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Abstract: The Ca–Pb electrode couple is considered to be one of the least expensive (~36 $/(kW·h)) among various optional materials for
liquid–metal batteries (LMBs). The electrochemical properties of Ca–Pb alloy in a Ca|LiCl–NaCl–CaCl2|Pb cell were investigated in this paper.
The electrode potential maintained a linear relationship in the current density range of 50–200 mA·cm−2, which indicates that the alloying and
dealloying processes of Ca with Pb attained rapid charge transfer and mass transport in the interface between the liquid electrode and electro-
lyte.  The  Ca –Pb  electrode  exhibited  remarkable  properties  with  a  high  discharge  voltage  of  0.6  V,  a  small  self-discharge  current  density
(<2 mA·cm−2 at 600°C), and a high coulombic efficiency (>98.84%). The postmortem analysis showed that intermetallics CaPb3 and CaPb
were uniformly distributed in the electrode with different molar fractions of Ca, which indicates that the nucleation of solid intermetallics did
not hinder the diffusion of Ca in the electrode. This investigation on Ca–Pb electrode sheds light on the further research and the design of elec-
trodes for Ca-based LMBs.
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1. Introduction

The liquid–metal batteries (LMBs) have attracted increas-
ing attention for their grid storage application; they are con-
sidered  as  the  promising  electrochemical  energy  storage
devices  because of  their  long cycle  life,  low cost,  and easy
scale-up [1–2]. Different from other battery systems, LMBs
have a unique three-liquid-layer structure composed of a li-
quid anode, an electrolyte, and a cathode. Given the density
differences and immiscibility, the cell can self-segregate into
three distinct layers at the operating temperature [3]. The an-
ode and cathode are on the top and bottom respectively, and
are electrically isolated by the molten salt electrolyte. Attrib-
uted by the three-liquid-layer structure design of the LMBs,
the  liquid/liquid  interface  causes  the  facile  charge  transfer
and fast mass transport between the electrode and electrolyte
[4–6]. Meanwhile, the molten salt electrolyte has a high elec-
trical conductivity and thus a low ohmic loss [7–9]. The com-
bination of  the  above two features  enables  the  operation of
LMBs at  high charge–discharge rates,  which is  suitable  for
grid storage.

To date, the development of electrode systems for LMBs

mainly  focuses  on  the  lithium-based  system  owing  to  the
lowest electronegativity and solubility of lithium in its halide
salts [10]. Li||Bi [3], Li||Bi–Sb [11], Li||Sb–Pb [12], Li||Sb–Sn
[13], Li||Te–Sn [14], and Li||Sb–Bi–Sn [10] were intensively
investigated.  The  results  showed  that  the  lithium-based
LMBs delivered an average discharge voltage of 0.6–1.2 V
and  energy  densities  of  60–150  W·h·kg−1.  However,  given
the  booming  industry  of  lithium-ion  battery,  the  restricted
lithium supply for LMBs and the rapid price increase of lithi-
um cannot be ignored.

Calcium is the fifth abundant element in the earth’s crust,
and it has a low standard reduction potential of –2.87 V vs.
NHE (normal hydrogen electrode). These features make Ca a
sustainable negative-electrode  material  for  LMBs  consider-
ing its  application  for  large-scale  energy  storage.  Funda-
mental studies have reported the thermodynamic and electro-
chemical properties of calcium-based LMB systems, such as
Ca||Sb  [15–16]  and  Ca||Bi  [17–18]. They  showed the  com-
petitive  battery  performance  compared  with  lithium-based
systems. However, in view of the cost of antimony and bis-
muth, Ca–Pb electrode couple is considered to have an excel-
lent  voltage  (~0.6  V)  and  the  lowest  cost  (~36  $/(kW·h)) 
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among  various  optional  materials  for  Ca-based  LMBs  [2].
Meanwhile,  Pb  can  also  be  alloyed  with  other  elements  to
form Sb–Pb and Bi–Sb alloy positive electrodes; it can also
contribute  to  the  capacity  beyond  Sb  and  Bi.  However,  Ca
has high solubility in its halide salts [19], which leads to the
high self-discharge current in the Ca-based LMBs and there-
fore its low coulombic efficiency. The electrochemical prop-
erties  of  Ca–Pb  in  molten  salt  electrolyte  are  difficult  to
measure. Hence, Kim and his team [20] investigated the ther-
modynamic properties of Ca–Pb electrodes with CaF2 solid
electrolyte,  which  has  proven  its  potential  application  in
LMBs.

