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Abstract: Liquid metal battery (LMB) with low cost, excellent cycle performance and flexible
scalability is developed as a promising solution for large-scale energy storage. However, the
high melting point of the electrolyte necessitates an elevated operating temperature, which
provokes aggravated hermetic seal and corrosion issues, seriously inhibiting the advancement
of LMBs. Herein, we elaborately design a novel LiCI-LiBr-KBr electrolyte system based on
the mass triangle model to overcome this obstacle. The LiCl and LiBr components can provide
required lithium ionic conduction, while the KBr plays a dual role of decreasing the melting
point and suppressing metal lithium dissolution. The designed LiCl-LiBr-KBr (33:29:38 mol%)
electrolyte possesses low melting point (Tm=327 °C), and high ionic conductivity (1.573 S cm"
1 at 420 °C), which enables the Li||Bi battery to work efficiently at 420 °C with high energy
efficiency (83%), excellent rate capability, superior cycling stability and freeze/thaw
performance. This represents an 80-130 °C decrease in operating temperature compared to most
reported LMBs. The unique performance combination together with its low cost makes the

designed electrolyte extremely attractive for low-temperature LMB.
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1. Introduction

The exploitation and utilization of renewable energy sources, such as wind and solar, are
expected to be pursued extensively in the coming years for coping with the energy crisis and
environmental degradation effectively [1-4]. However, owing to the intrinsic intermittence and
fluctuation, the electricity generated from renewable energy sources needs to be first saved in
energy storage systems before being incorporated into the power grid to maintain the grid
reliability and stability and increase the efficiency of power transmission and distribution [5-
9]. As a potential candidate for large-scale energy storage technology, liquid metal battery
(LMB), proposed by Sadoway et al. in 2006, has drawn growing attention because it holds
promise to meet the requirements of energy storage for smart grid in terms of energy density,
service life and material cost [10-13].

A typical LMB is composed of liquid metal positive and negative electrodes, and molten
salt electrolyte. Different from the solid-liquid electrode-electrolyte interface of lithium-ion
battery, its unique liquid/liquid electrode/electrolyte interface facilitates the mass and charge
transfer during operation. Combined with the high ionic conductivity (>1 S cm™, two orders of
magnitude higher than that of lithium-ion battery electrolyte [13-15], the accelerated electrode
reaction Kinetics and excellent rate performance of the LMB can be expected. Its all-liquid
battery construction circumvents the electrode microstructure degradation that generally occurs
in the lithium-ion battery and so grants LMBs the potential for ultralong service life. During
the LMB fabrication, the electrode and electrolyte generally adopt metal/alloy and metal halide
salts, without any binder, conductive additive, or separator inclusion during cell fabrication,

enabling a low raw material and assembly cost. Furthermore, ascribed to the water-soluble



feature of the salt electrolyte, it can be removed by water-washing and consequent simple
treatment for recycle without environment pollution. Both positive and negative electrodes are
metal or alloy, they can be reused directly without the requirements of dismantling, metals
leaching, and separation for valuable elements recycling. This superiority renders it more
competitive in battery recycling, which is a major dilemma for the lithium-ion battery market.

Lithium represents the most promising negative electrode due to its desirable properties
of low melting point (180.5 °C), lowest negative electrochemical potential (-3.04 V versus
standard hydrogen electrode), and high specific capacity (3860 mAh g*) [16,17]. In recent
years, extensive efforts have been devoted to developing high-performance Li-based LMBs for
large-scale energy storage. Molten salt electrolyte, as an essential component of LMB, plays a
dual role of conducting lithium ions and separating negative and positive electrodes. It can be
the determinant factor of operating temperature, rate performance, Coulombic and energy
efficiencies of LMB. Note that energy efficiency refers to the ratio of discharge energy to
charge energy of the battery. With the extensive research on Li-based LMBSs, several electrolyte
systems have been proposed and applied successfully [18-23]. The LiF-LiCl-LiBr (22:31:47
mol%, Tm=430 °C) electrolyte has been widely used in Li||Sb-Sn [18], Li||Te-Sn [19], and
Li||Bi-Ga [20] batteries. Its super-high ionic conductivity (above 3.21 S cm™) enables these
batteries to deliver high energy efficiency and excellent rate performance at 500 °C. The LiF-
LiCl (30:70 mol%, Tm=501 °C) electrolyte is applied to the Li||Bi battery, which presents a
good cycle stability and a high Coulombic efficiency of 99% at 550 °C [21]. However, these
electrolytes are featured by high melting point, which compulsively requires the batteries to
work at high temperatures (500-550 °C). High operation temperature raises the potential
concerns of LMBs about long-term hermetic seal, battery components corrosion, maintenance
costs and safety issues.

