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� Electrochemical behavior of CaeBi alloys is investigated for liquid metal batteries.
� Electrochemical set-up is developed for calcium as the electro-active species (itinerant ion).
� CaeBi electrodes exhibit chemically reversible reactions and high coulombic efficiency.
� Electrode overpotential of CaeBi alloys is investigated in terms of charge transfer and mass transport.
� Co-deposition of Ba from the electrolyte improved the electrode performance.
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a b s t r a c t

Calcium is an attractive electrode material for use in grid-scale electrochemical energy storage due to its
low electronegativity, earth abundance, and low cost. The feasibility of combining a liquid CaeBi positive
electrode with a molten salt electrolyte for use in liquid metal batteries at 500e700 �C was investigated.
Exhibiting excellent reversibility up to current densities of 200 mA cm�2, the calciumebismuth liquid
alloy system is a promising positive electrode candidate for liquid metal batteries. The measurement of
low self-discharge current suggests that the solubility of calcium metal in molten salt electrolytes can be
sufficiently suppressed to yield high coulombic efficiencies >98%. The mechanisms giving rise to CaeBi
electrode overpotentials were investigated in terms of associated charge transfer and mass transport
resistances. The formation of low density Ca11Bi10 intermetallics at the electrodeeelectrolyte interface
limited the calcium deposition rate capability of the electrodes; however, the co-deposition of barium
into bismuth from barium-containing molten salts suppressed CaeBi intermetallic formation thereby
improving the discharge capacity.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The alkaline-earth metal calcium ranks fifth among the most-
abundant elements in the earth’s crust, just after iron [1]. As the
demand for ultra-low cost grid-scale energy storage increases, this
earth-abundant and low cost metal invites scrutiny as an attractive
electrode material for liquid metal battery energy storage. Liquid
metal batteries comprise two liquidmetal electrodes separated by a
molten salt electrolyte that self-segregate into three liquid layers
based upon density and immiscibility. Despite the popularity of
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lithium-based systems for electrochemical energy storage, recent
thermodynamic and economic analyses of various liquid metal
battery electrode couples indicate that calcium-based systems have
higher equilibrium cell voltages and lower costs than comparable
lithium systems [2]. The high reactivity and strong reducing power
of calcium combined with its high solubility in molten salts
disqualify the metal as an electrode. Instead, the primary use of
calcium has been restricted to the extraction and refining of less
reactive metals such as titanium, zirconium, and rare earth
elements [1].

Historically, two types of high temperature batteries using cal-
cium as the active component have been developed: thermally
activated reserve batteries (or thermal batteries) and secondary
calcium-metal sulfide batteries. In thermal battery systems,
elemental solid calcium negative electrodes were used with tran-
sition metal oxide positive electrodes (K2Cr2O7, CaCr2O7, or WO3),
and a molten salt electrolyte (LiCleKCl). The cell reactions in a
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Table 1
Physical and electrical properties of electrolytes.

Electrolyte Composition/mol% Tliquidus/�C rb/g cm�3 sb/U�1 cm�1 T/�C

LiCleNaCleCaCl2 38e27e35 450a 1.90
1.85
1.81

2.18
2.58
2.94

500
600
700

LiCleNaCleCaCl2
eBaCl2

29e20e35e16 390 2.29
2.24
2.19

1.56
1.88
2.19

500
600
700

a Liquidus temperature estimated from the differential scanning calorimetry
(DSC) at different heating rates.

b Density and electrical conductivity at given temperature was approximated
from pure components.
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thermal battery are complex and involve direct chemical reactions
between the electrodes and the electrolyte that make it impossible
to recharge the cell. These calcium-based thermal batteries were
used in military applications such as missiles, ordnances, and nu-
clear weapons until the 1980s [3]. In the late 1970s, Argonne Na-
tional Laboratory began developing calcium-metal sulfide batteries
with solid calcium alloy negative electrodes (CaeAl, CaeMg, or Cae
Si), metal sulfide positive electrodes (FeS2, FeS, NiS, or CoS), and a
molten salt electrolyte (LiCleNaCleCaCl2eBaCl2) for electric vehicle
applications [4e6]. However, these efforts were discontinued as
attention shifted to higher energy density lithium-based battery
chemistries.

In this study, we investigate the possibility of using calcium-
based liquid alloys as electrodes in liquid metal batteries for grid-
scale electrochemical energy storage. The prototypical calcium-
based liquid metal battery cell can be written as:

Caðin AÞ j electrolyteðlÞ j Caðin BÞ (1)

where A (e.g.; Mg, Zn, or Al) is the negative electrode host metal,
and B is the positive electrode metal (e.g.; Bi, Sb, Sn, or Pb). Due to
the high melting temperature of calcium (842 �C), alloying with
more noble A metals is desired to lower the melting point of the
negative electrode and minimize side reactions with the molten
salt electrolyte. The electrolyte can be a molten mixture of alkali
and/or alkaline-earth halide salts; which typically have high ionic
conductivities of greater than 1 S cm�1.

