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ABSTRACT

The petiormance of Li-alloy/CsBr-LiBr-KBr/AgzCrOl systems was studied
over a temperature range of 250”C to 300”C, for possible use as a power
source for geothermal borehole applications. Single cells were dkcharged
at current densities of 15.8 and 32.6 mA/cm2 using Li-Si and Li-Al anodes.
When tested in 5-cell batteries, the Li-Si/CsBr-LiBr-KBr/AgzCrOl system
exhibited thermal runaway. Thermal analytical tests showed that the
Ag2Cr04 cathode reacted exothermically with the eiectro&te on activation.
Consequently, this system would not be practical for the envisioned
geothermal borehole applications.

INTRODUCTION

There is interest in the development of a high-temperature power source that can be
used to power data logging instrumentation while drilling in geothermal boreholes.
Temperature can range from 250”C to well over 400°C in such an environment. To avoid
the use of expensive dewar systems, the batteries must be able to flmction by using the
ambient heat in the borehole. Sandia has long been involved in the design and
development of thermal batteries for the Dept. of Energy and Dept. of Defense. These
batteries generally use the LiAUFeS2 or LiSi/FeS2 couples and depend on a molten salt for
operation—typically, LiC1-KCl eutectic, which melts at 352”C. They remain inert until
activated by an internal pyrotechnic. Such technology appears promising for transfer to
the geothermal application.

*

The typical operating temperature range for these batteries is 375°C to 600”C, which
is above the thermal window of the geothermal borehole. Thus, alternate electrolyte
materials must be considered for geothermal applications. We have been evaluating a
number of candidate molten salts that have lower melting points than the standard
electrolytes now being used for thermal batteries. The LiBr-KBr-LiF eutectic, for
example, melts at 324. 5°C and has been shown to be suitable for use with the LiSi/FeS2
couple for the higher temperature range of this application (1). Similarly, work with this
same couple has been performed with the CsBr-LiBr-KBr eutectic, which melts at
228.5°C (2).
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The voltage for the LiSi/FeSz couples is nominally 2 V at 500°C. It is desirable to
,. have a couple with a much higher emf, to reduce the number of cells in a battery stack for :-

a given voltage, thus increasing the specific energy. However, one must be carefil not to
use a couple with an emf greater than that decomposition potential of the electrolyte.
These two lower-melting electrolytes contain bromide, which has a lower decomposition
voltage than does chloride (3.33 V for LiBr vs. 3.74 V for LiCl at 300°C).

A system based on AgzCr04 instead of FeSz appears attractive, since the
LtiAgzCr04 couple is reported to have an open-circuit voltage of -3.2 Vat 180”C (3).
A study was undertaken to examine this couple as well as the LiSi/AgzCr04 couple, but
using the CsBr-LiBr-KBr eutectic electrolyte. Emphasis was on temperatures between
250”C and 400”C, which spans the operating window for most geothermal boreholes.
Cells were discharged under galvanostatic conditions at a range of current densities.
Since AgzCr04 is not an electronic conductor, addition of graphite powder to the
catholyte was necessary. This paper presents the results of that work.

EXPERIMENTAL

Materials

The CsBr-LiBr-KBr eutectic electrolyte was made by fising the required quantities of
vacuum-dried Reagent-grade components together (42.75°/0, 39. 08°/0, and 18. 10°/0,
receptively)l and in a quartz crucible at 600”C for three hours, followed by quenching and
grinding. The separator mix was prepared by blending the electrolyte powder with 30%
MgO (Merck Maglite ‘S’), and then fising at 400”C for 16 hours. The bulk of the tests
were carried out with a catholyte of composition 70°/0 Ag2Cr04/200/0 electrolyte/ 10°/0KS6
graphite powder. (The AgzCrOq was from Cerac; the KS6 was from Lonza and was used
as a conductive additive.) Ancillary tests were also conducted with a catholyte with
higher graphite content, with the composition 60% AgzCr04/20% electrolyte/20% KS6.
The mass of the cathode pellet with the higher graphite content was adjusted to maintain
the same coulombic capacity as that with 10% graphite. Anode materials tested were 44°A
Ld56Y0 Si (–100+325 mesh, Eagle Picher) and 20?40Li/80Y0 Al (–1 00+200 mesh, also
Eagle Picher). The anodes were pressed fi-om an anolyte made with 75’?40Li-Si/25%
electrolyte and 80°/0 Li-Al/20°/0 electrolyte. All preparations, processing, and handling
operations with materials and parts were conducted in a dry room maintained at <3°/0
relative humidity.