To circumvent the above issues, decreasing the melting point of molten salt electrolyte



becomes extremely imperative. In this context, the low-melting-point electrolyte systems LiCl-
Lil (36:64 mol%, Tm=368 °C) and Lil-KI (58:42 mol%, Tm=260 °C) were proposed by Song
and Lu groups [22,23], with which the batteries could work at temperatures as low as 410 and
290 °C, respectively. Nevertheless, the Li|Lil-KI1|Bi-Sn cell displays a very large polarization
when operating at 290 °C [23], which leads to a low discharge voltage and a significantly
decreased charge/discharge energy efficiency. Excessively low operating temperature causes a
reduced lithium ion diffusivity in both electrolyte and electrode, and therefore incurs sluggish
electrode reaction Kinetics. Simply pursuing low operating temperature by designing
electrolyte with low melting points is not advisable from the viewpoint of the overall
performance of LMB. Especially, the reported low-melting-point electrolyte always includes
Lil, while its high price may limit the commercial application of the related LMB for large-
scale energy storage. Therefore, it remains a great challenge for applicable electrolyte design.
To couple with current mature electrode materials, a cost-effective electrolyte with high
conductivity and moderate melting point is strongly desired, which is expected to break the
dilemma of LMB technology between long-term operating stability and electrochemical
performance as well as material cost.

LiCI-LiBr-KBr ternary molten salt possesses low melt point (310 °C at 25:37:38 mol%)
and considerable ionic conductivity (ca. 1.36 S cm™ at 425 °C), which is used in Li-alloy/metal
disulfide batteries [24-27]. The Li-Al|LiCI-LiBr-KBr|FeS; system could operate at 398 °C with
excellent long cycle stability (80% of initial capacity after 1000 cycles) [28]. To realize better
battery performance, some efforts have been devoted to improving the LiCl-LiBr-KBr
electrolyte, such as composition optimization and additive incorporation. The modified
composition (34:32.5:33.5 mol%) achieves a 25% improvement of conductivity to 1.7 S cm”
Tat 425 °C but is accompanied by an undesirable large increase in melting point (50 °C) [27].

No more optimized composition has been reported so far. To obtain a composition with low



melting point and meanwhile high conductivity, and so realize its use in LMB, further
exploration is imperative.

In this work, a novel electrolyte composition (LiCI-LiBr-KBr=33:29:38 mol%) is
elaborately designed based on the consideration of melting point and ionic conductivity with
the help of mass triangle model calculation. The LiCl and LiBr salts offer fast lithium ionic
conduction for electrolyte, while KBr, as an elaborate component, can significantly reduce the
melting point of the electrolyte thermodynamically, enabling a low operating temperature for
Li-based LMBs. Additionally, considering the fact that the metal lithium solubility could be
decreased by using multiple cations in molten salt [12,29], the KBr addition can help to mitigate
the self-discharge phenomenon of battery, thus affording a high Coulombic efficiency. The
synergetic effect of these advantages enables the prepared LMB with the designed LiCI-LiBr-
KBr electrolyte to show a unique combination of low operating temperature and outstanding
electrochemical performance. The constructed Li|LiCI-LiBr-KBr|Bi battery can efficiently
work at 420 °C with impressive voltage efficiency (86.2%, the ratio of discharge midpoint
voltage to charge midpoint voltage) and high Coulombic efficiency (>97%) at 100 mA cm,
and deliver excellent rate-capability with no obvious capacity degradation when the current
density increases from 100 to 400 mA cm as well as outstanding long-term cycling stability.
Combined with the low material cost (219.75 $ kg™), the designed LiCI-LiBr-KBr electrolyte
not only delivers great prospects for extensive applications, but also provides a pathway
towards the development of innovative low-temperature LMBs for grid-scale energy storage.
2. Experimental section
2.1. Pretreatment of electrolyte

High purity (> 99%) and anhydrous raw materials of LiCl, LiBr, and KBr from Shanghai
Aladdin Biochemical Technology Co., Ltd. were used to prepare the molten salt electrolyte.