For this cell, the generic halfecell reactions are

negative : Caðin AÞ ¼ Ca2þ þ 2e�

positive : Ca2þ þ 2e� ¼ Caðin BÞ (2)

and the overall cell reaction is

cell : Caðin AÞ ¼ Caðin BÞ: (3)

The thermodynamic driving force for this reaction is supplied by
the change in partial molar Gibbs free energy of the cell,

DGcell ¼ GCaðin BÞ � GCaðin AÞ (4)

where the partial molar Gibbs energy Gifor each component i is
given by

GCa in Bð Þ ¼ G
�
Ca þ RTlnaCa in Bð Þ

GCa in Að Þ ¼ G
�
Ca þ RTlnaCa in Að Þ

(5)

where ai is the activity, G
�
Ca the standard chemical potential of

calcium, R the gas constant, and T the temperature. The change in
partial molar Gibbs free energy can be related to a cell equilibrium
voltage Ecell,eq by the Nernst equation

DGcell ¼ �zFEcell;eq (6)

where z ¼ 2 is the number of electrons exchanged in the reaction
and F is the Faraday constant. From Equations (4)e(6), the cell
equilibrium voltage is related to the activities of calcium in the
positive and negative electrodes:

Ecell;eq ¼ �DGcell
zF

¼ �RT
zF

ln

 
aCaðin BÞ
aCaðin AÞ

!
: (7)

Conceptually, the thermodynamic driving force for cell
discharge can be interpreted as a stronger interaction of calcium
with metal B than metal A, where low calcium activity in metal B
and high calcium activity in metal A yields a high equilibrium cell
voltage. In the present study, the feasibility of a calcium-based
liquid metal battery is investigated using a liquid bismuth posi-
tive electrode (B ¼ Bi); which has a low melting temperature
(271 �C) and is minimally corrosive to typical cell construction
materials at elevated temperatures, such as steels.

Previous thermodynamic investigations of CaeBi alloys led to
the development of a highly stable reference electrode; which
made the evaluation of the electrochemical performance of
calcium-based liquid metal alloys in this study possible [7,8]. Those
emf concentration cell studies employed a CaF2 solid electrolyte
with low electrical conductivity, i.e., 4.4�10�7 to 1.8� 10�4 S cm�1

at 500e700 �C [9]; a value sufficient for thermodynamic in-
vestigations, but impractical for electrochemical energy storage
applications. Molten salt electrolytes typically exhibit much higher
conductivities (w1 S cm�1); however, the solubility of calcium in
molten salt electrolytes and resulting electronic conductivity make
accurate electrochemical measurements experimentally difficult.

The following dissolution mechanism of calcium metal into a
molten salt solution was proposed [10]:

CaðsÞ þ Ca2þ/2Caþ or Ca2þ2 (8)

where calcium metal reacts with Ca2þ cations to form subvalent
species Ca22þ or Caþ. In general, the solubility of calcium in molten
salt electrolytes is reduced at lower temperatures and lower cal-
cium activities in host metal electrodes. Previous research efforts
measured pure calcium metal solubility in CaCl2(l) to be 2.7e
5.7 mol% at 820e1000 �C [11e13]. By contrast, Sharma [10] found
that by alloying with another metal, the solubility of calcium can be
significantly reduced to as low as 0.3 mol% calcium in CaCl2(l) using
a CaeCu alloy (30e70 mol%) electrode. Ukshe and Bukun [12]
showed that the solubility of magnesium in MgCl2(l) at 800 �C
could be decreased by varying degrees by mixing the molten salt
with other cation chloride salts, such as LiCl, NaCl, and BaCl2,
depending on the ionic size of the foreign cation species.

To suppress calcium dissolution in this study, low melting point
electrolyte compositions were formulated with metal chlorides of
less noble metals. Specifically, two compositions were selected:
LiCleNaCleCaCl2 (38e27e35 mol%, Tm ¼ 450 �C) and LiCleNaCle
CaCl2eBaCl2 (29e20e35e16 mol%, Tm ¼ 390 �C) [4]. The physical
and electrical properties of these are given in Table 1.

