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H I G H L I G H T S

• Electrochemical behavior of the ma-
terial was investigated for liquid metal
cells.

• Low operation temperature was
achieved by the eutectic composition
of LiCl-LiI.

• The wetting behavior of Bi-Pb alloy
was studied on the current collector
substrate.

• Li|LiCl-LiI|Bi-Pb cells showed long
cycle, high efficiency, and high rate
capability.
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A B S T R A C T

Liquid metal batteries (LMBs) are attractive energy storage device for large-scale energy storage system (ESS)
due to the simple cell configuration and their high rate capability. The high operation temperature caused by
high melting temperature of both the molten salt electrolyte and metal electrodes can induce the critical issues
related to the maintenance cost and degradation of electrochemical properties resulting from the thermal cor-
rosion of materials. Here, we report a new chemistry of LiCl-LiI electrolyte and Bi-Pb positive electrode to lower
the operation temperature of Li-based LMBs and achieve the long-term stability. The cell (Li|LiCl-LiI|Bi-Pb) is
operated at 410 °C by employing the LiCl-LiI (LiCl:LiI = 36:64 mol %) electrolyte and Bi-Pb alloy
(Bi:Pb = 55.5:44.5 mol %) positive electrode. The cell shows excellent capacity retention (86.5%) and high
Coulombic efficiencies over 99.3% at a high current density of 52 mA cm−2 during 1000th cycles.

1. Introduction

The development of large-scale energy storage system (ESS) with
low cost and long-term durability is crucial for the utilization of prac-
tical applications. Different types of ESSs have been suggested [1,2],
but, electrochemical energy storage devices have been received

significant attention for the application in ESS as they are free from the
topographic requirement for the installation and simple for scaling up
to MW levels [2–6]. Recently, Sadoway et al. developed liquid metal
batteries (LMBs) aiming at the large-scale [7].

LMBs simply consist of liquid metals and molten salt as the negative
and positive electrodes and electrolyte, respectively, which are
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spontaneously divided into three distinct layers in liquid phase due to
their thermodynamic immiscibility and difference in density [7]. Since
the LMBs are operated in the liquid state, they have the advantages over
typical batteries based on solid-state electrodes like: (1) no dendrite
formation, (2) no phase deformation during cycling and (3) stable
electrode/electrolyte interface, which enables safe operation and robust
cycle performance [8]. Especially, the facile ion diffusion at the inter-
face between liquids and high electronic conductivity facilitate the high
rate capability suitable for ESS application involving fast charging and
discharging.

The physicochemical properties of the molten salt electrolyte play
an important role on the performance of the LMBs. There are five cri-
tical requirements for the molten salt electrolyte; (1) appropriate den-
sity between those of the positive and negative electrode, (2) no
spontaneous side reaction with the electrode material, (3) minimal
solubility of the liquid metal, (4) low melting temperature and (5) high
ionic conductivity [7]. Li based halide salts have been employed as the
electrolyte in LMBs with Li metal electrode: (1) LiCl-LiF (30:70 mol %)
[9] (2) LiF-LiCl-LiBr (22:31:47 mol %) [10] and (3) LiF-LiCl-LiI
(20:50:30 mol %) [11], which were operated at 550 °C, 500 °C and
450 °C, respectively. Because melting temperature of electrolyte usually
determines the operation temperature of the cell, even multi-compo-
nents with polyatomic anion salt and halide salt have been explored to
reduce melting temperature [12].

Bi and Sb are good candidates as a positive electrode metal for LMB
due to their high electronegativity. Despite the slightly lower voltage of
Bi (0.75 V vs. Li/Li+) compared to that of Sb (0.9 V vs. Li/Li+), Bi is
still attractive candidate owing to its low melting temperature of
271.3 °C, which could significantly reduce the operation temperature of
LMB [13]. Based on electromotive force (EMF) measurements, Weppner
and Huggins has reported that Li-Bi system has open circuit voltages
(OCVs) ranging from 0.95 to 0.72 V (vs. Li/Li+) depending on the Li
concentration in Bi (0–75 mol %) [13]. Ning et al. demonstrated ex-
cellent electrochemical properties from Li|LiCl–LiF|Bi cell operating at
550 °C [9]. Since the cell operation temperature typically depends on
the melting temperature of electrolytes due to its high melting tem-
perature, developing electrolytes with a low melting temperature is
significant to minimize the maintenance cost and corrosion of cell
components toward practical applications of LMBs.

