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Self-assembling solid Sb electrode enables
high-capacity, low-cost Ca-Sb battery

Sanghyeok Im 1, Peyman Asghari-Rad 1,3, Kelly Elizabeth Varnell1,3,
Alex T. Vai2, Jianyi Cui2, Rachael Howland2, David Bradwell2 & Hojong Kim 1

To decarbonize the power grid using renewable technologies without com-
promising its reliability, low-cost grid-scale energy storage with resilient long-
term performance is required. We report a liquid metal battery that achieves
high capacity, low electrode costs, and strong cycling performance by repla-
cing the traditional liquid positive electrode with solid particles. The Ca||Sb(s)
system described herein achieved 318% higher discharge capacity (715mAh g−1

Sb) and 71% lower electrode cost (19.1 $ kWh−1) than the most competitive
liquid metal battery chemistries yet published. The remarkable increase in
specific capacity results from the self-assembly of a micro-structured elec-
tronically connected Sb network at the positive electrode during cycling while
the formation of a liquid Ca-Li alloy at the negative electrode mitigates the
growth of solid Ca dendrites. We demonstrate minimal capacity fade of the
Ca||Sb(s) battery over ~4000 full depth-of-discharge cycles and high cou-
lombic (>98.4%) and energy efficiencies (79–84%) at C-rates (C/8–C/10) rele-
vant for daily storage applications coupledwith intermittent renewable energy
technologies.

The urgent need to decarbonize the electric grid and integrate
renewable energy technologies has created unprecedented demand
for large-capacity energy storage. While storagemarkets are diverse
and need solutions with varying characteristics, a common thread is
that the cost of electricity storage must be low enough to displace
more carbon-intensive methods of ensuring grid stability (e.g.,
natural gas peaker plants)1–3. This cost constraint has thus featured
prominently in the recent development of liquid metal batteries
(LMBs) made from earth-abundant materials which display reliable
performance and high current capabilities due to fast liquid-liquid
kinetics4–7. For example, a Li||Sb-Pb(l) LMB achieved a specific
capacity of 171 mAh g−1 Sb-Pb and an electrode cost of 65 $ kWh−1

while successfully demonstrating a long life span with negligible
capacity fade at 500 °C5. Even as Li-ion battery (LIB) technology has
advanced in recent years leading to lower battery cell costs (50–145
$ kWh−1)8–11, the low-cost floor of LMB chemistries suggests that they
could be a cost-effective contributor to stationary energy storage
markets.

Among LMBs, thosewith calcium-basednegative electrodes stand
out because low-cost, earth-abundant Ca can be paired with several
viable positive electrodematerials2,4,12,13. Bradwell and then Ouchi et al.
first demonstrated the feasibility of Ca-based LMBsusing aCa-Mg||Bi(l)
cell at 550 °C. However, the use of costly Bimetal and the reported low
capacity (90mAh g−1 Bi) resulted in a high energy cost of ~144 $
kWh−1 6,13. The Ca||Sb couple has been considered one of themost cost-
effective electrode pairs since the inceptionof the LMBdue to the high
cell voltage (~1.0 V) and lowcost ofCa and Sbmetals13,14. Unfortunately,
the promise of a Ca||Sb cell has not previously been realized due to the
constraint of a liquid positive electrode in traditional LMBs, which
necessitates an operating temperature of ~700 °C based on the melt-
ing point of Sb (Tm, Sb = 631 °C). Furthermore, the limited solubility of
Ca in liquid Sb (~25 at% Ca) results in a low specific capacity of
136mAhg−1 Sb and a relatively high projected electrode cost of 90 $
kWh−114.

