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Thermal batteries are reserve batteries that are maintained in
an inactivated state at room temperature and can be activated
within a few seconds by melting a solid electrolyte using a heat
source."” Owing to zero self-discharge during storage, thermal
batteries can be stored for more than 10 years without any
degradation in their performance. In addition, their structural
stability and reliability enable them to withstand vibration,
shock, and temperature variations; thus, they can be used as
power sources for guided weapons and space-launched vehi-
cles."” Thermal batteries operate at a high temperature owing
to the heat source. Due to the high operating temperature,
thermal batteries have a high ionic conductivity (1-5 S cm ™)
compared with lithium-ion batteries (~107>S ecm ™). Thus, they
have excellent high-output discharge characteristics.*® In the
case of a lithium secondary battery, it has been reported that the
performance decreases due to the low ionic conductivity of the
electrolyte below 0 °C. Owing to the high ionic conductivity of
thermal batteries, they can be used in a wide temperature range
(=55 to +75 °C), including low temperatures, without perfor-
mance degradation.”

A eutectic salt comprising lithium fluoride (LiF)-lithium
chloride (LiCl)-lithium bromide (LiBr) or lithium chloride
(LiCl)-potassium chloride (KCI) has been commercialised and
used as an electrolyte for thermal batteries.* An operational
temperature of 500 °C or higher must be maintained to melt the
solid electrolyte. Thus, the weight of the high-density heat pellet
increases owing to the large amount of heat produced, which
negatively affects the specific capacity of the thermal battery.
Additionally, as the electrode to be used in a thermal battery
must possess high thermal stability to sustain its high opera-
tional temperature, the electrodes are restricted to materials
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Their performance as thermal battery molten-salt electrolytes was verified using tests on a single cell

such as Li-Si alloys for anodes and intermetallic sulphides for
cathodes.*®

The open-circuit voltage of a thermal battery is relatively low
compared with that of a Li-ion battery. To apply high-voltage
cathode materials in thermal batteries, a eutectic salt with
a low melting point must be used as the electrode material
because of the thermal instability of the materials used in other
batteries, such as Li-ion batteries. Masset and Guidotti® re-
ported that the melting point of eutectic salts could be reduced
by using an electrolyte containing iodine; however, they also
found that lithium iodide cannot be applied to commercial
thermal batteries owing to the difficulty of handling it in dry
room conditions. Therefore, lowering the melting point of the
electrolyte, which can be handled in dry room conditions, plays
a key role in improving the specific capacity of thermal
batteries.

In this paper, we propose a eutectic salt composed of
rubidium chloride (RbCl) with improved handleability, a low
melting point, and an enhanced specific capacity. We also
evaluated the performance of this eutectic salt as an electrolyte
in a single cell and a 12-cell stacked thermal battery.

The composition of the RbCl-containing eutectic salt was
predicted using the FactSage thermochemical software. To
fabricate the predicted eutectic salts, LiBr, KBr, RbCl, and LiCl
were purchased from Sigma-Aldrich (St. Louis, MO, USA). The
chemical composition of the eutectic electrolytes was 0.54LiBr-
0.23KBr-0.23RbCl (wt%, RbK) and 0.17LiCl-0.16LiBr-0.67RbCl
(Wt%, RbLi). The melted electrolytes were immediately
quenched to room temperature (25 °C) in a square-shaped tray,
which was fabricated using Inconel alloy to inhibit corrosion by
a highly reactive Li-containing electrolyte. The eutectic electro-
Iyte consisted of a 55 wt% eutectic salt and 45 wt% MgO, where
the latter serves as a binder to prevent the molten salt from
flowing down under the discharge conditions of the thermal
battery, operating at high temperature. After manufacturing the
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eutectic salt with a low melting point, their microstructures
were observed using a scanning electron microscope (SEM; FEI-
Helios). The melting point and heat of fusion of the fabricated
eutectic salts were measured using differential scanning calo-
rimetry (DSC). To carry out the battery discharge process, pellets
with a diameter of 26 mm for the electrolyte and electrode were
fabricated via cold pressing. The Li-Si alloy and FeS, were used
as the negative and positive electrodes, respectively. The single
cells were discharged at 325 and 375 °C while applying a pulse
current profile of 0.5 A (0.1 Aem™?) for 2.5 5,1 A (0.2 A em™?) for
2.5s,and 0 Afor 15 (0.1 Agyg ecm %) under a DC electric load (SL-
600, Unicorn) at a force of 100 kgf. Before the single-cell
discharge was performed, the fabricated single cell was rested
for 1 min to allow the electrolyte to melt in the temperature
range of 325-375 °C, and the discharge test was terminated
when the voltage dropped to 0 V. Twelve battery cells were
stacked with minimum thermal insulation around the cells to
fabricate the thermal battery. Subsequently, the battery was
discharged under a high constant current (0.6 A cm™?).