Here, we report a new composition of molten salt electrolyte and
positive electrode to lower the operation temperature of Li-based LMBs.
The eutectic composition of LiCl-LiI molten salt electrolyte
(LiCl:LiI = 36:64 mol %, Tm = 368.2 °C) and Bi-Pb eutectic alloy
(Bi:Pb = 55.5:44.5 mol %) have been employed as the electrolyte and
positive electrode material to reduce the cell operation temperature to
410 °C. Also, the Bi-Pb eutectic alloy exhibits good wettability on the
SUS 304 current collector. The Li|LiCl-LiI|Bi-Pb cell with 1 Ah capacity
shows excellent cycle performance with capacity retention of 86.5%
and high Coulombic efficiencies over 99.3% over 1000th cycles at a
high current density of 52 mA cm−2.

2. Experimental

Cell assembly and customized facilities: Figure S1 shows sche-
matic illustration of cell assembly. The negative electrode was prepared
by soaking Ni-Fe foam in the liquid Li. Alumina tube and ceramic
sealant were used for electrical insulating and sealing, respectively
(Figure S1a) [9]. All cell components are made by SUS304 because of
its high corrosion resistance, heat resistance and machinability. High
purity LiCl and LiI salts (99.9 and 99.95%, Alfa Aesar) were used for
electrolyte and salts mixture (LiCl: LiI = 36:64 mol %) were ground,
mixed, and melted in quartz tube. It was dried under vacuum by two
steps (80 °C, 12 h/260 °C, 12 h) to remove residual water and subse-
quently melted under vacuum at 500 °C for 5 h (Figure S1b). Bulk Bi-Pb
eutectic alloy (99.9%, Alfa Aesar, Bi:Pb = 55.5:44.5 wt %) was used for
positive electrode material (Figure S1c). Positive electrode materials

were placed in the bottom of the container followed by the addition of
molten salt electrolyte considering the volume of the liquid state and
the cap with Li filled Ni-Fe foam was joined to the cup (Figure S2, Table
S1). The whole assembly processes were conducted in the Ar-filled
glove box. The assembled cell was loaded in custom-built quartz vessel
(Figure S3a) and heated up to operation temperature in customized
vertical furnace under Ar atmosphere (Figure S3b).

Electrochemical tests and characterization: Galvanostatic
charge/discharge experiments were carried out using cycler (WBCS
3000, Wonatech). The Leakage current was quantitatively determined
by using stepped-potential measurements (ZIVE SP2, Wonatech). The
melting temperature was analyzed by differential scanning calorimetry
(DSC, Q200 SDT, sapphire as reference) heating from 50 °C ∼ 550 °C at
10 °C/min under N2 condition to prevent oxidizing the materials during
the measurement. Before the DSC analysis, the LiCl-LiI mixture was
carefully stored in the glove box to avoid the contact with air. The
microstructure and elemental distribution were investigated by scan-
ning electron microscopy (SEM) and energy dispersive X-ray spectro-
scopy (EDS). The phase identification was conducted by X-ray diffrac-
tion (XRD) with a Cu Kα X-ray. The electrochemical impedance
spectroscopy was performed with the potentiostat (ZIVE SP2,
Wonatech) in a frequency range of 104 to 100 Hz with amplitude of
10 mV.

3. Results and discussion

To lower the operation temperature of the LMBs, the salt mixture of
the LiCl-LiI eutectic point (LiCl-LiI = 36:64 mol %, Tm = 368.2 °C) was
designed by molten salt electrolyte in Li based halide salts based on its
phase diagram (Figure S4a) [9–11,14]. Fig. 1a shows the DSC results of
LiCl-LiI mixture before and after cycle, also the positive electrode ma-
terial (Figure S4b). The LiCl-LiI mixture exhibits one strong en-
dothermic reaction peak around 372 °C corresponding to the melting
temperature (Fig. 1a). This result clearly shows the new molten salt
electrolyte (LiCl-LiI = 36:64 mol %) has a lower melting temperature
compared to that of the molten salt electrolytes employed in previous
studies (LiCl-LiF = 30:70 mol %, Tm = 501 °C) [9], (LiF-LiCl-
LiBr = 22:31:47 mol %, Tm = 430 °C) [10], (LiF-LiCl-
LiI = 20:50:30 mol %, Tm = 430 °C) [11]. The blue line in Fig. 1a
shows the DSC analysis result of LiCl-LiI mixture exposed to air (N2:
70%, O2: 30%). Three new endothermic peaks appear at 67, 78 and
128 °C as undesirable side reactions indicating high sensitivity of li-
thium halides to the oxygen. However, the new molten salt electrolyte
after 500th cycles also shows one strong endothermic reaction peak at
373 °C without any side reactions. This result demonstrates that the
electrolyte of LiCl-LiI has compatibility and stability with the Bi-Pb.
Further evaluation of electrolyte was performed by stepped-potential
measurement. The Li|LiCl-LiI|Bi-Pb cell indicates low leakage currents
(< 0.05 mA/cm2) when held at 1.1 V (Fig. 1b) which is below the
previous study (1.0 mA/cm2) [15]. The above results clearly demon-
strate that the synthesized molten salt is a suitable electrolyte to sup-
press the self-discharging during cell operation.