The appropriate stoichiometry of the raw materials was weighed and mixed evenly, then



transferred to an alumina crucible in a glove box with a high-purity Ar atmosphere (O < 0.1
ppm, H20 < 0.1 ppm). To get homogeneous and anhydrous molten salt electrolytes, the salt
mixtures were heated at 150 °C for 20 h and then 290 °C for 40 h in a vacuum to remove
residual water. Subsequently, they were melted at 550 °C for 6 h under an Ar atmosphere.
2.3. Characterization of electrolyte

The melting point of the electrolyte was analyzed by the differential scanning calorimetry
(DSC, TADSC25, USA) with a heating rate of 20 °C min™. Cyclic voltammetry (CV) test was
used to examine the electrochemical stability of the electrolyte in -0.5-1.5 V electrochemical
window by frequency response analyzer (Solartron 1260A, England) combined with a
Solartron 1287 electrochemical interface. The phase identification of the designed electrolyte
was conducted by X-ray diffraction (XRD, Rigaku D/max-A, Cu-Ka radiation, A=1.5406 A,
Japan).
2.4. Fabrication of prototype battery

The prototype battery (Figure S1) was assembled at a fully charged state in a glove box
under an Ar atmosphere to circumvent the adverse effect of water and oxygen on the active
components inside the battery. Pure Li (99.9%, Aladdin), absorbed in Ni-Fe foam (negative
current collector), was used as negative electrode. Pure Bi (99.994%, Trillion Metals) was, as
positive electrode, pre-melted in graphite crucible for 2 h at 350 °C. The obtained Bi positive
electrode was first placed at the bottom of the container, and then the required amount of molten
salt electrolyte was added. The container was then heated at 550 °C for 3 h to fully melt the
positive electrode and electrolyte again. Subsequently, the prepared negative electrode was
inserted into the melted electrolyte, maintaining a distance of ca. 16 mm from the positive
electrode. Finally, the battery was sealed when cooled down to room temperature. The mass of
each material involved in Li|LiCI-LiBr-KBr|Bi cell with a theoretical capacity of 500 mAh is

listed in Table S1. After assembly, the battery was heated in a vertical tube furnace at a rate of



10 °C min, and held at designed operating temperature for 3 h before data collection.
2.5. Battery performance Measurements

Galvanostatic charge/discharge tests in a voltage range of 0.1-1.5 V were performed on a
battery testing device (LAND, CT2001A, China). The self-discharge current was measured by
the stepped-potential method. Since the open-circuit voltage of the Li||Bi LMB is 0.86-0.77 V
[12], a voltage of 1.0 V was applied at the first stage and 1.2 V at the second stage. During the
potential step charging, the current dropped down to a constant low value, which corresponds
to the self-discharge current. Post-mortem analysis was carried out to check the inside
microstructure of cycled battery and so evaluate the suitability of electrolyte density. The
batteries discharged to a target depth was cooled down to room temperature, opened and
sectioned in Ar-filled glove box. The microstructure and element distribution at positive
electrode/electrolyte interface were observed by scanning electron microscopy (SEM, Zeiss
Supra 55, 10 kV accelerating voltage, Germany) equipped with energy dispersive spectrometer
(EDS). The freezing and thawing measurement was performed on the battery to illustrate the
effect of large temperature fluctuations on battery performance. The test was carried out by
cooling the battery down to room temperature, and then rising to operating temperature and
restarting the battery test procedure.
3. Results and discussion
3.1. LiCI-LiBr-KBr electrolyte design

To effectively alleviate the high-temperature operation issues and further improve the
application prospect of Li-based LMBs, a LiCI-LiBr-KBr ternary molten salt electrolyte system
was designed. The melting point and ionic conductivity of the electrolyte play the dominant
roles in operating temperature and electrochemical performance of the battery. Therefore, first,
the mass triangle model was employed to predict the melting point and ionic conductivity of

the LiCI-LiBr-KBr system based on the reported corresponding data [27,30,31]. The calculated



melting point diagram is displayed in Figure 1a. When the molar ratio of LiCl, LiBr, and KBr
is 25:37:38 mol% (marked as point a), the LiCI-LiBr-KBr system registers a low eutectic point
of 310 °C, which is much lower than that of other widely used electrolytes in LMBs [18-20].
Just at 400 °C, the LiCI-LiBr-KBr system can provide a wide liquid phase range. It can be
anticipated that, if the LiCI-LiBr-KBr salt is adopted as electrolyte, the operating temperature

of LMBs could be greatly reduced.
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Figure 1. Calculated phase diagram (a) and ionic conductivity at 500 °C (b) of LiCI-LiBr-KBr

ternary system.

Further, the isothermal conductivities of LiCl-LiBr-KBr system are calculated and the
results are depicted in Figure 1b. Two 500 °C isotherms are plotted, with liquid phase in
between and solid phase on both sides. To be noted, during the calculation process, the
predicted ionic conductivities of the LiCI-LiBr-KBr ternary compositions, where the stable
phases are solids, were considered to be the values of the corresponding pseudo liquid phase
obtained by supercooling. It can be broadly defined as three areas for the conductivity: blue
color represents the low conductivity area with 1-2 S cm™, green color represents the medium
conductivity area with 2-4 S cm™, and orange color indicates the high conductivity area with

4-5 S cm™. The eutectic composition (point a) is located in the low conductivity area, which is



not desired because low ionic conductivity of electrolyte will limit the ion transport and cause
large internal resistance, leading to poor rate performance and low energy efficiency of the
battery. Therefore, we have to make a trade-off between system melting point and ionic
conductivity.

