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The need for clean, renewable energy has driven the expansion of renewable
energy generators, such as wind and solar. However, to achieve a robust and
responsive electrical grid based on such inherently intermittent renewable energy
sources, grid-scale energy storage is essential. The unmet need for this critical
component has motivated extensive grid-scale battery research, especially
exploring chemistries “beyond Li-ion”. Among others, molten sodium (Na)
batteries, which date back to the 1960s with Na-S, have seen a strong revival,
owing mostly to raw material abundance and the excellent electrochemical
properties of Na metal. Recently, many groups have demonstrated important
advances in battery chemistries, electrolytes, and interfaces to lowermaterial and
operating costs, enhance cyclability, and understand key mechanisms that drive
failure in molten Na batteries. For widespread implementation of molten Na
batteries, though, further optimization, cost reduction, and mechanistic insight is
necessary. In this light, this work provides a brief history of mature molten Na
technologies, a comprehensive review of recent progress, and explores
possibilities for future advancements.
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1 Introduction

Energy use is a foundational aspect of human society. However, the continued use of
non-renewable fossil fuels, such as oil, coal, and natural gas, is unsustainable (Burnham and
Braun, 1990; Cross and Phillips, 1990; Perera, 2017; Kreps, 2020; Arnold and Osborne,
2023). Furthermore, their combustion releases carbon dioxide gas that accumulates in the
atmosphere and leads to global warming (Archer et al., 2009; Andres et al., 2012; Ediger,
2019). The harmful effects of fossil fuels have led to the development of new, renewable
methods to generate electricity. Namely, wind and solar energy have emerged as promising
options to address the global energy crisis (Ackermann and Söder, 2000; Mekhilef et al.,
2011). Wind turbines are spun solely with the power of wind, eliminating the need for steam
turbines that rely on fossil fuels (Balat, 2009). Photovoltaic panels are composed of
semiconducting materials that absorb energetic photons from the Sun and excite
electrons that can then flow and generate electricity (El Chaar et al., 2011). Neither of
these methods require fossil fuels to harness energy and their expansion significantly
reduces the carbon footprint left by electricity generation (Bhandari et al., 2020; Lu et al.,
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2023). Importantly, these clean energy sources not only serve to
replace fossil fuels for electricity generation, but they offer routes to
satisfy growing demands for vehicle and industrial electrification
(Yuan et al., 2021). These transformative new demands for clean,
around-the-clock electricity stand to strain the existing grid
infrastructure.

Additionally, both wind and solar suffer from intermittent and
variable electricity generation (Anvari et al., 2016). Although the
total energy harvested by wind and solar would be sufficient to
support many critical industry sectors, significant amounts of energy
may be wasted due to fluctuating, mismatched supply and demand,
or limitations on the ability to transmit and distribute the energy
when and where it is needed (Islam et al., 2014). Fossil fuels are then
still necessary to supply an agile and reliable energy supply during
times of peak demand or unplanned outages (Jebaselvi and
Paramasivam, 2013; Calero et al., 2022). To combat fluctuating
supply and demand and to relieve transmission congestion issues,
many renewable generators utilize energy storage to reclaim energy
that would be lost during periods of peak production, and to
maintain a stable, responsive energy supply during periods of
peak demand (Anvari et al., 2016; Kosowatz, 2018; Moran et al.,
2018; Denholm et al., 2020; Rahman et al., 2020; Calero et al., 2022).
In addition to short-term energy management (2–4 h), there is hope
that long-duration energy storage (LDES) (>10–12 h) can
strengthen the electrical grid during extended generation outages
to further reduce reliance on fossil fuels (Albertus et al., 2020;
Guerra, 2021; International Energy Agency, 2022; Long Duration
Energy Storage Council, 2022; Denholm et al., 2023). Moreover,
electrification of the transportation and industrial manufacturing
sectors, which add significant load to the electrical grid, will
absolutely require large-scale, extended-duration storage to meet
energy demands (Pereirinha et al., 2018; Wei et al., 2019).