Two-phase metal alloys can serve as stable, consistent reference
electrodes for highly reactive systems. For example, two-phase Lie
Al alloys comprising Al(s) and LiAl(s) are commonly used as refer-
ence electrodes in lithium-bearing molten salt electrochemical
cells due to the invariance of the equilibrium electrode potential
with compositional changes within the two-phase regime [14].
Based upon these findings, a CaeBi alloy (calcium mole fraction
xCa ¼ 0.35) with low calcium activity (aCa ¼ 9� 10�10 at 600 �C) and
solideliquid (Ca11Bi10 þ l) two-phase phase behavior (see Fig. 1)



Fig. 1. Calciumebismuth binary phase diagram [8] indicating composition range and
temperatures of coulometric titration measurements (dashed lines). (Reprinted with
permission. �2012 Elsevier).
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was designed as a reference electrode for use with Ca2þ-bearing
molten salt electrolytes [8].
2. Experimental section

2.1. Materials preparation

All materials were prepared in an inert argon atmosphere glo-
vebox (O2 concentration < 1 ppm). High-purity anhydrous salts of
LiCl (99.995%, Alfa Aesar, Stock No.13684), NaCl (99.99%, Alfa Aesar,
Stock No. 35716), CaCl2 (99.99%, Alfa Aesar, Stock No. 44280) and
BaCl2 (99.998%, Alfa Aesar, Stock No.13686) were used tomake 38e
27e35 mol% LiCleNaCleCaCl2 and 29e20e35e16 mol% LiCle
NaCleCaCl2eBaCl2 molten salt electrolytes. The salts were weighed
out in appropriate quantities inw500 g batches, mixed, and placed
into a quartz crucible (Technical Glass Products). The crucible was
then inserted into a stainless steel vacuum chamber, the chamber
sealed, and loaded into a crucible furnace. To prepare dry, ho-
mogenous molten salt electrolytes the test chamber was 1) evac-
uated tow1 Pa; 2) heated at 80 �C for 12 h under vacuum; 3) heated
Fig. 2. Schematic of the electrochemical set-up designating the position of the working elect
at 230 �C for 12 h under vacuum; 4) purged with w0.2 cm3 s�1

ultra-high purity argon gas (99.999%, O2 < 1 ppm H2O < 1 ppm,
Airgas Inc.); and 5) heated at 700 �C for 3 h under flowing argon
gas. After cooling to room temperature, the pre-melted electrolyte
was transferred back to the glovebox and ground into a fine
powder.

Electrodes were prepared from pure calcium (99.99%, Aldrich,
Stock No. 441872) and bismuth (99.999%, Alfa Aesar, Stock No.
14442). The reference electrode (RE) comprised of a CaeBi alloy
(xCa ¼ 0.35) was prepared by arc-melting (MAM1, Edmund Bühler
GmbH) pure calcium and bismuth metal together to form a ho-
mogeneous alloy and then transferred to a glovebox. Using an in-
duction heater (MTI Corporation, EQ-SP-15A), custom-installed
inside the glovebox, w4 g samples of the arc-melted CaeBi alloys
(xCa ¼ 0.35) were re-melted inside BN crucibles (Saint-Gobain
Advanced Ceramics, Product No. AX05). The approximate di-
mensions of the reference electrode’s BN crucible were as follows:
12 mm outer diameter, 8 mm inner diameter, 19 mm height, and
15 mm depth. The counter electrode (CE) was also prepared in a BN
crucible by induction melting pure bismuth and then gradually
adding calciummetal until a calcium composition of xCa ¼ 0.15 was
achieved. A larger counter electrode area (eight times greater than
the working electrode) was selected to offer facile transfer kinetics.
The approximate dimensions for the counter electrode’s BN cruci-
ble were as follows: 25 mm outer diameter, 21 mm inner diameter,
22 mm height, and 20 mm depth. Similarly, working electrodes
(WEs) were prepared by induction melting pure bismuth in a BN
crucible with inner diameters between 6 mm and 8 mm.

A capillary reference electrodewas used for several experiments
and constructed from the reference electrode describe above,
where a 0.5 mm hole was drilled in the sidewall of the BN crucible
at a position located between the top of the CaeBi alloy and the top
of the crucible. When using the capillary reference electrode, upon
assembly the electrode was carefully positioned within the elec-
trolyte such that the electrolyte level was above the capillary hole
and below the top of the reference electrode crucible.
2.2. Electrochemical cell assembly

The electrochemical cell components were assembled in an
inert argon atmosphere glovebox (O2 concentration < 1 ppm).
Electrical contact was made with the electrodes using a tungsten
rodes (WEs), reference electrodes (REs), counter electrode (CE), and thermocouple (T/C).



Fig. 3. The potential difference between two CaeBi alloy (xCa ¼ 0.35) reference elec-
trodes (ERE2 � ERE1) as a function of time in a LiCleNaCleCaCl2 electrolyte.
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wire (Alfa Aesar, Stock No. 10411), approximately 1 mm in diameter
and 47 cm in length; which were inserted into each electrode
during induction melting. Each electrical lead was insulated from
the test vessel using an alumina tube. The electrodes were arranged
inside an alumina crucible with 56 mm inside diameter and
100 mm height and then w140 g electrolyte was added over them.
The final electrochemical cell configuration, as shown in Fig. 2, was
then placed into a stainless steel vacuum chamber, the chamber
sealed, and loaded into a crucible furnace.