Based on the consideration of improving the ionic conductivity while controlling the
increase of melting point as much as possible, we optimize the composition of the LiCl-LiBr-
KBr system by moving the eutectic point a to b along the lower temperature black line, as
indicated in Figure 1a. Point b (33:29:38 mol%) is capable of delivering a moderate melting
temperature of 327 °C, which is confirmed by the DSC measurement (Figure S2). Although
the melting temperature of point b is slightly higher than that of the low eutectic point, it is still
acceptable since this temperature is still much lower than that of most LMB electrolytes [20-
22]. More strikingly, this elaborate composition (33:29:38 mol%) lies at the boundary of
medium and low conductivity areas and so attains a higher ionic conductivity of 2.03 S cm™,
meaning a 23% increase compared to that of the low eutectic point, which is a quite good
conductivity level. The designed LiCl-LiBr-KBr salt (33:29:38 mol%) is expected to present
excellent performance as electrolyte for low-temperature LMBS.

3.2. Operating temperature optimization of Li|LiCI-LiBr-KBr|Bi battery

Encouraged by the low melting point and desirable ionic conductivity, the LiCI-LiBr-KBr
salt (33:29:38 mol%) was adopted as the electrolyte for the prototype LMBs to analyze the
electrochemical properties at different temperatures. Note that the LiCI-LiBr-KBr salt
(33:29:38 mol%) is abbreviated as LiCl-LiBr-KBr in the following for the convenience of
description. During the fabrication process, Li and Bi were designed as negative and positive
electrodes, respectively. This is because their melting temperatures (180 °C for Li, and 271.3
°C for Bi) are much lower than that of LiCI-LiBr-KBr electrolyte, and therefore do not

constitute the restricted factor for battery operating temperature. As shown in Figure 2a, the

10



Li|LiCI-LiBr-KBr|Bi cell cycles stably at 100 mA cm at 500 °C, indicating the feasibility of
LiCI-LiBr-KBr electrolyte application in LMBs. Meanwhile, it is also worth mentioning that
the discharge voltage profile of this cell can be divided into two regions according to the
different reaction processes. In Region I, the voltage decreases gradually, which represents the
formation of a homogeneous LixBi liquid phase at the initial stage of discharge. In the
subsequent Region |1, the solid product LisBi is continuously generated and coexists with LixBi
liquid phase, leading to a constant discharge voltage, which conforms to the discharge process
of the reported Bi-based cathode materials [20,21]. These results demonstrate that the battery
charge-discharge mechanism is not changed with LiCI-LiBr-KBr electrolyte employed.

When the operating temperature decreases to 380 °C, the Li|LiCl-LiBr-KBr|Bi cell could
still operate with an excellent electrochemical performance at 100 mA cm™2. As shown in
Figure 2b, at 380 °C, this cell delivers a high discharge voltage of 0.69 V as that at 500 °C.
Impressively, much high Coulombic and energy efficiencies of 98.8% and 80.9% can be
realized at 380 °C, respectively. The low working temperature of 380 °C, which is at least 25%
lower than that of the current LMBSs, together with the attractive battery performance at this
temperature, demonstrates the promising of the designed LiCl-LiBr-KBr salt as electrolyte for

low-temperature LMBs.
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Figure 2. Li|LiCI-LiBr-KBr|Bi battery: Charge and discharge voltage curves at 100 mA cm
at 500 °C (a) and 380 °C (b); Temperature influence of discharge capacity at different current
densities of Li|LiCI-LiBr-KBr|Bi from 500 to 380 °C (c). Li-Bi binary phase diagram (obtained
from https://materials.springer.com). The values in the brackets under different depths of
discharge (DODs) represent the mole percentage of lithium in the positive electrode (d).
Voltage-capacity curves (¢) and derived Coulombic, voltage and energy efficiencies (f) at 200