Rechargeable batteries are a promising energy storage solution.
(Zhu et al., 2022a). Since the commercialization of the lithium-ion
battery in the 1990s, battery-powered devices have become an
integral part of society (Nagaura, 1990). However, lithium-ion
batteries can encounter issues with materials supply chains,
safety, and most importantly, cost (Helbig et al., 2018a; Helbig

et al., 2018b; Wentker et al., 2019a; Wentker et al., 2019b; Karabelli
et al., 2020; Chen et al., 2021; Kebede et al., 2021). This has led to
exploration of many “beyond Li-ion” battery chemistries, which rely
on cheaper, more sustainable materials. Molten sodium (Na)
batteries, which were first introduced with the Na-sulfur (S)
battery in the 1960s, are promising for grid-scale energy storage
due to the widespread abundance of Na resources and the desirable
electrochemical properties of Na metal (1,166 mA h g-1, -2.71 V vs.
SHE) (Kummer and Weber, 1968; Coetzer, 1986; Karabelli et al.,
2020). Their potential for effective grid-scale storage has led to the
recent revitalization of molten Na battery research, with many
groups tackling issues related to cost, lifetime, and energy/power
density. This research progress has ignited commercialization efforts
for various molten Na chemistries, by companies such as Enlighten
Innovations, Inlyte Energy, Solstice, and Adena Power. This review
aims to highlight recent progress and important remaining
challenges in the field of molten Na batteries. Some important
research and commercialization efforts are highlighted in
Figure 1. Clear from this figure is the fact that although molten
Na batteries have been in development for decades, the increased
focus on these technologies in the last 10 years reveals a
revitalization of this promising, Na-based set of technologies.

2 Early molten Na batteries

2.1 Na-S batteries

Na-S batteries were first developed in the 1960s by the Ford
Motor Company (Kummer and Weber, 1968). Na-S cells couple an
elemental S positive electrode with the Na negative electrode. The S
electrode may be composited with carbon or absorbed in a carbon
sponge to improve electronic conduction within the electrode.
Traditionally, these cells were operated in excess of 300 °C, where
the S electrode is also molten (Kummer and Weber, 1968; Weiner,
1977; Sudworth and Tilley, 1986). The two molten electrodes
mandate a solid electrolyte to provide electrode containment, ion
conduction, and electron blockage (Yung-Fang Yu and Kummer,

FIGURE 1
Timeline of important research and commercial efforts to advance molten Na batteries.
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1967; Whittingham and Huggins, 1971a; Whittingham and
Huggins, 1971b). Traditionally, β″-alumina, Na1+xAl11O17+x/2,

xAl11O17+x/2, where x is typically ~0.3, served as the electrolyte
for early Na-S batteries (Yung-Fang Yu and Kummer, 1967;
Kummer and Weber, 1968). The non-stoichiometric nature of
the β″-alumina solid electrolyte (hereafter referred to as BASE) is
due to the presence of mobile Na+ that allow ion passage between
electrodes. A typical configuration of a tubular molten Na-S cell is
illustrated in Figure 2.

During discharge of Na-S batteries, Na metal at the negative
electrode is oxidized to Na+ ions. These ions pass through the BASE
and react with the sulfur electrode to form a series of sodium
polysulfides, ranging from Na2S8 to Na2S2

. However, Na2S2
solidifies and cannot be reverted to elemental sulfur upon
charging, so discharge should be ceased before any Na2S2 is
formed. The negative and positive half-cell reactions and overall
cell reaction are listed in Eqs 1–3.

Na l( ) ↔ Na+ + e− (1)
xS l( ) + 2e− ↔ S2−x (2)

2Na l( ) + xS l( ) ↔ Na2Sx s or l( ) (3)

Since these reactions occur in sequential stages, the potential at
each composition slightly changes. An average voltage of ~2.0 V is
produced from these reactions (Kummer and Weber, 1968; Weiner,
1977; Sudworth and Tilley, 1986).

Na-S batteries have been successfully commercialized for grid-
scale storage by NGK Insulators, LTD, and they have deployed

720 MW/4.9 GWh of storage around the world in more than
200 cities (Spoerke et al., 2030). NGK provides batteries that
possess energy and power densities of 367 Wh L−1 and
36 W kg−1, respectively, and can achieve cycle lives of
~4,500 cycles (NGL-Insulator, 2023). However, their high
temperature operation (above 300°C) and engineering measures
to address the hazardous reactivity of sodium and sulfur led to
elevated operating costs and historically limited their application
(Ohi, 1992; National Research Council, 2012; NGL-Insulator, 2023).
Through a recent partnership between NGK and chemical
manufacturer BASF, these batteries have been further optimized
to improve lifetimes (7,300 projected cycles) and reduce costs (NAS
Batteries, 2023).