We present a recent advancement in LMB technology by pairing
a Ca-based liquid metal negative electrode with a solid Sb positive
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electrode to achieve high capacity and low energy cost in a LMB.
While it might be assumed that the relative slowness of diffusion in a
solid electrode could reduce battery performance compared to a
liquid electrode, the features observed and described herein for the
Ca||Sb(s) system circumvent this logic. This battery operates at
~520 °C in a eutectic CaCl2-LiCl electrolyte (35–65mol%, or
58.5–41.5 wt%, Tm = 485 °C)15 which was chosen to allow direct com-
parison of cycling performance with prior studies of Ca-based LMBs.

Results
High discharge capacity of solid Sb
Figure 1a displays the discharge potential of an Sb electrode (vs. Ca
metal) starting from monolithic Sb under constant current (25mA),
showing that a high, useful potential is maintained to a specific capa-
city beyond 700mAhg−1 Sb. Ex situ analysis of Sb electrodes at various
stages of discharge indicates that the initial monolithic Sb transforms
into fine particles with cycling (Fig. 1b). Chemical analysis of the pro-
ducts at 160mAhg−1 Sb suggests that the positive electrode is frag-
menting due to volume expansion from the progressive formation of
Ca-Sb compounds, includingCaSb2 andCa11Sb10.Wepostulate that the
high capacity achieved here is due to the fragmentation of Sb which
increases surface area and generates shortmass transport pathways to
allow operation beyond the typical kinetic limitations of solids.

Furthermore, Fig. 1c is a scanning electron microscope (SEM)
image of the Sb positive electrode in a Ca||Sb(s) cell stopped in a fully
charged state after ~1100 cycles and ~12,000h of run time. The mor-
phology of the Sb positive electrode in this state of charge, consisting

of a porous network of micron-scale particles, was preserved by
repeatedly immersing the electrode in clean water to remove the
electrolytewithminimal agitation. As the operating temperature of the
battery is an appreciable fraction of the melting point of antimony,
there is likely an ongoing balance between particle fragmentation and
sintering over the course of cycling that spontaneously produces this
interconnected structure. The self-assembly of a networked Sb elec-
trode structure is likely to increase the electronic connectivity of the
electrode to help achieve practical high capacity operation.

The equilibrium potential (Eeq) of a particulate Sb electrode dur-
ing discharge is displayed in Fig. 1d as a function of capacity and mole
fraction (xCa). These data are obtained from the steady open-circuit
potential achieved following sequential coulometric titration at a
constant current (20mA). The particulate Sb electrode demonstrated
a useful specific capacity as high as 738mAh g−1 Sb by sustaining a high
potential (Eeq > 0.87 V) until relatively deep states of discharge
(xCa = 0.63), far surpassing the solubility-limited capacity of the
Ca||Sb(l) couple even at higher temperatures (i.e., 136mAhg−1 Sb at
700 °C)14. The high capacity achieved using particulate Sb electrodes is
corroborated by electromotive force (emf) measurements of binary
Ca-Sb alloys in two-phase regions, as carried out in previous works
using a solid CaF2 electrolyte

16 and in this work using a eutectic CaCl2-
LiCl liquid electrolyte (Fig. 1e), which indicate a thermodynamically
limited specific capacity of 733mAhg−1 Sb (i.e., 62.5 at% Ca in Sb).
Despite the close agreement of the specific capacities determined
from the measurement of Eeq through coulometric titration and the
emf of binary Ca-Sb alloys, the two measurements deviate above
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Fig. 1 | Fragmentation of solid Sb and resulting high capacity. a Discharge
potential of monolithic Sb electrodes in a three-electrode cell discharged to 160,
320, 480, 660, and 731mAhg−1 Sb, respectively, using constant current (25mA) in
CaCl2-LiCl electrolyte at 520 °C. b Optical cross-section images of monolithic Sb
electrodes at each state of discharge targeted in (a), and electron microscopy
images at 160 and 660mAhg−1 Sb, showing the fragmentation of Sb with the for-
mation of Ca-Sb compounds based on EDS point analysis. c SEM images of the
desalted Sb positive electrode in a fully charged state after ~1100 discharge/charge