mA cm at 500, 460 and 420 °C.
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To optimize the operating temperature, the cycling performance of the Li|LiCI-LiBr-
KBr|Bi cell was examined at different temperatures from 500 to 380 °C. As depicted in Figure
2¢, when the temperature is above 420 °C, the Li|LiCI-LiBr-KBr|Bi cell exhibits negligible
capacity fade as the current density increases from 100 to 400 mA cm and less influence of
temperature on the capacity delivery. While, at 380 °C, significant performance degradation
can be observed when reaching 200 mA cm2. At 400 mA cm?, the battery performance decays
seriously with much low capacity remained and much large voltage polarization (Figure S3).
The electrochemical performance demonstration of cell is strongly related to the phase
evolution of electrode materials during charge/discharge process. Based on the Li-Bi binary
diagram as presented in Figure 2d, at 420 °C, as the discharge electrode reaction proceeds, the
lithium content in the positive electrode Bi increases continuously, and the positive electrode
(Bi-Li) exists in the liquid state in the initial discharge stage. When the Li mole fraction
increases to 36%, corresponding to 18.75% DOD (detailed calculation see page 4 in Supporting
Information), the LizBi solid phase starts to generate, and the positive electrode moves to the
solid-liquid two-phase zone (Li3Bi + Li (36 mol%)-Bi liquid). Before discharge process is fully
completed, the two phases will be kept and just their weight ratio changes upon discharging,
the content of LisBi increases progressively. The coexisting liquid phase helps to accelerate the
electrode reaction, thereby ensures an excellent electrochemical performance even at high
current density. The cases at 460 and 500 °C are similar to that at 420 °C, but the single liquid
phase region is extended.

However, if the operating temperature is lowered to 380 °C, as noted by the pink line in
Figure 2d, not only does the positive electrode advance into the two-phase zone (31 mol% of
Li content, 14.98% DOD), but the phase evolution is much different from that at 420 °C. Since
the melting point of the LiBi phase is 406 °C, discharging at 380 °C, the LiBi solid phase will

be first formed when Li content reaches 31 mol%, and two phases of Bi-rich Li-Bi liquid and
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LiBi solid will coexist until the point of 50 mol% Li (33% DOD). After that, further discharge
makes the system enter two-solid-phase area, LiBi + LisBi, which will be maintained until the
end of the discharge. The all-solid electrode state results in a low Li diffusion rate and so
sluggish electrode reaction kinetics, explaining the poor electrochemical performance at a
higher current density at 380 °C. Therefore, it is concluded that 380 °C is not a desirable choice
for battery operation of Li|LiCI-LiBr-KBr|Bi system.

The voltage-capacity curves of the Li|LiCI-LiBr-KBr|Bi cell at different temperatures
show that the operating temperature has somewhat influence on the charge voltage while
negligible effect on the discharge voltage (Figure 2e). The polarization voltage increases
slightly with decreasing temperature. More importantly, when the temperature decreases from
500 to 420 °C, only slight capacity degradation can be observed, indicating the good electrode
reaction Kkinetics at 420 °C. Meanwhile, as shown in Figure 2f, this cell exhibits a high
Coulombic efficiency of 98.23% at 420 °C, meaning a 9% improvement compared to that at
500 °C. Moreover, a high energy efficiency of 74.9% can also be achieved under this operating
condition, even higher than that of 500 °C (72.6%). These results demonstrate that 420 °C is
the preferable operating temperature for the Li|LiCI-LiBr-KBr|Bi cell.

The subsequent calculation of isothermal conductivity reveals that the designed LiCl-
LiBr-KBr electrolyte presents also a high ionic conductivity of 1.573 S cm™ at 420 °C (Figure
S4).

3.3. Low-temperature electrochemical performance of Li|LiCI-LiBr-KBr|Bi battery
The various electrochemical performance of the Li|LiCI-LiBr-KBr|Bi cell operating at 420

°C was investigated. As shown in Figure 3a, the Li||Bi cell with the designed electrolyte offers
an outstanding discharge voltage of 0.692 V at 100 mA cm with only 0.028 V of negligible
overvoltage observed compared to the Li||Bi electromotive force (0.72 V) [32]. Even at a high
current density of 400 mA cm, this cell exhibits still a high discharge voltage of 0.543 V,

suggesting its superior rate performance than other low-temperature Li-based LMBs [22,23].
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Of course, the Li|LiCI-LiBr-KBr|Bi cell could work at even higher current density when the
operating temperature increases to 460 or 500 °C (Figure S5 and S6) because of the more
superior ionic conductivity of LiCI-LiBr-KBr electrolyte at high temperature.