2.3. Electrochemical measurements

In order to study the electrochemical behavior of a single elec-
trode, a standard three-electrode setup (Fig. 2) was used for all
electrochemical measurements; where the current is applied
between the working and counter electrodes; while the voltage
is measured between the working and reference electrodes
(Ecell ¼ EWE � ERE). Literature values of the equilibrium electrode
potentials versus Ca(s) for the selected CaeBi alloy (xCa ¼ 0.35)
reference electrode (Table 2) were used to calculate the reported
working electrode potentials EWE versus Ca(s). Going forward the
following simplified notation for the reported working electrode
potentials is used: EWE/V versus Ca(s) / E/V.

Before each electrochemical measurement, cells were heated in
the sealed test chamber at 80 �C and 230 �C under vacuum for 12 h
each to remove residual moisture and oxygen gas, and then heated
to a starting temperature of 600 �C at a heating rate of 5 �C min�1

under w0.2 cm3 s�1
flowing ultra-high purity argon gas. The cell

temperature was monitored using a type-K thermocouple and
voltage difference between the two reference electrodes collected
using a data acquisition board (National Instruments, NI 9211). All
electrochemical measurements were made using a potentiostate
galvanostat (Metrohm AG, PGSTAT302N) and frequency response
analyzer (Metrohm AG, FRA32M).

The stability and consistency of the selected reference electrode
was verified by a drift in electrode potential (dERE/dt) of less than
20 mV h�1 and a difference between the two CaeBi reference
electrodes (ERE1 � ERE2) less than 0.2 mV at temperatures of 500e
700 �C, as shown in Fig. 3.

2.3.1. Coulometric titration
At the beginning of each coulometric titrationmeasurement, the

pure bismuthworking electrodes were held at 1.5 V for 1 h to insure
consistent initial conditions. The composition of the working
electrodewas then varied by electrochemically titrating calcium for
a time t ¼ 5000e6000 s at a constant current density j ¼ �50e
100 mA cm�2, while recording the electrode potential. Each titra-
tion step was followed by an open circuit measurement for 5000e
6000 s to allow the electrode composition to homogenize. Exper-
iments were performed at temperatures of 500, 600, and 700 �C.

Assuming perfect coulombic efficiency for calcium titration, the
calcium mole fraction xCa was estimated by:

xCa ¼
�
1þmBi

MBi

zF
jAt

��1

(9)
Table 2
Equilibrium electrode potentials of CaeBi
(xCa ¼ 0.35) versus Ca(s) [8].

Eeq/V T/�C

0.806 500
0.785 600
0.765 700
where the mass of bismuth mBi ¼ 3.43 g, the molecular weight of
bismuth MBi ¼ 209 g mol�1, and the working electrode area
A ¼ 0.50 cm2.

2.3.2. Cyclic voltammetry
The electrochemical window of the LiCleNaCleCaCl2 electrolyte

was measured from �0.1 V to 4.0 V versus Ca(s) at 600 �C by cyclic
voltammetry at scan rates of 0.05e0.20 V s�1. Three different three-
electrode setups were used as given in Table 3.

2.3.3. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) was used to

probe the electrode behavior of the cells at 600 �C using a capillary
reference electrode. Impedance spectra collected from an applied
5 mV amplitude over 10 mHze0.1 MHz frequency range were fit to
a RL(Q(RW)) equivalent circuit model, where R is a resistor, L is an
inductor, Q is a constant phase element, and W is a Warburg
diffusion element.

2.3.4. Tafel analysis
Tafel analysis was performed on data collected using a capillary

reference electrode and a linear polarization sweep at 50mV s�1 for
several compositions at different starting equilibrium electrode
potentials Eeq upon calcium deposition and removal. Data was IR-
corrected using the ohmic resistance Rohm measured by impedance
spectroscopy and the logarithm of current density log jjj plotted as a
function of overpotential h ¼ E � Eeq � jARohm.
2.4. Post-mortem analysis

At the end of each experiment, electrodes were coulometrically
titrated to a target calcium concentration and cooled to room
Table 3
Three-electrode setups for cyclic voltammetry measurements.

Setup WE CE RE Electrolyte

1 W W CaeBi (xCa ¼ 0.35)a LiCleNaCleCaCl2
2 W CaeBi (xCa ¼ 0.15) CaeBi (xCa ¼ 0.35)a LiCleNaCleCaCl2
3 Bi CaeBi (xCa ¼ 0.15) CaeBi (xCa ¼ 0.35) LiCleNaCleCaCl2
a Capillary reference electrode. Working electrode (WE), counter electrode (CE),

reference electrode (RE).
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temperature for post-mortem analysis. The electrodes were
mounted in epoxy, carefully cross-sectioned, polished using silicon
carbide abrasive paper up to 1500 grit, and ultrasonically cleaned in
isopropyl alcohol. Cross-sectioned electrodes were first optically
Fig. 4. Cyclic voltammograms at 600 �C in a LiCleNaCleCaCl2 electrolyte at scan rates
of 0.05e0.20 V s�1 using (a) only tungsten electrodes with a capillary CaeBi
(xCa ¼ 0.35) reference electrode; (b) only tungsten electrodes (solid line) and tungsten
with CaeBi (xCa ¼ 0.15) counter electrode (dotted line) and capillary CaeBi (xCa ¼ 0.35)
reference electrode; and (c) a pure bismuth working electrode with CaeBi (xCa ¼ 0.15)
counter electrode and a normal CaeBi (xCa ¼ 0.35) reference electrode.
examined using a stereomicroscope (Olympus SZ61). After optical
examination, a scanning electron microscope (JEOL 6610LV) fitted
with an energy dispersive spectrometer (IXRF systems, Model 55i)
was used for qualitative chemical analysis.