Herein,  we  employed  a  multi-cation  molten  salt  (LiCl–
NaCl–CaCl2)  as  the electrolyte  to  suppress  the solubility  of
Ca in molten salts. We proved the stability of the Ca–Pb sys-
tem in  a  multi-cation  electrolyte  by  measuring  the  electro-
motive force (emf) of the Ca–Pb electrode. Then, we invest-
igated  in  detail  the  electrochemical  properties  of  Pb  as  the
positive  electrode  for  potential  application  in  LMBs and  in
the alloying–dealloying processes of Ca with Pb electrode.

The alloying and dealloying processes of Ca with Pb at the
interface between the electrolyte and Pb electrode are illus-
trated as follows. During the alloying processes, Ca2+ is con-
ducted through the electrolyte (mass transport), reduced, and
then alloyed with Pb (charge transfer); Ca diffuses from the
surface to the bulk of electrode (mass transport). The reverse
of the processes occur when the Pb electrode is dealloyed.

The electrochemical cell in our study can be represented
by the following formula:
Ca|LiCl−NaCl−CaCl2|Pb (1)
where a multi-cation molten salt of LiCl–NaCl–CaCl2 serves
as the electrolyte with a molar ratio of 38.5:26.5:35.0 (melt-
ing  temperature Tm =  457°C).  The  operating  temperatures
were set at 600 and 700°C in accordance with the Ca–Pb bin-
ary-phase diagram [21].

The potentials of the Ca–Pb electrode were calibrated to
the value vs. pure Ca(s) by using the following equation:
E = EWE−Eref (2)

where EWE is  the  potential  of  the  Ca–Pb working  electrode
(WE) vs. the Ca–Bi reference electrode (RE), and Eref is the
potential  of  the  RE  vs.  pure  Ca(s).  At  600  and  700°C,  the
value of Eref is 0.785 and 0.765 V, respectively [15].

2. Experimental

2.1. Material preparation

Pure Pb (99.999%, Alfa Aesar) was premelted in a boron
nitride (BN) crucible (Saint-Gobain Advanced Ceramics) in-
side  a  glovebox  with  an  inert  argon  atmosphere  (O2 <  1  ×
10−7vol%,  H2O  <  1  ×  10−7vol%)  and  served  as  the  WE.
0.15mol%  Ca–Bi  alloy  was  used  as  the  counter  electrode

(CE)  by  melting  pure  Bi  (99.999%,  Alfa  Aesar)  and  Ca
(99.99%, Aldrich) in the BN crucible. The surface area of CE
should  be  maintained  and  considerably  larger  than  that  of
WE to provide facile transfer kinetics. 0.35mol% Ca–Bi al-
loy  was  adopted  as  the  RE  and  was  prepared  in  the  same
manner. The RE of 0.35mol% Ca–Bi alloy was a mixture of
Ca11Bi10(s) and Bi(l), which is in the two-phase region, to en-
sure the stability of the RE potential. The potential of the al-
loy used as RE is fixed and does not change with the com-
position [22].