cycles, primarily at a rate of C/5 between 0.6 and 1.3 V, showing a porous, net-
worked structure consisting of micron-scale positive electrode particles.
d Equilibrium potential of particulate Sb (square symbols) as a function of specific
capacity via coulometric titration compared to the emf of binary Ca-Sb alloys (solid
lines) using a liquid CaCl2-LiCl electrolyte (red) in this work or a solid CaF2 elec-
trolyte (blue)16 in previous works. e Emf measurements of binary Ca-Sb alloys
(54–65 at% Ca) in a liquid CaCl2-LiCl electrolyte. These results were replicated in
two additional and identical three-electrode cell assemblies.
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320mAhg−1 Sb (Fig. 1d) which can be explained by phase analysis of
the electrode as summarized in Fig. 2 and discussed further below.

Electrochemical performance of the Sb positive electrode
To observe practical cycling performance compared to the emf mea-
surements discussed above and provide larger positive electrode
samples for detailed analysis, a three-electrode electrochemical cell
was constructed for the Ca||Sb(s) system. Figure 2a, b display cycling
performance for a particulate Sb electrode held in a stainless steel (SS)
crucible subjected to constant currents equivalent to C-rates of C/
20–1 C (based on a theoretical capacity of 733mAhg−1 Sb) and current
densities of 50–1000mA cm−2 (based on the macroscopic area of the
exposed positive electrode surface, A =0.50 cm2). This current density
is far greater than that typically demonstrated in room temperature Li-
ion batteries (<10mA cm−2)17, consistent with the generally facile
kinetics of LMBs. The achieved discharge capacity was more than
659mAhg−1 Sb (>90% of theoretical capacity) at C/20–C/2 rates and
was about 400mAhg–1 Sb at the highest 1 C rate, demonstrating a far
greater specific capacity for Ca||Sb(s) at 520 °C than the Ca||Sb(l)
couple at 700 °C (<136mAhg−1 Sb) or advanced LIBs
(<250mAh g−1)14,18. The Sb electrode performance in this cell was reli-
able with negligible capacity loss over 50 cycles (>30 days) and high
round-trip coulombic efficiencies ( > 99.4%) during steady state
operation at 90–100% of the theoretical capacity. Based on linear

current-potential (I-E) behavior and impedance spectra, the estimated
resistances of the Sb positive electrode remained steady at various
states of discharge indicating stable electrical connectivity throughout
the positive electrode (Fig. S4). At practical daily cycle rates (C/8–C/
10), the calculated energy efficiency is 79–84%, demonstrating utility
for grid-scale energy storage when coupled with intermittent renew-
able energy technologies.

Figure 2c reveals the dynamic phase evolution of the Sb(s) elec-
trode through SEM-EDS and X-ray diffraction (XRD) analysis of four
particulate Sb electrodes. Each electrode was cycled 10 times to one
respective discharge state (i.e., 168, 312, 672, or 734mAh g−1 Sb) at a
rate of C/6 before being cooled to room temperature for ex situ ana-
lysis. XRD analysis indicates the formation of [Sb + CaSb2] compounds
at 168mAhg−1 Sb and [CaSb2 + Ca11Sb10] at 312mAhg−1 Sb, in agree-
ment with the known equilibrium phase behavior of the binary Ca-Sb
system16. Interestingly, at later stages of discharge, the presence of a
ternary LiCaSb compound was evident: [Ca11Sb10 + LiCaSb] at
672mAh g−1 Sb and [LiCaSb +Ca2Sb] at the full depth of discharge
(734mAhg–1 Sb). The formation of the LiCaSb compound implies an
electrode reaction in which Ca and Li are co-deposited without an
associated decrease in electrode potential, particularly at later stages
of discharge (>320mAhg−1 Sb). The formation of LiCaSb explains the
deviation of Eeq from the emf of binaryCa-Sb alloys as shown in Fig. 1d.
Chemical analysis via inductively coupled plasma-atomic emission
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Fig. 2 | Electrochemical performance and characterizationof the particulate Sb
electrode. a Potentials for a particulate Sb electrode in a SS holder in a three-
electrode cell with a eutectic CaCl2-LiCl electrolyte at 520 °C during charging/dis-
charging cycles at various C-rates (25–500mA, A =0.50 cm2), in comparison with
the equilibrium potential (Eeq) determined in Fig. 1d. b Specific charge/discharge