3. Results and discussion

3.1. Electrochemical window

Using an electrochemical set-up shown in Fig. 2, the potential
window of the molten salt electrolyte with and without CaeBi
electrodes was examined to identify faradaic processes. From the
cyclic voltammetry data collected using inert tungstenworking and
counter electrodes in LiCleNaCleCaCl2 at 600 �C, presented in
Fig. 4a, calcium metal is deposited and removed from the working
electrode near 0.0 V, and chlorine gas begins to evolve at electrode
potentials greater than 3.5 V.

However, when a CaeBi (xCa ¼ 0.15) counter electrode was
introduced, Fig. 4b (dotted lines), a distinct faradaic process is
observed at about 0.78 V, while none is observed for tungsten
electrodes (solid lines) between 0.6 V and 1.6 V. We propose that
this process is the result of calcium dissolution from the CaeBi
counter electrode to form subvalent calcium ions,
Fig. 5. (a) Coulometric titration of calcium to and from liquid bismuth working elec-
trode in a LiCleNaCleCaCl2 electrolyte at 600 �C at current densities of �50 mA cm�2

followed by an open circuit measurement. (b) Coulometric titration emf data as a
function of mole fraction xCa upon calcium deposition and removal compared to
concentration cell data [8] at 600 �C.



Table 4
Equilibrium potentials of CaeBi alloys [in V versus Ca(s)] from coulometric titration
(this work) and concentration cell measurements [8].

xCa 500 �C 600 �C 700 �C

This work Ref. [8] This work Ref. [8] This work Ref. [8]

0.04 0.870 1.070 0.916 1.113 0.909 1.155
0.05 0.861 0.886 0.885 0.903 0.904 0.922
0.09 0.835 0.839 0.852 0.850 0.856 0.861
0.15 0.821 0.832 0.819 0.837 0.829 0.835
0.20 e 0.814 0.786 0.816 0.787 0.818
0.25 e 0.807 0.786 0.784 0.787 0.788
0.30 e 0.806 0.785 0.785 0.766 0.768
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Caðin BiÞ þ Ca2þ/2Caþ
�
or Ca2þ2

�
(10)

followed by an electrochemical reaction to form calcium ions,

2Caþ
�
or Ca2þ2

�
/2Ca2þ þ 2e�: (11)

Consistent with this hypothesis are the relatively low current
densities observed (less than 50 mA cm�2); which would indicate
low concentrations of calcium subvalent ions. Future validationwill
likely require optical spectroscopy to identify the formation of
subvalent ionic species and is beyond the scope of this work.
Fig. 6. (a) Charge-discharge cycles of liquid bismuth electrode in LiCleNaCleCaCl2 at 600 �C
potential upon calcium deposition into liquid bismuth as a function of calcium mole fraction
temperatures of (500, 600, 700) �C and �50 mA cm�2. (d) Post-mortem analysis of a bismut
density of �150 mA cm�2 from a LiCleNaCleCaCl2 electrolyte at 600 �C.
When using a pure bismuth working electrode, the drop in
current density observed above 1.2 V, Fig. 4c (dotted lines), suggests
the supply of calcium in theworking electrode is exhausted and the
oxidative reaction [Ca(in Bi) / Ca2þ þ 2e�] is mass transport
limited, which stands in contrast to the near linear behavior
observed at potentials between 0.7 V and 1.2 V, Fig. 4c (solid lines).

3.2. Thermodynamic behavior

The accuracy of the coulometric titration data using molten salt
electrolytes for CaeBi alloys collected in this work is compared
against previously reported thermodynamic results obtained using
a concentration cell with a CaF2 solid electrolyte [8]. Representative
coulometric titration emf data upon calcium deposition and
removal at 600 �C are presented in Fig. 5a. From the open circuit
measurement following each titration, the equilibrium electrode
potentials as function of calcium mole fraction are extracted and
compared with previous concentration cell measurements in
Fig. 5b and Table 4. The emf values between the two different
methods are generally in good agreement and especially consistent
within the liquidþ Ca11Bi10 two-phase domain, with a difference of
less than 2 mV. However, in dilute solutions of CaeBi alloys
(xCa< 0.05) the discrepancies between the twomethods are as high
as 200 mV due to the combined effects of a steep change in emf as
the electrode approaches infinite dilution and the small amount of
with the post-mortem images of CaeBi alloys at different states of discharge. Electrode
(b) at current densities of (0, �50, �100, �150, �200) mA cm�2 and 600 �C, and (c) at

h electrode after calcium deposition to a calcium mole fraction of xCa w0.18 at a current
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self-discharge caused by calcium dissolution from the CaeBi
counter electrode.