Testing of Single Cells and 5-Cell Batteries

The anode, cathode, and separator mixes were cold pressed into 1.25” (3 1.8-rnm)-
diameter pellets to -75% of theoretical density. The mass of the Li-Si and Li-Al anodes
was 0.93 g and the cathode mass was 1.10 g. The separator masses were 1.00 g for the
standard cells and 2.00 g for cells with reference electrodes. A Ni wire was sulfidized to
form a Ni/IW~S2 reference electrode, which was inserted between two split separator

‘ Unless otherwise noted, all compositions are reported at weight percent.
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pellets. Single cells were discharged under constant current under computer control at
temperatures.: of 25@C to 3OO”C between heated platens in a glovebox under an :

atmosphere of high-purity argon (<1 ppm each of water and oxygen) and an applied
pressure of 8 psig (55.2 kPa). Steady-state loads of 125 mA to 250 mA (15.8 to 31.6
mA/cm2, respectively) were used. The loads were doubled for 1 s every 30 s or 60 s, to
measure the cell polarization during discharge. The cell discharge was terminated when

the voltage dropped below 1.25 V. For testing of 5-cell batteries, a reusable test fixture
with an “O-ring seal was used to avoid contact of the active battery stack with ambient
moisture. The pyrotechnic (“heat”) pellet used was 88°/0 Fe/l 2°/0 KC101 at a heat balance
of 92 cal/g of total cell mass (including the heat pellet).

Thermal Analvses
Thermal analyses of mixtures and components was carried out using simultaneous

thermogravimetric analysis (TGA)/differential thermal analysis (DTA) or TA differential
scanning calorimetry (DSC) (TA Instruments, Models SDT 2960 and DSC 2920,
respectively, New Castle, DE).

RESULTS AND DISCUSSION

Single-Cell Tests

The relative periiorrnance of Li-Al and Li-Si anodes is compared in Fi5wre 1 for a
temperature of 30@C and a current of 250 mA (32.6 mA/cm2) for a loading of 10’%KS6
in the cathode. As expected, the cell voltage was lower for the cell with the Li-Al anode.
This reflects the lower thermodynamic potential for this alloy, which is about 143 mV less
than for the LLSi anodeat4150C (4,5).

The capacity of pure 20’?40Li/80% Al is 2,259 coulombs/g for the transition of ~-LiAl

to ct-LiAl (solid solution), which is relevant for these tests. In comparison, the capacity of
pure 44% Li/56V0 Si is 1,747 coulombs/g for the transition of LiJSi4 to LiiSiq, which is
expected under the same conditions. Thus, the LLAI anodes had a capacity of 1,680
coulombs/g vs. 1,218 coulombs/g for the Li-Si anode. Although the polarization was
similar for the two cells under these conditions, the cell with the Li-Al anode ran only half
as long as the one with the Li-Si anode-even though it had a much higher capacity—due
to the lower rate capability of the Li-Al anode.

While reasonable performance was obtained at “3000C with the LiSi/CsBr-LiBr-
KBr/Ag2Cr04 system at 250 IT@ it was necessa~ to reduce the current in half for tests at
25@C. The effect of temperature on the discharge characteristics for this system is shown
in Figure 2 for a load of 125 mA (15.8 mA/cm2). There was a dramatic reduction in the
lifetime as well as a change in the shape of the voltage-time curve at the lower
temperature. The latter could be indicative of a change in the discharge mechanism.
There was also a rapid and large increase in the polarization at the lower temperature.
These data indicate that this system cannot support a current density of even 15.8 mA/cm2
at 250”C. In general, ohmic losses tended to increase with depth of discharge until they



dominated at the end of life. Concentration polarization became more important at the
--- lower temperature at the beginning of discharge. . .. -.—

Since AgzCrOQ is not an electronic conductor, graphite powder was used as a
conductive additive. The effect of graphite content was examined by doubling the amount
in the catholyte, while maintaining the same coulombic capacity. The results for cells
discharged at 3000C at 15.8 mA/cm2 are shown in Figure 3. Doubling of the graphite
content effectively doubled the lifetime of the cell. The initial polarization was slightly
increased for the cell with the higher graphite content, but the onset of the increase in
polarization occurred much later in discharge. However, the polarization at the end of life
was much greater at the higher graphite content. The results of similar tests at 250”C are
shown in Figure 4. The activated life was slightly reduced and the overall polarization
increased at the higher content of graphite. Thus, the use of the graphite additive at levels
above 10°/0is not merited.

The fill-cell and half-cell voltage responses are shown in Figure 5 for a LiSi/CsBr-
LiBr-KBr/AgzCr04 single cell discharged at 3000C and 15.8 rnA/cm2 with a N~i,S,
reference electrode and 10°/0 KS6 in the cathode. The bulk of the polarization was anode
related. The same behavior was observed for tests at 250”C at the same and higher
current densities. Similar trends were also exhibited for cells built with Li-Al anodes.
These data indicate that anode processes (polarization) dominate the cell discharge.