The  high-purity  anhydrous  salts  of  LiCl  (99.995%,  Alfa
Aesar), NaCl (99.99%, Alfa Aesar), and CaCl2 (99.99%, Alfa
Aesar)  were  used  to  prepare  the  LiCl–NaCl–CaCl2 electro-
lyte with the molar ratio of 38.5:26.5:35.0. To obtain dry and
homogenous electrolytes, we premelted the molten salt in a
stainless crucible by the following procedures. (1) The elec-
trolyte was placed in a heatable sealed container, evacuated
to a pressure below 1 Pa, and heated to 80°C; the vacuum and
temperature were maintained for 12 h. (2) Temperature was
increased from 80 to 250°C, and the vacuum and temperat-
ure were maintained for 12 h. (3) The electrolyte was heated
to  700°C  and  kept  for  3  h  under  a  flowing  argon  gas  at
0.2  cm3·s−1.  (4)  The  premelted  electrolyte  was  ground  into
lumps measuring 5–10 mm in diameter in the glove box after
cooling down to room temperature.

2.2. Electrochemical cell assembly

The three-electrode electrochemical cell was assembled in
a glove box. During the induction melting process, the tung-
sten  wires  with  a  diameter  of  1  mm  (99.95%,  Alfa  Aesar)
were inserted into each electrode to establish electrical con-
tact.  The  wire  was  wrapped  in  an  alumina  tube  (99.8%,
McDanel  Advanced  Ceramic  Technologies).  The  prepared
three  electrodes  were  arranged  in  an  alumina  crucible
(99.8%, McDanel  Advanced Ceramic Technologies).  Then,
the electrolyte was added to cover the electrodes. The elec-
trochemical cell was placed in a stainless steel chamber. Fig. 1
shows the configuration of the experiment.

  
Tungsten wire

Stainless steel

vacuum chamber

Alumina crucible

Molten salts

electrolyte

Working electrode

Reference electrode

Counter electrode

Fig.  1.      Three-electrode  electrochemical  cell  configuration,
comprising  the  working  electrode  (WE),  reference  electrode
(RE), and counter electrode (CE).
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2.3. Electrochemical measurement

Electrochemical measurement was carried out with a po-
tentiostat–galvanostat (PGSTAT302N)  and  a  frequency  re-
sponse  analyzer  (FRA32M).  The  current  density  of
50  mA·cm−2 was used  in  the  coulometric  titration  experi-
ment. The dwelling time of the alloying and dealloying of Ca
with Pb of each step was set to 3000 s, and the relaxation time
of 5000 s was used to obtain the accurate equilibrium elec-
trode  potential  (Eeq)  after  each  step.  The  estimation  of  the
molar fraction of Ca in WE (xCa) was assumed to be of 100%
coulombic efficiency in this study. The potential of the WE
was recorded at different current densities to assess the rate
capability. Finally, the electrode potential of WE was held at
0.45 and 1.40 V for 12 h at 600 and 700°C, respectively, to
obtain  the  self-discharge  current  of  the  cell.  Furthermore,
electrochemical impedance  spectroscopy  (EIS)  was  per-
formed using a CHI660E electrochemical analyzer to accur-
ately analyze the total resistance of the WE at the open cir-
cuit  potential  with  a  perturbation amplitude of  5  mV and a
frequency range of 10 kHz to 0.01 Hz.

2.4. Postmortem analysis

The WEs at  different alloying stages during the alloying
process were  quenched  for  postmortem  analysis.  The  elec-
trodes  were  examined  by  a  stereomicroscope  (Olympus
SZ61) to observe the macroscopic morphology, whereas the
microscopic morphology and composition were analyzed by
scanning electron  microscopy  (SEM,  JEOL6610)  and  en-
ergy  dispersive  X-ray  spectrometry  (EDS,  IXRF  System,
Model 55i).

3. Results and discussion
3.1. Electromotive force measurement of Ca–Pb alloy in
the molten salt electrolyte

The coulometric titration method was adopted to measure
the  equilibrium  potential  of  Ca–Pb  WE  in  the  LiCl–
NaCl–CaCl2 molten  salt  electrolyte  exactly.  All  measured
results were compared with the data from the literature by us-
ing CaF2 solid electrolyte to verify the reliability of the multi-
cation molten salt electrolyte [20], because the CaF2 was con-
firmed to have extremely low solubility of Ca metal in a pre-
vious study [23].