2.2 ZEBRA batteries

In the 1980s, the first Na metal halide (NaMH) batteries were
developed under the Zero-Emission Battery Research Activities
(ZEBRA) project (Coetzer, 1986). This chemistry sought to
improve upon the Na-S battery. ZEBRA batteries also use molten
sodium metal negative electrodes and BASE as the solid electrolyte.
However, the positive electrode of a ZEBRA battery consists of a
molten sodium tetrachloroaluminate (NaAlCl4) salt mixed with
NiCl2 (and, sometimes, FeCl2) particles. The NaAlCl4, which is
often referred to as a secondary electrolyte or catholyte, melts near
154 °C and helps to alleviate the issue of ionic conductivity of Na+ in
the positive electrode (Coetzer, 1986; Bones et al., 1989; Sudworth,
2001). The early ZEBRA battery configuration is similar to a Na-S
cell, with the S electrode (e.g., as shown in Figure 2) replaced by the
halide salt/catholyte mixture. The half-cell reactions for the positive
electrode are listed in Eqs 4, 5. Note that the negative half-cell
reaction is the same as the Na-S chemistry (Eq. 1).

NiCl2 s( ) + 2Na+ + 2e− → Ni s( ) + 2NaCl s( ) (4)
FeCl2 s( ) + 2Na+ + 2e− → Fe s( ) + 2NaCl s( ) (5)

The primary NiCl2 reaction leads to a voltage plateau near
2.58 V, while the FeCl2 (if included) reaction occurs at a plateau near
2.35 V (Coetzer, 1986; Bones et al., 1989; Sudworth, 2001). These
typically occur sequentially, with the NiCl2 discharging first,
followed by the FeCl2 discharge. These two separate plateaus can
be useful for gauging the SOC of the battery. FeCl2 addition can also
serve to reduce the internal resistance of the cell, increasing the
power (high current) capability of ZEBRA batteries. At high current,
the polarization within ZEBRA batteries may be high enough that
the voltage plateau is below 2.35 V and both reactions occur
simultaneously (Dustmann, 2004; Sakaebe et al., 2014).

Besides the higher voltage, ZEBRA batteries are believed to be
inherently safer than Na-S, requiring fewer engineering controls to
address the hazardous reactivity of high temperature molten Na and
S. If the ceramic electrolyte in a ZEBRA battery were to fail (a
phenomenon that will be discussed in detail later) the reaction
between Na metal and NaAlCl4 (Eq. 6):

Na l( ) +NaAlCl4 l( ) → 4NaCl s( ) + Al s( ) (6)
produces only benign salt and Al metal, and is far less violent than
the reaction between Na and S (Trickett, 1998; Dustmann, 2004;

FIGURE 2
Illustration of a tubular molten Na-S battery configuration using a
β″-alumina solid electrolyte (BASE).
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Sakaebe et al., 2014) Moreover, the high Na+ conductivity afforded
by the NaAlCl4 catholyte allows for a slight reduction in
temperature, with ZEBRA batteries capable of operating near
250°C. NaAlCl4 also prevents chlorine gas formation if the
battery is overcharged through a secondary reaction (Eq. 7) with
Ni metal:

2NaAlCl4 l( ) +Ni s( ) → NiCl2 s( ) +Na l( ) + 2AlCl3 l( ) (7)
Finally, ZEBRA batteries can be assembled in the discharged

state, where it is not necessary to handle air and moisture-sensitive
Na metal.

Traditional ZEBRA batteries have been successfully
commercialized by FZSoNick and have found a niche in grid-scale
as well as select mobile storage applications, totaling 500MWh of total
storage (Fzsonick, 2023a; Spoerke et al., 2030). These batteries provide
an energy density of ~90Wh L−1, attain cycle lives up to 4,500 cycles at
80% depth of discharge (DOD), and display total energy efficiencies
near 90% (accounting for the energy needed tomaintain their operating
temperature) (Fzsonick, 2023b). One common concern with ZEBRA
batteries is the inclusion of Ni metal, which has a relatively high “supply
risk” (SR - a score from 0 to 100 that quantifies amaterial’s susceptibility

to supply concerns). This is mainly attributed to its high and increasing
demand, which is partially fueled by its extensive use in Li-ion batteries
(Helbig et al., 2018a; Wentker et al., 2019a). As with Na-S, it is desirable
to lower costs by reducing the operating temperature of ZEBRA
batteries, but this is limited by two factors. Firstly, the catholyte
becomes viscous at lower temperatures and solidifies below 154°C,
eliminating the high Na+ conductivity in the positive electrolyte and
compromising the ability to cycle reliably (Bones et al., 1989). Secondly,
the conductivity of the BASE exponentially decreases with decreasing
temperature (Kummer, 1972; Dustmann, 2004). Potential remedies to
these issues for ZEBRA batteries and their descendants are addressed in
the following sections. Table 1 compares commercial Na-S and ZEBRA
battery systems to other current energy storage technologies (as
described by the World Energy Council) (Gardner et al., 2016).