Meanwhile, this cell attains high and stable Coulombic efficiencies (Figure 3b), greater
than 97% at the current densities of 100-400 mA cm, especially 99.4% at 400 mA cm2, which
significantly surpasses that of Li|LiF-LiCI-Lil|Sb-Pb [33], Li|LiF-LiCl|Sb-Bi [34], and Li|LiF-
LiCI-LiBr|Sn systems [35], manifesting the high electrochemical reversibility. As for energy
efficiency, this cell reaches an impressive value of 83.0% at 100 mA cm™. Even at 400 mA
cm, about 56.0% of energy efficiency can be retained, which is much higher than that of low-
temperature system Li|LiCI-Lil|Bi-Pb [22]. These results demonstrate the superiority of the

designed molten salt electrolyte used for high efficiency LMBs.
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Figure 3. Charge and discharge voltage curves (a) and detailed Coulombic and energy
efficiencies, and discharge capacity versus cycle number (b) at different current densities (from

100 to 400 mA cm) of Li|LiCI-LiBr-KBr|Bi at 420 °C. (c) Long cycle performance of Li|LiCl-
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LiBr-KBr|Bi cell tested at 400 mA cm2. (d) Differential capacity curves of Li|LiCI-LiBr-
KBr|Bi cell during lithiation process at 400 mA cm.

We conducted the comparison of our designed electrolyte with the reported composition
of LiCI-LiBr-KBr (34:32.5:33.5 mol%) salt, which was used for LiAl/FeS; battery [27]. The
results (Figure S7) show that the battery with the designed electrolyte
(LiCI:LiBr:KBr=33:29:38 mol%) delivers much lower polarization voltage at different current
densities at 420 °C, further indicating the meliority of the designed electrolyte and the
corresponding methodology.

The cyclability of the Li|LiCI-LiBr-KBr|Bi cell was studied at 420 °C. As shown in Figure
3c, this cell exhibits stable long-cycle performance over 170 charge and discharge cycles. There
is almost no difference in the charge and discharge capacities of each cycle during the whole
test, corresponding to a high Coulombic efficiency over 99%, suggesting an ignorable self-
discharge current and stable electrochemical operation state of the battery. It should be noted
that the slow increase of the Coulombic and energy efficiencies in the initial 10 cycles is
ascribed to the gradual improvement of wettability between lithium negative electrode and Ni-
Fe foam current collector [16]. The waterfall type differential capacity (dQ/dV) curves of
battery at different cycles during lithiation and delithiation processes are shown in Figure 3d
and S8, respectively. The related color map is also attached to clearly show the position of each
peak in the dQ/dV curves. The peaks for the lithiation and delithiation processes are at about
0.54 'V and 0.965 V, respectively, with negligible variation during long-term cycling, indicating
the high reversibility of electrode reaction, which should be responsible for the high and
constant energy efficiency (Figure 3c). Additionally, the change of charge and discharge
midpoint voltages (Figure S9) is also negligible, conforming to the differential capacity result.
These results demonstrate that the battery performance of Li|LiCI-LiBr-KBr|Bi system at 420

°C outperforms most of the previous LMB works in terms of operating temperature,
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reversibility, and cycling stability, representing a significant step towards the practical
realization of low-temperature LMBs with excellent electrochemical performance.
3.4. Properties of LiCl-LiBr-KBr electrolyte

The superior electrochemical performance of Li|LiCI-LiBr-KBr|Bi cell at low temperature
(420 °C) is inseparable from the intrinsic properties of the designed electrolyte. Self-
segregating characteristic is critical for LMBs, which requires the density of electrolyte to be
intermediate to that of electrode materials. The density of LiCI-LiBr-KBr salt was estimated
based on weighted average calculation of constituents, assuming no volume effect occurs with
temperature (Equation S3 and Table S2) [12]. The material densities of the calculated
electrolyte, employed electrodes (Li and Bi), as well as the discharge product are listed in Table
1 [21]. Obviously, the density of LiCI-LiBr-KBr salt (2.08 g cm?) is validated to be appropriate,
lying between that of Li (negative electrode) and Bi (positive electrode). Even if the
intermetallic compound (Li3Bi, 5.06 g cmin Table 1) is formed at the positive electrode side
as electrode reaction proceeds, the designed electrolyte could also locate above the whole

positive electrode, keeping the two electrodes separated.

Table 1. Densities of electrode materials, discharge product and the designed electrolyte.

Material Li LiCI-LiBr-KBr LisBi Bi

Density /gcm®  0.51 2.08 5.06 10.05

To demonstrate this point directly, the cross-section of the positive electrode at 40% DOD
after 5 cycles was characterized by SEM. For the SEM sample preparation, when the battery
reached the target cycle state (40% DOD), the test program and temperature control system
were stopped to cool the battery down to room temperature. The cooled battery was then

opened and sectioned in a glove box under Ar atmosphere. As shown in Figure S10 and 4a, it
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is revealed that the electrolyte locates above the positive electrode, and there is a distinct
boundary between them. It is noteworthy that the lithium element cannot be detected directly
by the EDS technique due to the low atomic number. However, the dissected section is
inevitably exposed to air when transferred from the holder to the SEM chamber. The easy
oxidization feature of lithium allows its distribution to be reflected by the oxygen element. As
shown in Figure 4b-d, the existence of O and Bi elements in the middle layer represents the
discharge product of LizBi of positive electrode, while the bright Bi layer at the bottom layer
corresponds to the unreacted positive electrode Bi. The presence of Br element in the upper
layer indicates the distribution of the LiCl-LiBr-KBr electrolyte, which further proves the

suitable density of designed electrolyte in the whole charge-discharge process.