3.3. Kinetic behavior

The liquid bismuth electrodes were tested by chargeedischarge
cycling at constant current densities up to 200 mA cm�2 at 600 �C
(Fig. 6a). These electrodes exhibited high coulombic efficiencies
>98%, indicating chemically reversible electrode reactions and
experienced lower discharge capacity at higher current densities
with a sharp decrease in the electrode potential near the end of
discharge. The post-mortem analyses of CaeBi alloys at different
states of discharge (Fig. 6a) indicate that this sharp electrode po-
tential decrease originates from the nucleation of solid phase at the
electrodeeelectrolyte interface (nucleation overpotential).

3.3.1. Intermetallic layer formation
The nucleation of the solid intermetallic Ca11Bi10 phase at the

electrodeeelectrolyte interface as the electrode composition ap-
proaches the liquidus (liquid ¼ liquid þ Ca11Bi10) during calcium
deposition causes the sharp decrease in the cell potential that is
observed in Fig. 5a (15 h < t < 30 h). This is corroborated by the
results presented in Fig. 6b, where the drop in electrode potential
Fig. 7. For a CaeBi electrode at various equilibrium electrode potentials (compositions) in
removal, (b) Nyquist plots, (c) Tafel plots upon calcium deposition and removal at 600 �C,
electrode at (500, 600,700) �C.
occurs at successively lower calcium concentrations as the depo-
sition current density is increased from50mA cm�2e200mA cm�2.
The nucleation of a non-equilibrium Ca11Bi10 intermetallic phase at
the electrodeeelectrolyte interface and steep drop in electrode
potential at high current densities can be explained, in part, by a
calcium diffusion rate into the bismuth electrode that is slower
than the rate of calcium deposition. As one might expect for a
kinetically derived diffusion process, this behavior is accentuated
by reducing the cell temperature from 700 �C to 500 �C, Fig. 6c.

Post-mortem analysis of electrodes quenched to room temper-
ature after deep discharging to a composition of xCa w0.18,
(j ¼ �150 mA cm�2, 600 �C) revealed a high concentration of the
low density Ca11Bi10 intermetallic at the electrodeeelectrolyte
interface, Fig. 6d. This effect is encouraged by a significant differ-
ence in density between Ca11Bi10 (w6.33 g cm�3) and molten bis-
muth (w9.78 g cm�3). Further investigation of post-mortem
samples also found Ca11Bi10 dendrites mixed with electrolyte salt
situated above, and completely detached from, the bulk electrode,
Fig. 6d. The separation of the dendrites is thought to come from the
convective motion of the molten electrolyte. The formation and
separation of Ca11Bi10 dendrites from the bulk electrode would
explain the often erratic voltage profiles observed at high rates of
calcium deposition and high calcium concentrations (Fig. 5a),
a LiCleNaCleCaCl2 electrolyte: (a) polarization curves upon calcium deposition and
and (d) self-discharge current densities as a function of electrode potential of a CaeBi



Table 6
Equivalent circuit model RL(Q(RW)) fit results to the electrochemical impedance
spectra of CaeBi electrodes at 600 �C.

Eeq/V A$Rohm/U cm2 L/mH A$Rct/U cm2 AW/U Y0/U�1 n c2 j0/A cm�2

1.00 0.07 0.44 0.27 0.23 0.20 0.85 0.02 0.14
0.95 0.07 0.42 0.21 0.13 0.13 0.83 0.02 0.18
0.89 0.07 0.40 0.20 0.04 1.04 0.86 0.00 0.19
0.87 0.07 0.40 0.19 0.02 1.62 0.90 0.00 0.20
0.85 0.07 0.44 0.18 0.02 2.08 0.92 0.00 0.21

Exchange current density j0 estimated from j0 ¼ RT/zFARct. W ¼ AW(iu)�0.5

Q ¼ Y0(iu)n. A ¼ 0.28 cm2.
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which can also lead to a loss in coulombic capacity and a short in
the cell.

3.3.2. Voltage inefficiencies
The measured electrode potential deviates from the equilibrium

potential due to current density dependent overpotentials
(h ¼ E � Eeq) that result from charge transfer, ohmic, and mass
transport losses. Polarization curves are presented in Fig. 7a for
different equilibrium electrode potentials (Eeq ¼ 0.80e0.90 V) upon
calcium deposition and removal at 600 �C. The slope of each po-
larization curve is equal to the total area specific resistance A$Rtot
for each equilibrium electrode potential and these values are given
in Table 5. From these results, the total area specific resistance is
observed to decrease from about 0.74 U cm2 to 0.58 U cm2 upon
reducing the equilibrium electrode potential.