Although low operation temperature of LMBs has several ad-
vantages in terms of maintenance cost and long-term stability resulting
from suppression of thermal corrosion [16–19], it reduces the wett-
ability of the liquid metal due to increase in surface tension of the liquid
metal [20–22]. Low wettability of the positive electrode can increase
the resistance at the interface with current collector by decreasing the
interface area with electrolyte [23]. Furthermore, low wettability of the
positive electrode decreases the gap between the negative and positive
electrodes related with the cell safety issue caused by a short–circuit.
We employed the Bi-Pb eutectic alloy as positive electrode to improve
the wettability and kinetic associated with ion. The melting tempera-
ture of Bi-Pb eutectic alloy is 125.5 °C which is much lower than
melting temperatures of each metal (Tm/Bi = 271.4 °C, Tm/
Pb = 327.5 °C) [24]. Fig. 2a shows the wetting behavior of liquid Bi
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and Bi-Pb eutectic alloy on the SUS 304 substrate at 390 °C in Ar at-
mosphere. Bi was shown as more sphere shape than Bi-Pb eutectic alloy
suggesting the higher wettability between Bi-Pb eutectic alloy and
SUS304 than Bi. The cells with the equal mass of positive electrode
were assembled to observe the difference of wetting behavior between
Bi and Bi-Pb eutectic alloy in practical LMB cell. Fig. 2b shows the
cross-sectional images of LMB cells with the Bi (left picture in Fig. 2b)
and Bi-Pb eutectic alloy (right picture in Fig. 2b) as the positive elec-
trode at the state of full discharge. Since the wetting behavior is sig-
nificantly different, the heights of the Bi and Bi-Pb eutectic alloy from
the current collector are shown that 0.37 cm and 0.25 cm, respectively

(Figure S5). Thus, the use of Bi-Pb eutectic alloy not only reduces the
cell operation temperature, but also addresses the safety issue.

Fig. 3a shows the cross-sectional image of Li|LiCl-LiI|Bi-Pb cells
after removing the Li negative electrode at full discharge state. Three
distinct layers corresponding to the electrolyte in the top, intermetallic
compound in the middle and Bi-Pb alloy in the bottom are clearly ob-
served. The composition in the interface between the intermetallic
compound and Bi-Pb alloy was characterized by EDS analysis (Fig. 3b).
During the sample preparation, Li compound is fully oxidized with H2O
in room temperature unlike metal alloy. It is considered that the dis-
tribution of Li element could be indirectly analyzed by the content of

Fig. 1. (a) DSC analysis of LiCl-LiI electrolyte at different cycle and atmosphere: black (bare, under Ar); red (after 500th cycles, under Ar); blue (bare, exposed air consists of 70% N2, 30%
O2). (b) Stepped potential measurement of Li|LiCl-LiI|Bi-Pb cell at 410 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. (a) Photograph of liquid Bi and Bi-Pb eutectic alloy on
SUS304 substrate and (b) Cross-section images of Li|LiCl-LiI|Bi cell
(left) and Li|LiCl-LiI|Bi-Pb cell (right) at full charged state after
cooling down to room temperature.
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oxygen [10]. The oxygen elemental distribution is only observed in the
intermetallic compound region, and not detected in the Bi-Pb alloy
layer. Although the Bi is observed in both the intermetallic compound
and Bi-Pb alloy layers, the Pb is dominantly located in the Bi-Pb alloy
layer. This result indicates that Li selectively reacts with Bi in Bi-Pb
alloy. Fig. 3c and d exhibit the XRD patterns of intermetallic compound
and Bi-Pb alloy layers respectively. The Li3Bi, LiBi and Bi phases were
observed in the intermetallic compound layer. On the other hand, the
phases of Bi0.3Pb0.7 (ε-phase) and Bi0.15Pb0.85 alloys were observed in
the Bi-Pb alloy layer. The Bi-Pb eutectic alloy (Bi:Pb = 55:45 mol %)
was decomposed into two phases of LixBi and Bi-Pb alloy by discharge
process as Li primarily reacts with Bi phase in Bi-Pb eutectic alloy
correlating with EDS results and the XRD pattern of the Bi-Pb eutectic
alloy. The XRD pattern of the Bi-Pb eutectic alloy shows the Bi phase
and ε-phase even after 500th cycles (Figure S6). From the electromotive
force (EMF) measurements, the activity of Li is related to EMF by fol-
lowing equation [25].