The DSC curves were plotted to measure the melting point
and heat of fusion of the fabricated eutectic salts. Fig. 1 shows
the DSC curves for the eutectic electrolyte compositions
comprising RbK, RbLi, and LiClI-KCI (LK). As shown in Fig. 1,
the melting point of the RbK eutectic salts was measured as
275.2 and 283.8 °C. We believe that the two peaks observed in
the melting temperature are due to non-uniform mixing;
however, commercial LK eutectic salts also show the same
pattern. Fig. S1t reveals a marginal difference in the melting
points measured via DSC, but the results are consistent with the
melting point (238 °C) of eutectic salts calculated using the
FactSage thermochemical software.'® Similar to the results ob-
tained for RbK, the melting point of RbLi was measured as
315.2 °C, consistent with the eutectic point temperature of
275 °C calculated by the FactSage thermochemical software. In
addition to RbK and RbLi, the melting point of the LK eutectic
salt as a comparison group was measured via DSC. Table 1
shows the measured heat of fusion from the DSC results. The
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Fig.1 DSC results for the LK, RbLi, and RbK eutectic salts.
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Table 1 Measured heat of fusion based on the DSC results

Eutectic salt composition LK RbK RbLi

Heat of fusion (J g7*) 195.06 25.69 109.71

heat of fusion of LK, RbK, and RbLi was measured as 195.06,
25.69, and 109.71 J g~ ', respectively. RbK was confirmed to
exhibit the lowest heat of fusion value (i.e. 25.69 J g~ '), which is
approximately 7 times lower than that of LK, a commercial
electrolyte salt used for thermal batteries. Thus, because the
heat of fusion was confirmed to be remarkably low for RbK, it is
expected that the heat required to operate the thermal battery
will be drastically reduced, thereby reducing the weight of the
thermal battery. Fig. 2 shows the SEM images of the LK, RbK,
and RbLi eutectic salts after mixing them with MgO; the white
contrast in the figure corresponds to the eutectic salts. We
found that the RbK and RbLi eutectic salts contained fine
particles compared with the LK eutectic salt. The fine particles
observed in the SEM images are consistent with the results
obtained from filtering out a large number of fine particles
when the molten eutectic salt is quenched and pulverised for
particle size classification to manufacture an electrolyte for
thermal batteries. According to Lai et al," the heat of fusion
decreases as the particle size decreases. Thus, one of the
reasons for the low melting point and heat of fusion of molten
salt containing RbCl is the fine particle size (<~100 nm)
compared with that of the conventional molten salt (LK).
Performance testing via single-cell battery discharge is essential
for manufacturing thermal batteries. The discharge perfor-
mance of the battery containing an electrolyte composed of
a eutectic salt with a low melting point was evaluated in the
temperature range of 325-375 °C. Fig. S27 shows a single cell
before and after assembly. The internal resistance of the battery
was measured by applying a pulse current, and its value was
obtained using the following equation:*
Voc 7 Vcc

Ri=—7— )
where R, is the internal resistance (Q), and V., V., and I are the
open-circuit voltage (V), closed-circuit voltage (V), and discharge
current (I), respectively. Fig. 3(a) shows the discharge profile at
325 °C. In the case of LK, which has been used as a commercial
eutectic salt for thermal batteries, the discharge temperature at
325 °C is below the melting point; therefore, it is impossible to
discharge the battery at 325 °C. V,, was measured as 1.88 V for
RbK and RbLi at 325 °C. It was observed that RbK was dis-
charged within eight pulse current cycles, whereas RbLi was
discharged within five pulse current cycles. According to Masset
and Guidotti,® side effects such as precipitation during
discharge can be prevented by empirically performing
discharge at the melting point of the molten salt at 50 °C. Thus,
RbK was discharged at 325 °C, which is sufficiently higher than
the melting point to prevent precipitation, and it was
adequately melted during a rest time of 1 min at 325 °C, which
is assumed to be the result of superior performance as
compared with RbLi. Fig. 3(b) shows the discharge profiles at
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Fig. 2 SEM images of the (a) LK, (b) RbK, and (c) RbLi eutectic salts.