capacity, coulombic efficiency, and energy efficiency as a function of cycle number
at various C-rates for an Sb electrode. These measurements were replicated three
times with similar results. c SEM images, EDS analysis, and XRD patterns of Sb
electrodes after 10 discharge/charge cycles to each respective state of discharge
under a constant current rate of C/6.
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spectroscopy (ICP-AES) corroborates that the discharge reaction is
dominated by Ca deposition at early stages and by co-deposition of Ca
and Li at later stages of discharge (Table 1).

Cycling performance of the Ca||Sb(s) battery
Figure 3a schematically illustrates a Ca | CaCl2-LiCl | Sb(s) battery
constructed to demonstrate practical implementation of this system.
Pure Ca metal was pre-embedded in an iron foam current collector
by wetting the foam in molten Ca. The cycling performance of the
Ca||Sb(s) battery was evaluated at 520 °C using a C/2 current rate, shown
in Fig. 3b, c. The Ca||Sb(s) battery consistently achieved a high average
discharge capacity of 715mAhg−1 Sb (97% of the theoretical capacity)
and an average discharge energy of 620Whkg−1 Sb. Following cell

operation for 16 days and over 100 cycles, there was no indication of
capacity loss with high coulombic (98.4%) and energy (86%) efficiencies.
In addition, the Ca||Sb(s) battery with a low electrolyte mass (13 g)
achieved98%coulombic and80%energy efficiencies using aC/4 current
rate (Fig. S5), demonstrating that this battery functions properly with a
substantial reduction in electrolyte volume (Figs. S5–S6).

Electrochemical formation of the liquid Ca-Li alloy negative
electrode
Historically, the use of Ca metal in molten salt electrolytes has pre-
sented unpleasant challenges due to its high reactivity and solubility in
molten salts, which typically leads to poor coulombic efficiency
(< 82%) and rapid cell degradation19,20. Furthermore, cell operation at
520 °C, below the melting point of calcium, introduces the possibility
of dendritic growth of solid Ca during charging which may result in a
short circuit between electrodes or unstable voltage. We report that
the excellent cycling performance and absence of erratic behavior
observed for this Ca||Sb(s) battery can be attributed to the electro-
chemical formation of a Ca-Li alloy at the negative electrode via co-
deposition. Figure 4a displays an ex situ image of a fully charged
negative electrode after 100 cycles, showing sound retention of
negative electrode materials within the foam current collector. Che-
mical analysis by ICP-AES in Table 2 confirms that the negative elec-
trode material is a binary Ca-Li (~41 at%, or 11 wt% Li) alloy and XRD
analysis (Fig. 4b) corroborates the presence of the Ca(s) and Li2Ca
phases with a hypo-eutecticmicrostructure (L→ L + Ca→Ca + Li2Ca) as
observed via SEM (Fig. 4c)21. Notably, the formation of this binary Ca-Li

Table 1 | Chemical compositions of Sb positive electrodes
after 10 discharge/charge cycles to each respective state of
discharge under a constant current rate of C/6 by ICP-AES
and ion chromatography (IC) for chloride anion
concentrations

State of dis-
charge(mAh g−1 Sb)

Concentration (at%)