= { }a FE
RT

expLi

Where aLi is activity of Li in the Li-Bi or Li-Pb alloy, F the faraday
constant, R the gas constant, T the liquid temperature and E is the EMF
value. Through the previous studies about EMF of Bi and Pb with Li
content [13,26], Bi has the higher activity with Li compared to Pb. This
result indicates that Li primarily reacts with Bi electrochemically
[10,11]. Hence, the Pb in the Li|LiCl-LiI|Bi-Pb cell plays a role in the
engineering of the physical properties of positive electrode material,
such as 1) decreasing the melting temperature and 2) improving the
wettability with current collector.

The Li|LiCl-LiI|Bi-Pb cell was operated at optimized temperature,
410 °C. The Ohmic resistance of the cell significantly is decreased at
410 °C through the results of electrochemical impedance spectroscopy
(EIS). The Ohmic resistance is not more decreased since the electrolyte

is liquefied and stabilized into three distinct layers (Figure S7). Fig. 4a
and b shows the initial charge-discharge voltage profile and voltage
profiles with different current densities for the cell with a nominal ca-
pacity of 1.5 Ah, respectively. During the discharging, the cell exhibits a
voltage slope up to 0.62 V, corresponding to the formation of LixBi (l)
phase, the voltage plateau at 0.62 V, attributed to the coexistence of
LixBi (l) and Li3Bi (s) phases. On the other hand, the cell exhibits a long
voltage plateau at 0.84 V. The cell shows high initial Coulombic effi-
ciency of 99.4% supporting the high reversibility of the Li||LiCl-LiI||Bi-
Pb cell. And it has an energy density of about 86 Wh/kg at
100 mA cm−2, which is almost 88% lower than that of the Li|LiF-LiCl-
LiI|Sb-Pb cell at the same current density. However, our system has
much lower operation temperature (410 °C) compared to Li|LiF-LiCl-
LiI|Sb-Pb cell (450 °C), which enables the reduction of the operation
cost (Table S2) [11].

The cycle performance of the Li|LiCl-LiI|Bi-Pb cell with a nominal
capacity of 1 Ah was carefully monitored for 1000th cycles (Fig. 4c).
Although initial capacity of cell is unstable due to the irreversible re-
action caused by the residual moisture and oxygen inside the cell and
the interface stabilization between the electrode materials and elec-
trolyte, it exhibits good capacity retention of 86.5% and high Cou-
lombic efficiency over 99.3% during 1000th cycles. The cell was cooled
down to room temperature at 479th cycle, and the cycle performance
was evaluated after re-heating to 410 °C. Even after the thermal var-
iation, the cell shows stable cycle performance with high Coulombic
efficiencies and a low Ohmic resistance during further cycling (Figure
S7). High stability of the Li|LiCl-LiI|Bi-Pb cell is revealed by analysis of
DSC, XRD, SEM, and EDS. Even after long cycles, physical properties of
cell are no noticeable difference although some effects of oxidation
(Figure S4b, S6, S8). Fig. 4d shows the voltage profiles at different cycle
numbers. Even after long cycles and thermal variation, the cell shows
stable voltage profiles without noticeable polarizations. The electro-
chemical properties of the Li|LiCl-LiI|Bi-Pb cell clearly support that our

Fig. 3. (a) Cross sectional image of Li|LiCl-LiI|Bi-Pb cell after Li negative electrode was removed. (b) SEM image and EDS mapping at the boundary between the intermetallic compound
and Bi-Pb alloy layers. XRD patterns of positive electrode at the discharging state for the (c) intermetallic compound part and (d) Bi-Pb alloy part.
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designed molten salt electrolyte and alloy positive electrode are sui-
table for LMBs operating at low temperature to minimize the main-
tenance cost and address corrosion issue in the cell.

4. Conclusions

In summary, we investigated the electrochemical properties of
Li|LiCl-LiI|Bi-Pb cell, in which a molten salt electrolyte of LiCl-LiI
(LiCl:LiI = 36:64 mol %) and a positive electrode of Bi-Pb eutectic alloy
(Bi:Pb = 55.5:44.5 mol %) were employed to lower the cell operation
temperature. The molten salt electrolyte has a low melting temperature
of 370 °C and low self-discharge values (< 0.05 mA cm−2). The al-
loying Bi with Pb decreases its melting temperature and improves the
wettability on the SUS304 current collector. The Li|LiCl-LiI|Bi-Pb cell
with 1Ah capacity exhibits stable cycle performance of 86.5% and high
Coulombic efficiencies over 99.3% during 1000th cycle at 410 °C. Even
after the thermal variation, the cell shows reversible electrochemical
properties. These results demonstrate that the LiCl-LiI molten salt
electrolyte and Bi-Pb eutectic alloy positive electrode could be pro-
mising components to achieve LMBs with robust electrochemical
properties.
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