Figure 4. SEM image of cross-section (a) and EDS element mapping images (b, ¢, d) of the

positive electrode at 40% DOD after 5 cycles.

To understand the chemical and electrochemical stability of the designed electrolyte with
Bi positive electrode, the thermodynamic calculations were performed for the decomposition
of molten salts and for their possible reactions with Bi cathode. All the reactions show large

positive Gibbs free energies (Figure S11), suggesting the chemical stability of the LiCl-LiBr-
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KBr electrolyte applied in Li||Bi battery. The electrolysis potentials of these possible reactions
at different temperatures (300-500 °C) derived based on Nernst equation are shown in Figure
5a. All the considered reactions exhibit decomposition potentials vs. Li/Li* greater than 2.5 V,
which is much higher than the working voltage range of the LMBs (< 2.0 V) [20,21],
manifesting the electrochemical stability of the LiCI-LiBr-KBr electrolyte in Li||Bi battery.
Meanwhile, a Li|LiCI-LiBr-KBr|Li symmetrical cell was constructed for CV test in the
potential range of -0.5-1.5 V vs. Li/Li*. As shown in Figure 5b, only one pair of peaks is
observed. The reduction peak potential at about -0.08 V corresponds to the lithium deposition
process on the working electrode while the oxidation peak at about 0.09 V stems from the
lithium stripping. No redundant peaks are observed in the CV curve, indicating again the

stability of the LiCl-LiBr-KBr electrolyte in an electrochemical window of -0.5-1.5 V vs.
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Figure 5. (a) Electrolysis potentials of possible reactions from 300 to 500 °C. (b) CV curve of
Li|LiCI-LiBr-KBr|Li symmetrical cell. (c) Stepped potential measurement of Li|LiCI-LiBr-
KBr|Bi cell from 500 to 380 °C. Note: potentials for reactions (*) in (a) are amended to Li/Li*.

The solution of lithium in the electrolyte could cause self-discharge and so result in low
Coulombic efficiency. We employed the stepped-potential method with constant voltage
charging at 1 V for 2 h and then 1.2 V for 3 h to evaluate the self-discharge phenomenon at
different temperatures. As shown in Figure 5c, the self-discharge currents are all less than 0.5
mA cm? from 500 to 380 °C, suggesting the low solubility of lithium in LiCI-LiBr-KBr
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electrolyte. Especially at 420 and 380 °C, only 0.05 and 0.02 mA cm of the self-discharge
currents can be observed, respectively, which is highly comparable and even lower than
previous reported work [22]. The suppressed self-discharge behavior at low work temperature
confers a higher Coulombic efficiency on the battery during operation, consistent with the

results shown in Figure 2f.

Pristine electrolyte
a # Unknown
A A A

Intensity / a.u.

‘ | LiBr 74-1973

| | | | 11 ]
‘ KBr 72-1541
|

: . |I 1 1 1 | ! L1l
10 20 30 40 50 60 70 80 90
2-Theta / ©

Figure 6. XRD patterns of LiCI-LiBr-KBr molten salt electrolyte before and after a long cycle
test.

To verify the stability of the LiCI-LiBr-KBr molten salt, phase identification was
performed on the electrolyte powder when the battery was cooled down to room temperature
after a long cycle test (Figure 6). For comparison, the pristine LiCI-LiBr-KBr salt powder after
pretreatment was also analyzed by XRD measurement. It should be noted that LiCl and LiBr
exist in a solid solution form when the electrolyte is cooled from melting state to room
temperature based on the LiCI-LiBr binary phase diagram (Figure S12). According to Vegard’s
law [36], the diffraction peaks of the solid solution should locate at between that of the
constituents, depending on the mole composition. As shown in Figure 6, the diffraction peaks
assignable to KBr and LiCI-LiBr solid solution can be observed in the pristine sample,
indicating that the desirable electrolyte composition is obtained, and no side reactions occur

during the pretreatment of the electrolyte. More importantly, there is no difference in the XRD
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patterns of the electrolyte before and after the long cycle test, demonstrating the great stability
of the LiCI-LiBr-KBr electrolyte in long-term operation. To be noticed, two unexpected peaks
appear at 22.72 ° and 32.35 °, which is interpretable that the electrolyte absorbs water or oxygen

during the test sample preparation for XRD examination (Figure S13).
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Figure 7. Freezing and thawing measurement (a) and the related voltage curves (b) of Li|LiCl-
LiBr-KBr|Bi cell.
3.5. Freezing and Thawing Feature