Ca Li Sb Cr Fe Ni Cl

168 27.60 0.010 bal. - 0.033 - 0.026

312 41.44 0.027 bal. - 0.008 - 0.029

672 36.18 30.18 bal. 0.001 0.016 - 0.035

734 34.01 35.05 bal. - 0.025 - -

a

b c
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Fig. 3 | Demonstration and performance of a Ca|CaCl2-LiCl|Sb(s) battery.
a Schematic of a Ca||Sb(s) batterywith optical and elemental X-raymapping images
of the initial configuration for the Ca negative electrode (0.70 g) and Sb positive
electrode (0.70 g). b Representative cell voltage profiles for 100 charge/discharge

cycles operated at a rate of C/2 (250mA) at 520 °C in the electrolyte (120 g).
c Specific charge/discharge capacity, coulombic efficiency, and energy efficiency as
a function of cycle number. These results were replicated in an additional and
identical cell assembly.
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alloy means that the negative electrode is liquid during operation,
which eliminates the chance of solid dendrite growth and reduces the
chemical reactivity of Ca. Furthermore, the liquid Ca-Li alloy exhibited
remarkably low overpotentials (< 10mV) owing to facile liquid-liquid
interfacial reactions and rapidmass transport during cycling at various
currents (15–150mA) as displayed in Fig. 4d.

Long-term cycling stability
As further evidence for the cycling stability achievable with the Ca||
Sb(s) chemistry, Fig. 5 shows discharge capacity data from a battery
over ~4000 cycles and 9 months. This cell was primarily cycled across
its full voltage range (0.6–1.2 V) using a high C-rate of C/1.3 at the
expense of discharge capacity to demonstrate long-term cycling per-
formance. After an initial set of conditioning cycles, the cell was run
under quasi-steady state conditions. Notwithstanding some minor
discontinuities in the test data due to an unexpected power outage
(partial cool-down), a high coulombic efficiency (>99%) and no net

capacity fade are observed even after a number of cycles equivalent to
over a decade of daily cycling. A gradual increase in round-trip energy
efficiency can also be observed as this test progressed. The increase in
steady-state capacity observed after the period of deeper discharge
cycles (black square symbol), in which the cell voltage was floated at
0.6 V for 0.5 h in a fully discharged state, further supports the
hypothesis that increasing positive electrode fragmentation increases
accessible cell capacity.

Cost analysis of the Ca||Sb(s) cell
Based on the battery performance achieved (Fig. 3) and the cost of
electrode materials, the energy cost and density of the Ca||Sb(s) bat-
tery are estimated at 19.1 $ kWh−1 and 402Whkg-1, outperforming prior
LMBs (65 $ kWh−1 and 194Whkg−1)5,7,22,23 by fully utilizing the low-cost
particulate Sb positive electrode up to the thermodynamic limit.
However, a large volume of electrolyte in this work results in much
higher energy cost (236–1956 $ kWh−1), requiring further development
of a compact cell design to minimize electrolyte volume (Table S2).
Further cost calculations, assuming compact cell assembly with an
interelectrode spacing of 0.5 cm (Table S3), indicate that the energy
cost can be as low as 34.2 $ kWh−1 when factoring in all active com-
ponents (electrodes and electrolyte) and 46.8 $ kWh−1 at a cell level
with the addition of a cell case (304 SS). While preliminary cost cal-
culations indicate the advantageous low-cost of the Ca||Sb(s) battery
for energy storage applications, they also suggest pathways for further
cost reduction such as the development of low-cost electrolytes with
reduced LiCl content and a compact cell stack to reduce the mass of
both electrolyte and inactive cell components.

1cm

a b
Salt removed Cross-sectioned

c d

Fig. 4 | Ex situ characterization and kinetics of the liquid Ca alloy negative
electrode. aOptical images showing the absenceof dendrite formation on the fully
charged negative electrode after 100 charge/discharge cycles (Fig. 3) after the salt
layer was removed via soaking in dimethyl sulfoxide (left) and after cross-
sectioning (right).bXRDpatterns of the negative electrode indicating thepresence

of a Ca-Li alloy identified as the Li2Ca phase. c SEM image and Ca element EDS
mapping of the negative electrode indicating hypo-eutectic reaction21.
d Overpotentials at the liquid Ca alloy in a three-electrode cell during charging/
discharging cycles at various current rates (15–150mA). The measurement results
were obtained from a single three-electrode cell assembly.