The activated life of the cell with the reference electrode was over seven times greater
thh that observed with the standard cell (Figure 1). This is a result of doubling of the
separator mass to accommodate the reference electrode. Even though the separator

thickness was twice that of the standard cell, the larger volume of electrolyte allowed
dissipation of Li-ion concentration gradients which appear to dominate the cell under these
conditions. This is the only reasonable explanation for this behavior.

5-Cell Battery Tests

A 5-cell batte~ was constructed using the LiSi/CsBr-LiBr-KBr/Ag2Cr04 system with
10% KS6 in the cathode. The battery was built with a heat balance of 92 cal/g of total cell
mass (including the heat pellet) and was discharged at a current density of 15.8 mA/cm2.
The voltage response and stack temperature are plotted in Figure 6. The rapidly
decreasing battery voltage along with the sudden rise in stack temperature indicate that the
battery experienced a thermal runaway and self destructed. This was entirely unexpected
given the reasonably good single-cell results that were obtained. A second battery tested
under the same conditions showed the same behavior.

In order to understand the cause of the thermal runaway, samples were subjected to
detailed simultaneous TGA/DTA and DSC analyses. When heated under argon at
10°C/min, the Ag2CrOq alone showed a small endotherm at 476. 50C, with a second major
endotherm at 655 .9oC due to thermal decomposition. The sample lost about 2. 5°/0 of its
weight between 6001’C and 800”C. The thermal response of a mixture of the electrolyte
and Ag2Cr04 is shown in Figure 7 for a sample heated under argon. (Comparable results
were also obtained in dry-room air.) A small endotherm occurred at 1660C, but a major
exotherm took place at 1930C. The exotherm increased greatly at melting point of the
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electrolyte, 228 5“C. Several endotherm were still evident in the reheat but the exotherm
... was absent. It is ..this: exotherm -that is believed responsible for the observed thermal . ~.

runaway of the battery.

A similar DSC trace for the fill catholyte mixture heated under dry-room air at
10’C/min is shown in Figure 8. Three large exotherms were observed for this mixture,
starting at 124. 8°C, 287.2°C, and 385. 5“C. On reheating, only a single endotherm at
180.7”C was observed. No endotherm was observed as in the case of the mixture of
Ag2Cr04 and electrolyte. The presence of graphite appeared to change the chemical

reactions that occurred on heating. The DSC data for the catholyte indicate that some
thermal decomposition was probably occurring during testing of the single cells at 25@C
and, especially, at 3O@’C. In essence, chemical reactions were taking place in parallel with
electrochemical reactions. The relative extent of each type of reaction would depend on
the load that was applied to the cell. There would be a tendency for more chemical

reactions to occur with the lighter loads, with the greatest likelihood occurring under
open-circuit conditions. This could account for the noise observed on the voltage traces
at times and the lack of good repeatability at times in single-cell tests.

The reasons for the thermal runaway that occurred when 5-cell batteries were tested
are now obvious. On activation, the instantaneous temperature at the heat pellet-catholyte
interlace can exceed 1,000”C for a brief time. This is more than enough to have triggered
the exothermic reactions observed with DSC. Thus, this behavior precludes the use of the
Li-alloy/CsBr-LiBr-KBr/Ag2Cr04 system in geothermal battery applications. Even in the
absence of a thermal shock due to ignition of heat pellets, there will be an intrinsic
uncertainty and unreliability that could lead to compromising geothermal equipment and
testing if this system were used as a power source.

CONCLUSIONS

The LiSi/CsBr-LiBr-KBr/Ag2CrOd system can sustain a current density of 32 rnA/cm2
in single-cell tests at 3000C. At 250”C, this value is reduced by half. The bulk of the
polarization is ohmic and anode processes dominate the discharge. In general, ohmic
losses tend to increase with depth of discharge until they dominate at the end of life,
Concentration polarization becomes more important at 250”C at the beginning of
discharge. Increasing the graphite content 10VOto 20% increases the lifetime of single
cells discharged at 16 mA/cm2 at 300”C but at the expense of increased polarization. In
single-cell tests at 3000C and 32 mA/cm2, a lower emf is obtained and a shorter lifetime
results when the 440/. Li/56°/o Si anodes are replaced by 200/. Li/80°/0 Al anodes of similar
coulombic capacity.

In 5-cell battery tests with the LiSi/CsBr-LiBr-KBr/AgzCrOQ system, thermal
runaway occurs due to highly exothermic reactions between the Ag2CrOJ and the
electrolyte. The presence of graphite in the catholyte increases the exothermicity of the
reaction which occurs at a temperature as low as 125”C. This incompatibility leads to

parallel chemical reactions occurring along with electrochemical reactions during single-
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cell tests. This behavior precludes the use of the Li-alloy/CsBr-LiBr-KBr/AgzCrOq system
as a power source for geothermal borehole applications. . . .. . . . ..
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