Considering the characteristic of high-temperature operation, the LMB presents strong
dependence on temperature control. If the thermal management system fails accidentally, the
electrolyte will solidify and bring about volume change. The larger the electrolyte volume
changes, the greater the mechanical damage to battery components, which may lead to
deterioration of battery performance and even battery failure. Therefore, the freezing and
thawing feature is very essential for LMBs. The electrochemical performance of Li|LiCI-LiBr-
KBr|Bi cell against freezing/thawing attack was examined under both fully discharged and
charged states (Figure 7a). It is worth noting that the Li|LiCI-LiBr-KBr|Bi cell exhibits superior
recovery ability to regain the original condition in the subsequent cycles without open circuit
or short circuit after freeze/thaw test. It shows similar voltage profiles without capacity and

voltage loss before and after the freeze-thaw test (Figure 7b), suggesting the negligible
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influence of volume change of LiCI-LiBr-KBr electrolyte on battery performance. These
results demonstrate the excellent robustness of the Li|LiCI-LiBr-KBr|Bi cell against

temperature fluctuation.
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Figure 8. Melting point and cost of LiCI-LiBr-KBr electrolyte and some widely used Li-based
electrolyte systems for liquid metal batteries.
3.6. Cost of LiCI-LiBr-KBr electrolyte

The competitiveness of the effective LiCI-LiBr-KBr electrolyte design lies in not only its
superior electrochemical properties used for low-temperature LMBSs, but also its desirable cost
for commercial application potential. Based on the price of the raw materials (Table S3), the
cost of LiCI-LiBr-KBr electrolyte is calculated to be 219.75 $ kg™, which is significantly lower
than that of other reported Li-based electrolytes (Table S4). The melting point and the cost of
these electrolyte materials are plotted in Figure 8 for comparison. Remarkably, the elaborately
designed LiCl-LiBr-KBr electrolyte presents an order of magnitude cost decrease with respect
to the low-temperature Lil-based electrolyte systems. Even compared with the widely used
LiF-LiCI-LiBr electrolyte, it still exhibits intriguing advantages, not only in its low melting
point but also in the cost, which is only half of the LiF-LiCI-LiBr electrolyte. These attractive
results make the LiCI-LiBr-KBr molten salt a promising electrolyte for low-temperature LMBs
for commercial application.

4. Conclusion
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In summary, a novel LiCI-LiBr-KBr ternary electrolyte is elaborately designed for LMBs
based on the phase diagram and the isothermal conductivity calculations with the mass triangle
model method. The designed electrolyte is aimed to circumvent the adverse effects of LMBs
stemming from the high operating temperature. The LiCI-LiBr-KBr (33:29:38 mol%)
electrolyte registers low melting point (327 °C), high ionic conductivity (1.573 S cm™ at 420
°C), suitable density, and excellent chemical and electrochemical stabilities, which enables the
LMB to offer superior electrochemical performance at low temperature of 420 °C. Specifically,
the fabricated Li|LiCI-LiBr-KBr|Bi cell can efficiently work at 420 °C with high Coulombic
efficiencies of greater than 97% at the current densities of 100-400 mA c¢cm and impressive
energy efficiencies of 83.0% and 56% at 100 and 400 mA cm, respectively, which
outperforms most of the reported LMB system under the similar conditions. The constructed
Li|LiCI-LiBr-KBr|Bi cell exhibits excellent rate performance with no capacity loss detectable
when the charge/discharge current density increases from 100 to 400 mA cm, and can cycle
stably at 420 °C under 400 mA cm™ over 170 charge and discharge cycles. Meanwhile,
spectacular robustness can be achieved under large temperature fluctuation. These
electrochemical performances are equivalent to that of the most potential high-temperature
LMB systems, such as Li|LiF-LiCI-LiBr|Sb-Sn and Li|LiF-LiCl|Bi, while the operating
temperature decreases substantially by 80-130 °C, but outperform the reported low-temperature
systems, Li|LiCI-Lil|Bi-Pb and Li|Lil-KI|Bi-Sn. These encouraging results, together with the
decent cost efficiency (219.75 $ kg?), make the designed LiCl-LiBr-KBr salt a promising
electrolyte for low-temperature LMBSs.

This work provides an innovative strategy for Li-based LMBs to resolve the dilemma of
high-temperature corrosion and low-temperature electrochemical performance deterioration.
The findings will promote the commercial application of highly efficient and long-term stable

LMB in large-scale energy storage.
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