To separate out relative contributions to the total electrode
resistance by charge transfer, ohmic, and mass transport losses,
electrochemical impedance spectra were collected at equilibrium
electrode potentials from 1.00 V to 0.85 V at 600 �C, Fig. 7b. From
the equivalent circuit model fitting results presented in Table 6, the
ohmic resistances Rohm (the high frequency semi-circle intercept)
and the charge transfer resistances Rct (the semi-circle width) were
estimated. As is typical for a three-electrode setup, the area specific
ohmic resistance A$Rohm contributionwas small (w0.07U cm2) and
independent of the equilibrium electrode potential. By contrast, the
area specific charge transfer resistance A$Rct decreased substan-
tially upon decreasing the equilibrium electrode potential, from
0.27 U cm2 to 0.18 U cm2. Based on these results, a CaeBi electrode
at 0.89 V and 600 �C has a total area specific resistance of
w0.71 U cm2 (Table 5); which is comprised of about 31%
(0.20 U cm2) charge transfer resistance and 10% (0.07 U cm2) ohmic
resistance (Table 6), with the majority of remaining losses attrib-
utable to mass transport limitations (Rmt ¼ Rtot � Rct � Rohm).

The nature of the charge transfer kinetics in this system is
revealed in the values of electrode exchange current densities j0
estimated from Tafel plots (Fig. 7c) at equilibrium potentials from
0.86 V to 1.00 V and 600 �C for calcium deposition and removal.
While ideal Tafel behavior was not observed due to mass transport
limitations, approximate values were obtained for the exchange
current density, and the results are reported in Table 7. During
calcium removal, the exchange current density increased from
0.14 A cm�2 to 0.27 A cm�2 as the equilibrium electrode potential
was decreased from 1.00 V to 0.86 V and similar values were ob-
tained for calcium deposition. These results are in excellent
agreement with the EIS data presented in Table 6, where the ex-
change current density was estimated from Ref. [15]

j0 ¼ RT=zFARct: (12)

The Tafel plots also reveal significant asymmetry between cal-
cium deposition and removal, Fig. 7c. The calcium removal traces
are smooth and yield Tafel slopes of �(0.26e0.29) V dec�1, while
calcium deposition profiles are irregular at more negative over-
potentials with Tafel slopes ofw0.20 V dec�1. The erratic deposition
Table 5
Total area specific resistance (A ¼ 0.50 cm2) of a CaeBi electrode at a given calcium
mole fraction/equilibrium electrode potential at 600 �C.

Eeq/V xCa A$Rtot/U cm2

0.90 0.03 0.74
0.89 0.05 0.71
0.84 0.10 0.66
0.82 0.15 0.59
0.80 0.17 0.58
behavior was likely caused by the formation of CaeBi intermetallics
at the electrodeeelectrolyte interface, as previously discussed.

3.3.3. Coulombic inefficiencies
In an electrochemical system, non-faradaic inefficiencies

comprised of capacitive, electrical, and chemical losses can either 1)
reduce electrode capacity over time (dQ/dt) if the system is held at
open circuit potential, or 2) generate a self-discharge current
density js if the system is held at a constant electrode potential. In a
sense, these galvanic losses can be thought of as chemical and
electrical short-circuits and are different from overpotential losses,
which are current density dependent and result in voltage in-
efficiencies. Galvanic losses are electrode potential dependent and
result in coulombic inefficiencies.

Self-discharge current densities js at 500e700 �C were
measured using a LiCleNaCleCaCl2 electrolyte, while holding at
discrete electrode potentials between 0.77 V and 1.50 V. From the
results plotted in Fig. 7d, a couple of trends are apparent. First,
elevated temperatures lead to higher self-discharge current den-
sities. For example, at an electrode potential of w1.1 V the self-
discharge current density is only 0.2 mA cm�2 at 500 �C, but over
0.9 mA cm�2 at 700 �C. Second, as the applied working electrode
potential nears w0.83 V, which corresponds to the counter elec-
trode potential (xCa¼ 0.15), the self-discharge current density drops
to zero.

3.4. Barium co-deposition

Based upon the original work by Argonne National Laboratory
on calcium-iron sulfide batteries, in this investigation the initial
choice of electrolyte for studying the kinetics of liquid CaeBi alloy
electrodes was the low melting LiCleNaCleCaCl2eBaCl2 melt.
However, post-mortem analysis of the electrodes revealed the
presence of a 9e33e58 mol% CaeBaeBi alloy phase (Fig. 8a) which
was taken as an indication of co-deposition of barium.