Table 2 | ICP-AES chemical composition analysis of the fully
charged negative electrode after 100 charge/discharge
cycles (Fig. 3)

Sample Concentration

Ca Li Sb Cr Fe Ni
(at %) (ppm)

#1 57.7 41.3 0.9 246 570 1332

#2 57.8 41.5 0.6 216 403 2091
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In conclusion, we demonstrate that the high capacity of the Ca||
Sb(s) couple in a molten CaCl2-LiCl electrolyte is enabled by sponta-
neous fragmentation of Sb during cycling, the self-assembly of a por-
ous, electronically conductive positive electrode network, and the
formation of a ternary LiCaSb compoundwithout a corresponding loss
in cell voltage. Furthermore, in this electrolyte, the formation of a
liquid Ca-Li alloy negative electrode allows for rapid electrode kinetics
and stable cycling. These findings allowed the successful construction
and operation of high-capacity Ca||Sb(s) batteries with high efficiency
and excellent cycle life under laboratory conditions. While preliminary
performance results and cost projections show some potential for this
chemistry to be cost competitive based solely on rawmaterials cost, it
is currently unknown if it will be cost-effective at scale, due to
unproven performance in a real prototype (as the current cell designs
are not suitable for scale up) and the complexity of calculating all
associated costs with R&D and manufacturing at scale, requiring fur-
ther investigation, currently underway at Ambri Inc. These issuesmake
a comparison with the state-of-the-art, such as pumped storage
hydropower or lithium-ion batteries, impractical at this stage. Asses-
sing performance will first require designing a more suitable electro-
lyte, realizing a sealed prototype with realistic and cost-effective
electrolyte quantity and chemistry, verifying the real performance in
terms of cycle life without excess electrolyte, realizing large scale
prototypes, and performing an extensive technoeconomic analysis,
currently out of scope of the current publication. The high cost and
electrolyte fraction of LiCl in this system present still further oppor-
tunities for cost reduction through the design and testing of low-
melting, multi-component electrolytes with minimized LiCl content.
These results are a foundation for continued development of this
system to advance its potential for implementation as an energy sto-
rage system as part of a decarbonized electrical grid.

Methods
Cell components and configuration
All cell components were prepared and assembled in an inert Ar-filled
glovebox (O2 < 0.5 ppm). Eutectic CaCl2-LiCl (35-65mol%) electrolyte
was prepared by mixing appropriate weights of anhydrous LiCl

(>99.0%, industrial grade) and CaCl2 (>98.0%, industrial grade) in a
quartz crucible and pre-melting under the following temperature
profile: 8 h at 100 °Cand270 °C for vacuum-dryingof salt, 8 h at 430 °C
during which time the chamber was purged with Ar gas (99.999%,
Praxair), and 700 °C for 3 h to pre-melt the salt. The pre-melted elec-
trolyte was then crushed into fine powder for electrochemical
measurements.

Electrode materials were prepared using pure Sb (99.95%, Alfa
Aesar) and Ca (99.5%, Alfa Aesar) metals. Monolithic Sb electrodes
(Fig. 1a) were prepared by induction melting (IH15A-2 T, Across Inter-
national) in a BN (99%, Advalue Technology) crucible (8mm ID, 12mm
OD, 12mm height), while particulate Sb electrodes were prepared by
grinding Sb with a mortar and pestle before loading into a SS crucible
(8mm ID, 12mm OD, 12mm height) covered with SS meshes
(100 × 100). Porous metal structures, such as 95% porosity iron foam,
were prepared as electrode holders for any materials deposited to
evaluate negative electrode performance (Fig. 4).

