6-22-68.4 22-31-47 9]
e IC-LIBr-RBr LiF-Lisr-Ror LiF-Libr-L LiF-LiCl-Lil 341 3.2-13-83.8  11.7-29.1-59.2 [10]
Ymgo (Wt.%) 40 30 25 35 LiCI-KCI 354 44.8-55.2 58.8-41.2 [11]

Wpgo (VOL.%) 233 21.2 20.8 25.2 Lil-KI 285  58.2-41.8 63.3-36.7 [12,13]
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This was done to prevent hydration and carbonate forma-2.2.4. He pycnometry

tion. MgO and salts powders densities were measured by means
of a helium gas pycnometry technique. The apparatus was an
2.1.3. Separator preparation automatic Accupyc 1330 supplied from Micrometrics. Pre-

Appropriate amount of MgO and salt powders were ac- liminary samples were prepared in a glove box and trans-
curately weighed and thoroughly mixed in a silica crucible ferred to the analysis chamber in a closed pan in order to
to give about 50 g of the mixed powder in each case. The Prevent powder hydration. Experiments were repeated three
corresponding mixtures were fused during 15h at BDO times in order to estimate the error. Dispersion of the values
in vitreous carbon crucibles. As described previously for Was less than 0.5%. We give the average values.
electrolytes, they were quenched directly in the grinder. Af-
ter grinding, they were stored under argon atmosphere in2.2.5. Molten salt densities
a glove-box. The ground powders were pressed uniaxially We used a home made technique to measure the molten salt
into pellets of 35 mm in diameter and approximately 500 densities. We determined the volume occupied by the molten
thickness. salt in a crucible designed for the purpose. We estimated the

For the SEM experiments, we used four LiCI-KG®4 uncertainty to be less than 5% with the technique we used.
MgO) mixtures. The value varied from 20 to 50% in steps
of 10%. The pellets from each batch were placed in a vitreous 2-2.6. Separator deformation
carbon crucible and then heated for 15h at SO0under Pellet-deformation tests were carried out with a modified
argon atmosphere in a glove box. Afterwards, the pellets weretechnique described in the literatuig]. The deformation
quenched. They were fractured along the diameter. The cross/neasurements consisted of a change in thickness of pellet

section was observed by means of SEM coupled with EDS uUnder applied pressure. The deformation tests were carried
analysis. outat500°C. During the test, the pellet was held between two

mica sheets. Before the test deformation, the thickness of the
separator and mica sheets were measured individually and
together. A pressure was applied by means of a weight. All
2.2.1. DTA/TGA analysis the apparatus was preheated at 30@or half an hour before

Thermal analyses were performed using a Setaram 24each experiment. The pressure was applied for a qua_lrter an
thermal analyzer equipped with a double oven (in order to hr(:ur and theg E{he s_epzrz;tor was qufenche_d. Thet th'(l:krlﬁss
increase the TGA sensivity and stability). Experiments were change was determined by means of a micrometer. n the
carried outin a dynamic atmosphere (flow rate of 1.25%h reference cited before, they measured deformation at high
of dry helium (less than 1 ppm4@) on 100 mg samples. We temperature. In our case, all the deformation measurements
used 10Qu| alumina AbOjz crucibles. Samples were prepared were done at room temperature. So that, our determinations
in a glove box to prevent hydration might be slightly higher than the literature values.

We controlled the drying procedure and checked the elec-
trolyte melting point.

2.2. Techniques and apparatus

3. Results and discussion

2.2.2. X-ray diffraction (XRD)

X-ray diffraction patterns were obtained with a Siemens
D500 diffractometer, using CaKradiation ¢ = 1.789,&) 311 Salts
equipped with a linear detector. X-ray diffraction was per-
formed on samples protected by a polyethylene film to pre-
vent a reaction with water.

3.1. Starting materials characterization

First of all, we checked the correct composition of the pre-
pared electrolytes by means of DTA/TGA analysis (weight
variations and melting point). No significant weight losses
in the 100—-200C range corresponding to the alkali halides
2.2.3. Scanning electronic microscopy (SEM) hydrates decomposition temperatures were noticed. Weight

Microstructural features of the starting materials and the |osses after the drying procedure were less than 0.1wt.%.
separator were determined by using a JEOL scanning elec-Thys, we were sure that the drying procedure we used was
tron microscope. Semi-quantitative compositional analyses efficient. Concerning the electrolyte melting point, except the
in different region of the separator were carried out by energy Lj|-K| one, we noticed no discrepancies between our deter-
dispersive analysis by X-rays (EDAX) on the EDS system minations and the literature values. The Lil-KI melting point
attached to the JEOL scanning electron microscope. Micro- was found to be close to 288 which agreed with the data
scopic images were collected both on powders and separatobf Johnson and co-workefs2]. Leiser and Whittemorfi3]
fractured surfaces to discern compositional changes. No thinwho proposed a value equal to 285. We thought that water
films of gold on the exposed surfaces were applied before mi- contamination could explain this difference.
croscopic viewing. Samples were sufficiently electrical con-  The specific properties we needed in our study were the
ductive and no electrostatic charging was noticed. salt densities. The measurements were done at 25 arid500
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Table 3 changes in the separators at high temperature. Some inter-