Closer examination of the CaeBi and BaeBi binary phase dia-
grams [16,17] confirms that barium is found to have a higher sol-
ubility in bismuth than calcium at 600 �C (xBa ¼ 0.30 compared to
xCa ¼ 0.26) and fewer intermetallic compounds, see Table 8.
Moreover, higher capacity discharge profiles were obtained with
the addition of BaCl2 in the molten salt electrolyte, Fig. 8b. These
results can be explained by 1) the higher solubility of barium in
Table 7
Tafel results from a linear fit of overpotentials of 60e170 mV.

Eeq/V j0/A cm�2 Tafel slope/V dec�1

Ca removal 1.00 0.14 �0.28
0.95 0.18 �0.26
0.86 0.27 �0.29

Ca deposition 1.02 0.12 0.20
0.98 0.15 0.20
0.92 0.26 0.20



Fig. 8. (a) Post-mortem analysis of a bismuth electrode after calcium/barium deposi-
tion to a mole fraction of xCa,Ba w0.10 at a current density of �100 mA cm�2 from a
LiCleNaCleCaCl2eBaCl2 electrolyte at 600 �C. (b) Electrode potential upon calcium/
barium deposition into liquid bismuth at current densities of �(25e150) mA cm�2

from a LiCleNaCleCaCl2eBaCl2 electrolyte at 600 �C as a function of calcium/barium
mole fraction.

Table 9
Equilibrium electrode potentials for the deposition of metals M ¼ Li, Na, Ca,
and Ba onto an inert electrode from ametal chloride molten salt MClz (z¼ 1,
2) compared to the deposition of metals M into a bismuth electrode
(xM ¼ 0.10) at 600 �C for LieBi [20], NaeBi [19], and CaeBi [8] alloys and at
850 �C for BaeBi alloys [7].

M Eeq/Va Eeq/Vb

Ba �0.31 0.92
Ca 0.00 0.85
Li �0.07 0.81
Na �0.01 0.75

a Eeq� (MzþjM) versus Ca(s).
b Eeq (MzþjM(in Bi)) versus Ca(s) at xM ¼ 0.10.
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bismuth, 2) the notable absence of lower concentration interme-
tallic phases in the bariumebismuth system (Ba5Bi3, xBi ¼ 0.63)
compared to the calciumebismuth system (Ca11Bi10, xCa ¼ 0.52) at
temperature of 500 �Ce700 �C, and 3) the higher density of
bariumebismuth compounds (Table 8), which should promote the
removal of intermetallic products from the electrodeeelectrolyte
interface.

Based upon the known deposition potentials for pure metals
frommetal chloride salts [Mþzþ ze�/M(s)], the expected order of
deposition is Ca / Na/ Li / Ba [18]. However, when the activity
of the metal in bismuth aM(in Bi) is considered at low concentrations
(xM(in Bi) < 0.1) the expected order of metal deposition looks
Table 8
Densities of pure elements and intermetallic compounds in the CaeBi and BaeBi
systems [16,17].

r/g cm�3 T/�C

Ca(s) 1.55 25
Ca(l) 1.38 842
CaBi2 8.34 25
Ca11Bi10 6.33 25
Ca16Bi11 5.47 25
Ca5Bi3 5.30 25
Ba(s) 3.51 25
Ba(l) 3.34 727
BaBi3 9.14 25
Ba5Bi3 6.30 25
Bi(s) 9.78 25
Bi(l) 10.05 271
markedly different: Ba / Ca / Li / Na (Table 9 [7,8,19,20]). It
should be noted that the high coulombic efficiencies
(typically > 98%) observed even when barium co-deposition was
occurring indicate that the electrode reactions are reversible and
therefore have utility in energy storage.
4. Conclusion

Calciumebismuth liquid metal electrodes exhibit excellent
reversibility, making Bi a promising positive electrode candidate for
liquid metal batteries. The dissolution of calcium into molten salt
electrolytes was suppressed by a combination of alloying of the
electrode and use of a multi-cation electrolyte. A stable CaeBi alloy
(xCa ¼ 0.35) reference electrode enabled the evaluation of the
electrode kinetics of liquid CaeBi alloys by coulometric titration,
electrochemical impedance spectroscopy, and Tafel analysis. A self-
discharge current density of less than 1 mA cm�2 allowed for ac-
curate coulometric measurements and high coulombic efficiency
>98%. Calciumebismuth electrode exchange current densities of
w200 mA cm�2 were measured at electrode equilibrium potentials
between 0.8 and 1.0 V versus Ca(s), while mass transport losses
were found to dominate electrode overpotentials. The formation of
intermetallic species at the electrodeeelectrolyte interface pre-
sents the greatest challenge to operating CaeBi electrodes at high
current densities and suggests a mechanism for loss in capacity. The
introduction of barium into the CaeBi electrode could be one
strategy to minimize the formation of these CaeBi intermetallics
and enhance electrode performance. Calciumebismuth positive
electrodes combined with the development of new negative elec-
trode alloys with low calcium electrolyte solubility could lead to a
promising liquid metal battery for electrochemical energy storage
that relies on low cost, earth-abundant materials.
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