The potential of each Sb working electrode (WE) wasmeasured in
a three-electrode cell comprised of a Ca-Bi alloy (xCa = 0.40) as the
reference electrode (RE) and a Ca-Sb alloy (xCa = 0.40) as the counter
electrode (CE). The Ca alloy electrodes were fabricated from pure
metals of Ca, Sb, and Bi (99.999%, Sigma-Aldrich) using an arc-melter
(MAM-1, Edmund Bühler GmbH). The Ca-Bi RE (2 g) was placed in a BN
crucible (8mm ID, 12mm OD, 25mm height) with two capillary holes
(1.5mm)drilled just above thebottomof the crucible and its emf value,
0.801 V vs. Ca(s) at 520 °C24, was used to report the measured elec-
trode potentials versus Ca(s). The Ca-Sb CE (15 g) was placed in a large
surface area BN crucible (21mm ID, 25mmOD, 12mmheight). Both RE
and CE alloys were remelted in BN crucibles using an induction heater,
and tungsten electrical leads were inserted into the alloys while still
molten. The components and configuration of the three-electrode
cells used in this study are summarized in Fig. S1 and Table S1.

Electrochemical measurements
The equilibriumpotential of particulate Sb (Fig. 1d) was determined by
the coulometric titration technique. The Sb was discharged using a
constant current of 20mA for 30min in each titration step, followed

Fig. 5 | Long-term cycles of a Ca|CaCl2-LiCl|Sb(s) battery. Discharge capacity,
coulombic efficiency, and cycle energy efficiency of a battery operated over 4000
discharge-charge cycles between 0.6 and 1.2 V at a nominal rate of C/1.3 (4A,
~200mAcm−2) over ~9 months. Data represented with a black square symbol
indicates the discharge capacity obtained with the addition of a constant voltage
float of 0.6 V for 0.5 h in a state of full discharge, which resulted in a steady

increased capacity in the following cycles. The cell was constructed using 7.0 g of
Sb as the positive electrode, 3.3 g of Ca as the negative electrode, and 602g of the
electrolyte and was operated at 520 °C. The measurement results were obtained
from a single cell which was sealed and operated under ambient atmospheric
conditions.
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by a 2 h open-circuit potential measurement to allow for stabilization
of the Sb electrode (Fig. S2). For emf measurements of binary Ca-Sb
alloys (Fig. 1e), arc-melted alloys (xCa = 0.54–0.65)were equilibrated by
annealing at 650 °C for 72 h after which the equilibrium phases were
confirmed by XRD (Fig. S3). The annealed Ca-Sb alloys were placed in
BN crucibles with the same dimensions as the RE crucible described
above, before their potentials weremeasuredwith respect to the Ca-Bi
RE for 10 h at 520 °C. All three-electrode cell measurements were
validated using additional electrodes in the same cell or in
separate cells.

In the two-electrodeCa||Sb(s) battery cell of Fig. 3, the Ca negative
electrode was fabricated by immersing iron foam (95% porosity) in
moltenCawhile the particulate Sbpositive electrodewas prepared in a
SS crucible with a SS mesh (40×40) spot welded to the top. Both
electrodes were then assembled in a SS cruciblewith an interelectrode
distance of 0.5 cm. Once assembled, pre-melted electrolyte powder
(120 g) was poured into the crucible. Detailed descriptions of cell
components are summarized in Table S2, including a battery cell with a
lowmass of electrolyte (13 g) in Fig. S5. The Ca|CaCl2-LiCl|Sb(s) battery
was placed in an air-tight SS test chamber under an argon atmosphere
and cyclically discharged and charged at 520 °C. Electrochemical
measurements were carried out using a potentiostat (Interface 5000E,
Gamry Instruments) and cell temperature was monitored using a data
acquisition system (NI 9211, National Instruments). To confirm
observed cell performance, the lab-scale battery cell performance was
replicated at least two times in separate cell assemblies. Before each
measurement, the cell was subjected to two conditioning cycles under
a constant rate of C/4.