375 °C. V,. was measured to be 1.88 V in RbK and RbLi at
375 °C; however, that of LK was measured as 1.84 V, which is
0.04 V lower than that of other eutectic salts. LK, which has
a high heat of fusion, does not melt sufficiently during the rest
time of 1 min before battery discharge; therefore, a V,. as low as
0.4 Vwas estimated for LK. It was observed that the discharge in
LK did not take place at 325 °C, whereas it proceeded for 200 s at
375 °C. The discharge time of RbLi was estimated to be more
than 300 s, with a lower resistance than that of the discharge at
325 °C. In the discharge test at 375 °C, RbK exhibited
a discharge performance of over 1400 s, and plateaus were
observed, consequently. Masset and Guidotti® reported that the
discharge sequence of the Li-Si alloy is as given in eqn (2) based
on the work of Wen and Huggins.™

LizzSiS_’ Li13Si4 - L17S13 - Li12Si7 (2)

Li,Sis is known to possess a high reactivity to moisture;
therefore, it is difficult to handle under dry room conditions, i.e.
with < 3% relative humidity. Thus, several thermal battery
research groups and this study used the Li;;Si, transition.
Because the anode is not in excess with respect to the cathode,
the plateaus are related to the phase transition Li;3Si; — Li;Si3
and Li,Siz; — Li;,Si,*"**

It has been previously reported that the sensitivity of alkali
halides to moisture decreases from Li to Na and K.® Therefore,
the moisture sensitivity and handling of eutectic salts in dry
room conditions designed in this study could be improved by
including Rb in the eutectic salt composition. Fig. S3t reveals
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Fig. 3 Discharge results at (a) 325 and (b) 375 °C.
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the discharge profile at 375 °C after manufacturing the elec-
trolyte and storing it in a dry room (RH < 1.5%) for 1 month.
Considering a discharge current of 0.25 A,yg, which was 0.5 A,y
in the plotted graph, excellent discharge performance was
confirmed even after storage for 1 month in a dry room.

It is generally accepted that the addition of eutectic salt to
the cathode and anode contributes to the enhancement of the
ionic conductivity of thermal batteries; therefore, eutectic salts
comprising LK have been adopted in conventional thermal
battery systems. By adding a eutectic salt containing RbCl to the
Li-Si alloy (anode) and FeS, (cathode), the moisture vulnera-
bility is improved, and the discharge performance of the
thermal battery can be improved when it operates at tempera-
tures lower than 500 °C, which is the operating temperature of
the conventional thermal battery. Fig. 4 shows the discharge
results and corresponding internal resistance when a low-
melting-point eutectic salt, RbK, and a commercialised salt,
LK, are added to the cathode and anode. The discharge time can
be observed to be significantly improved in the case of RbK in
comparison to LK. Therefore, in terms of internal resistance, it
is reasonable to assume that applying RbK to both negative and
positive electrodes will lead to an optimal thermal battery
performance, especially at low discharge temperatures.
Although the quantity of salt added to the anode and cathode is
comparably less than the electrolyte, the salt does not
adequately melt when discharging at a relatively low tempera-
ture when using the LK. This can be attributed to an increase in
the internal resistance. If RbK is used as a component of the
eutectic salts added to the anode and cathode, it is reasonable
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Fig. 4 (a) Effect of salt addition on discharge performance and (b) corresponding internal resistance.

to assume that an optimised discharge performance can be
achieved in a thermal battery that requires discharge at a rela-
tively low temperature, along with weight reduction, or in
a long-life thermal battery. Fig. S41 shows no change in the
appearance after the discharge of a single cell. Thus, it can be
inferred that the proposed eutectic salt exhibits excellent
wettability with the MgO binder. In this study, 45 wt% of MgO
was used as the binder; the resultant eutectic salt was tested for
comparison with the commercially available eutectic salts. MgO
is a ceramic material that increases the internal resistance of
the thermal cell.®* When the thermal battery operates at low
temperatures, the amount of MgO can be reduced to reduce the
internal resistance of the thermal battery. A thermal battery
with an enhanced performance can be built based on the
optimal composition and microstructures of MgO for this
eutectic salt. Fig. S5 shows the results of testing a thermal
battery stacked with 12 cells using the proposed low-melting-
point eutectic salt. It was confirmed that the battery exhibited
an optimal performance even under a high current discharge
condition of 0.6 A cm™>. For a thermal battery to be used as
a general power source, its specific capacity must be improved.
The proposed low-melting-point eutectic salt reduces the
amount of high-density heat sources, introducing the possi-
bility of decreasing the weight of the thermal battery. In addi-
tion, because the standard of thermal stability required for the
electrode of a thermal battery is relaxed, the overall perfor-
mance, including the specific capacity, can be improved by
using a high-voltage cathode material and fine electrode powder
with excellent high-power characteristics. Thus, it is expected
that the improved thermal battery with excellent discharge
performance at low temperatures can be used as a drone power
source, especially in low-temperature environments.

In this study, a eutectic salt composition containing RbCl
was predicted and fabricated using thermodynamic simula-
tions. The DSC results indicate that the melting points of the
fabricated eutectic salts are 275 (RbK) and 312 (RbLi) °C. We
confirmed that the thermal cell comprising the RbK eutectic
salt could be successfully used for cell operation in a tempera-
ture range of 325-375 °C via single-cell discharge. Furthermore,

© 2022 The Author(s). Published by the Royal Society of Chemistry

the RbK eutectic salt has excellent storage and handling prop-
erties in a dry room (RH < 1.5%).
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