Fig. 2(a) shows the variation in the potential of Ca–Pb WE
(E) and the current density (j) at 600°C. The equilibrium po-
tential  measured  during  the  12th  and  13th  dealloying  steps
were removed due to the drastic changes in the electrode po-
tentials.  The  equilibrium  potentials  of  Ca–Pb  electrode  at
each  molar  fraction  of  Ca  in  the  electrode  were  extracted
from the value of the open circuit  potential  after  each titra-
tion step. Figs. 2(b)–2(c) and Table 1 show the relationship of
the equilibrium potentials of Ca–Pb electrode and the molar

fraction of  Ca  in  the  Ca–Pb  electrode.  The  test  was  per-
formed at two different temperatures because the depth of ti-
tration varies with temperature. By comparing the data from
our study and those in the literature [20] (Fig. 2 and Table 1),
we can conclude that the emf values measured by using the
multi-cation molten salt as the electrolyte and that measured
by using CaF2 solid electrolyte were generally in good agree-
ment (with difference of less than 3%). Thus, the multi-cation
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Fig.  2.      (a)  Variation of  the  potential  of  WE (E)  and current
density  (j)  during  the  coulometric  titration  measurement  at
600°C;  (b–c)  equilibrium  potential  (Eeq)  of  the  WE  in
LiCl–NaCl–CaCl2 molten salt  electrolyte  measured  as  a   func-
tion of molar fraction of Ca in Ca–Pb electrode (xCa) at 600°C
(b) and 700°C (c).
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molten salt  electrolyte  can effectively diminish the solution
of Ca. The slight differences may arise from the existence of
self-discharge current. As shown in Fig. 2(b), the emf values
dropped firstly and stabilized after  decreasing to 0.6 V, but
the emf values continually dropped in the Fig. 2(c). This res-
ult was caused by the increase in the solubility of Ca in Pb
with the increase temperature.

3.2. Kinetics of Ca–Pb alloying and dealloying

To evaluate the kinetics of Ca–Pb alloying and dealloying
processes, we obtained the potential of Ca–Pb electrode at the
current  density  range  from  50  to  200  mA·cm−2 at  600  and
700°C.  The corresponding results  are  shown in Fig.  3.  The
cut-off voltage of the electrode was set as the value where the
potential changes dramatically in this test. Figs. 3(a) and 3(b)
show that the electrodes exhibited highly chemically revers-
ible  electrode  reaction.  Thus,  with  the  increase  in  current
density, the overpotential of Ca–Pb electrode also increased.
A low discharge capacity was observed at high current dens-
ities. The electrode potential consistently showed a sharp de-
crease near the end of the Ca–Pb alloying process. This event
possibly resulted  from the  nucleation  of  solid  Ca–Pb  inter-
metallics at the interface of liquid electrode/electrolyte.

3.3. Electrochemical performances of Ca–Pb alloy

Coulombic efficiency is vital to the evaluation of the elec-
trochemical properties  of  Ca||Pb  cell.  The  coulombic  effi-
ciency of the Ca–Pb electrode at 600°C was estimated on the
basis of the data from Fig. 3(a), and the corresponding results
are shown in Table 2. The coulombic efficiency of the cell in-
creased  from  98.8%  to  102.4%  with  the  current  density
gradually increasing from 50 to 200 mA·cm−2. The variation
in coulombic efficiency at different current densities can be
attributed to  the  high  self-discharge  current  of  Ca–Pb  elec-
trode, which resulted from the high dissolution of Ca in the
molten salt.  Meanwhile,  the  dissolution  of  the  Ca–Pb  elec-

trode in the electrolyte during the alloying process caused the
loss of  capacity,  resulting  in  the  coulombic  efficiency  ex-
ceeding 100% in the following dealloying process.