For the characterization of cycle life data (Fig. 5), a two-electrode
Ca||Sb(s) battery cell was prepared and cycled using an Arbin Instru-
ments battery tester for both electrochemical control and data log-
ging. This cell consisted of a SS housing sealedwithwelds and a brazed
ceramic to ensure electrical isolation between the positive and nega-
tive terminals. Internally, the liquid negative electrode was held within
a stack of SS meshes (35 mesh) with a macroscopic area of ~19.7 cm2.
The positive electrode was contained in a SS crucible with an opening
of equal area covered with SS mesh (80 × 700 Dutch weave). The
electrode holding components were assembled facing each other in a
prismatic configuration at a nominal interelectrode spacing of 1.3 cm.
Molten electrolyte was then poured into the housing around the
electrode assemblies and allowed to freeze before the cell was sealed.
Further construction details for this cell are summarized in Table S2.
This cell was initially subjected to ~30 conditioning cycles before being
switched to high-rate (C/1.3) quasi-steady state cycles that were the
main subject of the test. As the sealed cell was operated in open air at
ambient conditions, lower C-rate (C/12–C/4) conditioning cycles and
several potentiostatic holds were used to both condition the electro-
des and validate that the physical cell construction, casing, and seal
were sound before long-term cycle testing began.

Ex situ characterization/analysis
Upon completion of electrochemical measurements, the electrodes
were raised above the electrolyte and the cell was cooled to room
temperature. Each electrodewas separated from the cell assembly and
immersed in dimethyl sulfoxide (99.9%, Sigma-Aldrich) inside of the
glovebox for 3 days to remove the entrained salt layer. The electrode
was then removed from the glovebox and mounted in epoxy resin
before being cross sectioned using a low speed saw. One half of the
cross sectioned electrode was polished with 1200-grit sandpaper
(<15min) using isopropyl alcohol (99.5%, Sigma-Aldrich) while the
electrode material was separated from the second half of the cross
sectioned electrode by removing the current collectors/holders
(<15min). Following this sample preparation under ambient condi-
tions, cross sectioned electrodes were immediately transferred to a
glovebox, sealed in a glass ampoule, and stored under an Ar

atmosphere. The sealed ampoule was transported and opened directly
before ex situ characterization to minimize the exposure of the pre-
pared samples to ambient conditions (<5min). The polished sample
was used for microstructural characterization using SEM (FEI Quanta
200) coupled with energy dispersive spectroscopy (EDS) and the
separated electrode material was used for phase analysis by XRD
(PANalytical Empyrean, Cu Kα-radiation) or chemical analysis by ICP-
AES (Thermo iCAP 7400). For characterization of Sb electrodes in a
fully charged state (Fig. 1c), multiple changes of deionized water were
used over several days to remove salt and reveal the electrode mor-
phology under ambient conditions.

Cost analysis
The electrode materials cost per unit energy, C, was calculated using
C =

P
iPimi=ED, wherePi is the commodity bulkpriceof eachelectrode

material in $ kg−1, mi is the mass in g, and ED is the average discharge
energy in kWh. A detailed cost calculation for the Ca||Sb(s) battery is
presented in Table S3 based on electrochemical performance (Fig. 3).
This approach for electrode cost calculation is consistent with the
previously reported values for various LMB cells and the estimated
values are compared in Table S4. The cost calculations for the Ca||Sb(s)
battery were extended to include the mass of electrolyte assuming an
interelectrode distance of 0.5 cm, a macroscopic electrode surface
area of 1 cm2, and the liquid-state density of each salt at 520 °C. Finally,
the mass of the cell case (304 SS) needed for the cell assembly was
included to estimate the cell-level cost for a Ca||Sb(s) battery.

Data availability
All data generated or analyzed in this study are provided in the Sup-
plementary Information/Data files. Source data are provided with
this paper.
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