Summary of the literature and experimental values of liquid salt densities esting results were obtained by collecting SEM images of
p(l) at 500°C and solid salt densitieg(s) at 25°C fractured separators

Salts p(s) (genT3) p(l) (gem=3)
Literature  Experimental Literature  Experimental  3.2.1. Optimum MgO magnesia fraction
LiCl-KCl 2022 2.01 (5) 1.614] 1.59 Deformation tests were carried out at 5@ The applied
Lil-KI 3.852 3.53(3) 2.7%[15] 2.83 pressure was equal to 0.45daN#m Although, tests were
LiF-LiCI-LiBr  2.92[16]  2.91(4) 2.198] 2.17 realized in an quarter an hour, the main deformation appeared
LIF-LICILI 3547 351(3) ‘ 269 in the first 5 min. Deformation tests were driven with different
. Calculated values. _ magnesia weight fractions to evaluate the optimum value. It
Values for rich-Lil-KI mixtures (80:20 mol%). ranged between 20 and 50wt.% depending the electrolyte
nature.

(it corresponds to the temperature at which we made defor-

. : o For the binary electrolytes (Lil-KI and LiCI-KCI eutec-
mation experiments). All the densities measured are reported,. did btain th .
in the Table 3 tics), we did not manage to obtain the curves representing

. . th llet thickn variations ver the magnesia weight
We used th&q. (1)to calculate mixture densities at room € petiet hickness variations versus the magnesia weig

) . . fraction. We determined only the minimum amount of mag-
temperature when no data were available in the literature. . . -
nesia needed to retain efficiently the molten salt electrolytes.
£
o= (E =

-1 The corresponding MgO weight fraction values for Lil-KI
) () and LiCI-KCl were respectively 35 and 45 wt.%. Below these
i P values, the separators behaved as a viscous liquid. We were

where £ andp; are respectively the weight fraction and the not able to provide an accurate measurement of the pellet

density of theth compound. deformation.

We observed a good agreement between our data and the However, concerning the ternary electrolytes, were able
literature (or calculated values) to measure the pellet deformation with different amounts of

magnesiaKig. 4). One can observe that LiF-LiCI-LiBr based
pellet deformation was twice that of the LiF-LiCI-Lil based

3.1.2. MgO [
g0 magnesia y pellet deformation.

Preliminary, MgO powder was studied by means of X-ra As th iaht fraction | h llet def .
diffraction and SEM coupled with EDS analysis. We checked q s the ngot racpcl)n mcriasebs t el pellet ceformations
that no other phases were present after the drying Btgd). ecreases. MO particie number by volume unity increases,

Peaks were indexed using the JCPDS file number 04829. Thethus capillary forces increa;e correlatively. Thus, we might
crystallite size was obtained by using the Debye—ScherrereXpECt that the volume fraction of magnesia would be a more

relation and the half-peak broadening. significant parameter than the weight fraction.

Using the diffraction peak shape, we were able to deter- lTO ensure thz finc;]de and the catr:joaite wettlmg tt))y the elelcg—
mine the MgO crystallite size. It was found to be close to trolyte contained in the separator, a deformation between

45 nm and 30% is required. We defined the optimum weight fraction
By means of SEM technique, spherical MgO particle size of magnesiawhen the deformation pellets was arot@@.

was determined to be around 50 Ay, J). It agrees with the 'I;]heTC(E)rlregponding values we determined are summarized in
previous determination by XRD analysis. To complete mag- the Table

nesia characterization, its density was evaluated at room tem-

perature. The data obtained are summarized ifTétide 4 3.2.2. Volume fraction: the pertinent parameter _
In this part of the study, we demonstrate that the magnesia

volume fraction is the parameter to be considered.
The volume fractions of magneslé{,lgo contained in the

The aim of these experiments was to define the optimum P€llets were calculated using tEg. (2)
weight fraction of magnesiain separators for each electrolyte. 1/,,\11;'9 o
In the first part, we report deformation tests results and wkﬂgo = 1 (40
we consider the influence of the salt densities. In the second (Vhgo/ Pmgo) + (1 = (Yugo/ sat)
part, we propose a description of the microstructural feature where Img oand Wnuﬁg o are respectively the volume and
weight fractions of magnesia contained in the separator.

3.2. Separator deformation measurements

)

Table 4

MgO magnesia properties Table 5

Parameters Experimental values Techniques Summary of the optimum volume and weight fractions of magnesia

Particles size 50nm SEM LiICI-KCI  LiF-LiBr-LiCl  Lil-KI  LiF-LiCI-Lil
45nm XRD Wygo WLO%) 45 40 35 325

Density 3.39gcm?3 He pycnometry Ymgo (Vol.%)  27.2 29.4 30.3 27




360 P. Masset et al. / Journal of Power Sources 139 (2005) 356—-365

10000 —

m
H
o
I

Lin {Counts)
B
I

-
=]
L]

amo —

Zmo —

P oAb

o —frrrrprrrrrrrr e T T T 2 B .'.".'i T T T '| 71T i'.'.'i'-'i"-'i_-. |'i T .T'i T

20 1 +0 =0 a0 70 20 50 il

2-Theta - Scale

Fig. 2. X-ray diffraction pattern on MgO powder sample.