To  investigate  the  self-discharge  current  in  Ca||Pb  cell
quantitatively, we held the electrode potential of WE between
0.45 and 1.40 V for 12 h. Fig. 4 shows the measured self-dis-
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Table 1.      Equilibrium potentials of Ca–Pb alloys from coulo-
metric titration (this work) and previously reported emf values
obtained using CaF2 [20] V vs. Ca/Ca2+

xCa
600°C 700°C

This work Ref. [20] This work Ref. [20]
0.02 0.69 — — —
0.04 0.65 — 0.68 —
0.06 0.63 0.62 — 0.65
0.07 0.62 — 0.65 —
0.10 0.61 — 0.62 —
0.11 0.60 — — —
0.12 — 0.60 — 0.61
0.13 0.59 — 0.60 —
0.15 0.58 — — —
0.16 0.57 0.58 0.58 0.58
0.18 0.56 — 0.57 —
0.19 0.56 — — —
0.21 0.56 — 0.55 —
0.22 0.56 0.58 — 0.55
0.23 — — 0.54 —
0.25 — — 0.53 —
0.26 — — — 0.53
0.27 — — 0.51 —
0.29 — — 0.50 —
0.31 — — 0.49 —
0.33 — — 0.48 0.49
0.34 — — 0.47 —
0.35 — — — —
0.36 — — 0.46 —
0.39 — — — 0.46
0.42 — — — —
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charge current of Ca–Pb electrode at 600°C and 700°C. The
dealloying current flowed when the electrode potentials were
greater  than  0.7  V.  This  condition  may  be  caused  by  the
chemical  transport  of  Ca  into  the  Ca–Pb  electrode  with  an
electrode potential less than 0.7 V, that is, the alloying cur-
rent flowed due to the dissolution of Ca–Pb alloy in the elec-
trolyte  [24].  However,  when the  electrode potential  applied
was close  to  0.7  V,  the  self-discharge  current  density  de-
creased  to  zero.  The  self-discharging  current  density  for
Ca–Pb  was  as  low as  2  mA·cm−2 at  600°C compared  with
that at  700°C,  which  resulted  in  the  high  coulombic  effi-
ciency of the cell and ensured the accuracy of electrode po-
tential measurement. This phenomenon may also prove that
self-discharge current was mainly generated from the dissol-
ution of Ca in the molten salt.
 
Table  2.      Coulombic  efficiency  at  different  current  densities
at 600°C

Current density / (mA·cm−2) Coulombic efficiency / %
50 98.84

100 99.27
150 100.00
200 102.42

 
The  electrochemical  impedance  spectrum  measurement

was performed to understand the influence of charge transfer
and mass transport on the electrochemical performance. Fig.
5(a) shows the Nyquist plots of Ca–Pb electrode at the open-
circuit potentials at 700°C. The spectra formed a semi-circle
at high frequencies and a straight line at low frequencies. The
high-frequency  semi-circle  intercept  represents  the  ohmic
resistance Rohm, and the semi-circle width denotes the charge
transfer  resistance Rct. Table  3 tabulates  the  corresponding
calculated impedance data of the charge transfer, ohmic, and
mass transfer resistances.

In the typical three-electrode setup of our work, the ohmic
resistance Rohm was 0.06 Ω and was independent of the molar
fraction of Ca in Ca–Pb alloy. However, the charge transfer

resistance Rct decreased substantially with the increase of Ca
content from 0.30 to 0.22 Ω. This finding may be attributed
to the formation of uniform Ca–Pb intermetallic compounds
with  the  increased  Ca  content  in  the  WE.  Therefore,  the
thickness of liquid Pb decreased in the electrode, which res-
ulted in the reduced diffusion distance of Ca to Ca–Pb elec-
trode  and  thus  facilitated  the  alloying  process.  The  mass
transport resistance Rmt can be calculated by subtracting Rohm

and Rct from the total resistance Rt. The total resistance Rt was
acquired based on the calculation of the slope of the line in
Fig.  5(b).  The  corresponding  results  are  shown in Table  3.
The mass transport resistance Rmt showed minimal contribu-
tion to  the  total  resistance.  Thus,  the  charge  transfer  resist-
ance Rct plays a  prominent  role  in  the  electrochemical  pro-
cess of the Ca–Pb alloying process.
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Fig. 4.     Self-discharge current density  js at different electrode
potentials E at 600 and 700°C.
 