50nm

Fig. 3. MgO powder observed by SEM.

Considering the optimum magnesia weight fractions we 2.2 vol.% whereas our data (empty markers) ranged from 27
determined or published in the literature, values ranged be-to 30 vol.%. The first conclusion was that the optimum values
tween 25 and 45%. Analyzing the driving forces involved in ranged was within a small difference, less tHaf vol.%, in-
the retention phenomena, they were considered to be morestead of+=10wt.%. Secondly, our values were 15% greater

linked to volume fraction than weight fraction. than literature one. Thus, a comparison could be made.

We present a diagranfig. 5 which allow us to have a We showed that volume parameter was a more accurate
direct conversion between the weight and the volume fraction parameter than weight fraction. Moreover, we defined a vol-
versus the molten salt densities. ume fraction range where electrolyte retention could be con-

We cannot compare directly our results with the published sidered as efficient whatever the electrolyte nature. Finally, a
data because we did not use the same technique. Literavalue around 27-30% (or 23—-25vol.% with literature data)
ture data (full markers) were centered on the value of23  was found to be good.
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Fig. 8. SEM image collected on fractured surfaces of peligigo (wt.%) = 30%.

We represented the curves thickness variations versus thealifferent amounts of magnesia. Thus, insights were made on
volume fraction Fig. 6). Experimental points were located on  interesting parts of the fractured surface.
the same master curve. The optimum value was determined
to be close to 28vol.%. This value would be equivalent to 3.3.1. MgO magnesia proportion influence
23.8vo0l.% value determined by the technique described in  We prepared LiCI-KCIXwt.% MgO) pellets. The&values
the literature. It corresponds to the average value obtained byranged between 20 and 50. They were heated at GGor

this technique. 15 h in an argon atmosphere. After quenching, fractured pel-
lets were observed by means of scanning electron microscope
3.3. Separator microstructural features (Figs. 7-9 coupled with EDAX analysis.

We observed two types of microstructural features. They
As away to understand the mechanical behavior of pellets, were referenced as bulk (dark) and filamentous (gray). During
we studied the microstructural evolution of heated pellets. We the SEM observations, we made sure that the filaments could
present images obtained by SEM of fractured pellets with not be ascribed to surface effects (roughness, etc.).
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Fig. 10. SEM images collected on fractured surfaces of pellets containing 40 wt.% magnesia.

As the weight fraction of magnesia was increased, we ob-  An example of the views we obtained by SEM technique is
served correlatively that the number and the size of the fil- presented in th€ig. 10 We focused our observations on the
aments decreased. These observations led us to think that gray filamentous areas. Details within the dark square in the
three dimensional organization occurred during the heating Fig. 10are magnified in the next pictuFég. 11and so on with
of the pellets with the interconnection of the filaments. We Figs. 12 and 13Ve made comparative EDAX analysis in the
characterized the filaments by coupled scanning electron mi-dark and gray area of the pellets. The intensity correspond-
croscopy and EDAX analysis to known more about the local ing to the Mg element was found be distinctly higher in the

structure of the observed filaments. filament than the one in the matriki@y. 14). We suggest that
the filaments were enriched magnesia area. These analyses
3.3.2. Insight on the separator structure were corroborated by the local observations of MgO parti-

For each magnesiaratio, we carried out local observationscles Fig. 13. We believe that a three dimensional structure
of the filaments in different parts of the pellets. Our conclu- may have occurred during the heating and a solid-like struc-
sions were the same whatever the magnesia ratio and theure formed. The separator could be considered as a classical
places we made the observations. biphasic media. Thus, the short order organization appear-



364 P. Masset et al. / Journal of Power Sources 139 (2005) 356—-365

Fig. 12. SEM images collected on fractured surfaces of pellets containing 40 wt.% magnesia (dfegail df.

ing during the heating may affect its rheological property. a 27-30 vol.% of magnesia was found to be enough to obtain

The rheological properties of separators need to be studiedan efficient retention whatever the electrolyte nature.

to confirm these preliminary results. Microstructural observations of LiCI-KCl based separa-
tors were carried out. We believe that MgO enriched filamen-
tous areas appeared during the heating step. This suggested

4. Conclusions that a solid like structure formed.

Deformation tests were carried out on four different elec-
trolyte based separators. First, we determined the appropriateAcknowledgements
amount of magnesia required in each case. We have shown
that the magnesia volume fraction is a more accurate pa- Patrick Masset gratefully acknowledges the Commissariat
rameter than the corresponding weight fraction. Deforma- a I'Energie Atomique, ASB — Aerospatiale Batteries and the
tion master curves were obtained. Finally, by our technique, LEPMI for their financial support through a Ph.D. grant.
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Fig. 13. SEM images collected on fractured surfaces of pellets containing 40 wt.% magnesia (dfégail df.
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