3.4. Postmortem analysis

We carried out postmortem analysis to investigate the mi-
crostructural evolution during the alloying process of Ca–Pb
electrode. Three different  samples  with varying molar  frac-
tions  of  Ca  were  quenched  to  room  temperature.  All  these
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Ca–Pb electrodes were prepared at 700°C with 200 mA·cm−2

current density. The molar fraction of Ca in these three elec-
trodes  was  0.05,  0.15,  and  0.31,  respectively. Fig.  6 shows
the morphology of the electrodes and their composition. As
shown  in Fig.  6(a), the  content  of  Ca  in  the  WE  was  ex-
tremely low in the initial state of alloying. The electrode was

mainly  composed  of  Pb  and  contained  a  small  amount  of
CaPb3. As the content of Ca rose to xCa = 0.15, the content of
CaPb3 increased in the two-phase region in Fig. 6(b).

When the electrode was in the state of sharp potential drop
(xCa = 0.31),  a  large  amount  of  CaPb3 was  generated  in  the
electrode, and a high-calcium intermetallic CaPb appeared at
the top of the electrode (Fig. 6(c)).  The nucleation of CaPb
may be due to the highly concentrated region of Ca formed
when the electrode passed a high current.  The formation of
these solid intermetallics greatly reduced the activity of Ca,
resulting  in  a  sudden  decrease  in  electrode  potential  (Fig.
3(b)). In particular, the intermetallics CaPb3 and CaPb did not
accumulate  at  the  interface  between  the  electrode  and  the
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Fig. 6.    Postmortem analysis of the WEs with different molar fractions of Ca at a current density of 200 mA·cm−2 at 700°C: (a) xCa =
0.05, (b) xCa = 0.15, and (c) xCa = 0.31.

Table 3.    EIS data of Ca–Pb electrode at 700°C

xCa Rt / Ω Rohm / Ω Rct / Ω Rmt / Ω
0.05 0.41 0.06 0.30 0.05
0.11 0.38 0.06 0.28 0.04
0.19 0.35 0.06 0.26 0.03
0.27 0.32 0.06 0.22 0.04
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electrolyte  but  were  uniformly  distributed  in  the  electrode.
This finding indicates that the nucleation of solid intermetal-
lics in the electrode did not hinder the diffusion of Ca in the
electrode and did not cause a large loss in the coulombic ca-
pacity of the battery, consistent with the results in Fig. 3(b).

4. Conclusion

The  electrochemical  properties  of  Ca–Pb  as  the  positive
electrode for LMB were evaluated in LiCl–NaCl–CaCl2 mol-
ten salt. The solubility of Ca in the electrolyte was success-
fully  suppressed  by  using  the  alloy  electrode  and  a  multi-
cation electrolyte. The electrode potential of Ca–Pb alloy and
current  density  maintained a  good linear  relationship in  the
current  density  range  of  50–200 mA·cm−2,  and  this  finding
confirms that the Ca–Pb electrode has excellent kinetics per-
formance. The Ca–Pb positive electrode exhibited a high dis-
charge voltage of 0.6 V and a high coulombic efficiency over
98.84%. Meanwhile,  the cell  showed a small self-discharge
current density. Near the end of the Ca–Pb alloying process, a
large amount of dispersed intermetallic CaPb3 was found in
the  Ca–Pb  electrode,  which  possibly  resulted  in  a  sudden
drop in the electrode potential.
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