3 Next-generation molten
sodium batteries

Significant research has recently been conducted to improve
molten Na batteries, particularly for grid-scale energy storage.
Figure 3 illustrates recently reported gravimetric and volumetric
energy densities of various chemistries as a function of temperature
(numeric values for these points are included in Table 2)
(Parthasarathy et al., 2007; Lu et al., 2013a; Lu et al., 2013b; Li
et al., 2013; Lu et al., 2014; Kim et al., 2015a; Li et al., 2015a; Shamie
et al., 2015; Spatocco et al., 2015; Li et al., 2016a; Liu et al., 2016; Xu
et al., 2016; Ao et al., 2017a; Chang et al., 2017; Holzapfel et al., 2017;
Small et al., 2017; Xue et al., 2017; Chang et al., 2018a; Chang et al.,
2018b; Jung et al., 2018; Lu et al., 2018; Yang et al., 2018; Ahn et al.,
2019; Jin et al., 2019a; Nikiforidis et al., 2019; Niu et al., 2019; Ding
et al., 2020a; Gross et al., 2020a; Li et al., 2020a; Zhan et al., 2020a;
Ding et al., 2020b; Zhan et al., 2020b; Gao et al., 2020; Gross et al.,
2021; Niu et al., 2021; Wang et al., 2021; Flynn et al., 2022; Zhou
et al., 2022; Heinz et al., 2023; Lan et al., 2023; Weller et al., 2023) To
reduce operating and material costs, lower temperature molten Na
batteries are the most desirable. As such, ZEBRA-style batteries have
garnered more recent attention than their Na-S counterparts, due to
the higher melting points of sodium/sulfur compounds, as well as
the safer inherent reactivity of the ZEBRA molten salts. However,
Figure 3 shows that Na-S type batteries, and various other
chemistries, are also promising for next-generation molten Na
batteries. Newer chemistries, such as a higher voltage Na-I
battery, liquid metal batteries (LMBs), and Na flow batteries
(NFBs) have been developed and promise to lower costs while
maintaining the necessary energy densities for grid-scale storage.

TABLE 1 Comparison of commercialized molten Na energy technologies with other chemistries. Information for other chemistries sourced from theWorld
Energy Council.

Chemistry Temperature Max lifetime Energy density Power rating Efficiency (%)

Na-S (NGK) NGL-Insulator (2023) 300°C–340°C 4,500 cycles 367 Wh L−1 36 W kg−1

Na-MH (FZSoNick) Fzsonick (2023b) 250°C 4,500 cycles 90 Wh L−1 90

Li-ion Gardner et al. (2016) RT 10,000 cycles 200–400 Wh L−1 100 MW 85–95

Lead-acid Gardner et al. (2016) RT 1,000 cycles 50–80 Wh L−1 100 MW 80–90

V redox flow Gardner et al. (2016) RT 14,000 cycles 20–70 Wh L-1 100 MW 60–85

FIGURE 3
Gravimetric and volumetric energy densities of recent molten Na
battery reports. Numeric values for points in the figure are included
in Table 2.
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In these next-generation batteries, particular interest has been paid
to improving positive electrode performance and developing
effective solid electrolytes (and often, coatings) to regulate the
sodium|electrolyte interface. This section will highlight recent
works dedicated to developing these next-generation molten Na
batteries. Generalized schematics of the battery technologies covered
in this section are shown in Figure 4.

3.1 Lower-temperature molten
sodium batteries

3.1.1 ZEBRA-style batteries
As stated previously, the NaAlCl4 catholyte in ZEBRA batteries

liquefies near 154°C. Na metal is molten at temperatures above 98°C.
This means that, theoretically, ZEBRA batteries could be operated at

TABLE 2 Summary of performance metrics in recent molten Na battery publications. Energy densities marked with * were estimated based on information
available in the publications. In Electrolyte column, S, L, and MS indicates solid, liquid, or molten salt, respectively. For any blank entries, information was
not provided or able to be calculated.

Year reference Chemistry Temp. (°C) Electrolyte Energy density Cycle life

2013 Lu et al. (2013a) Na-S/NiCl2 280 BASE (S) 248 Wh kg−1 60

2015 Li et al. (2015a) Na-FeCl2 190 BASE (S) 135 Wh kg−1 100

2017 Chang et al. (2017) Na-NiCl2 190 BASE (S) 133 Wh kg−1 150

2017 Ao et al. (2017a) Na-S/NiCl2 300 BASE (S) 449 Wh kg−1* 50

2018 Chang et al. (2018a) Na-NiCl2 190 BASE (S) 405 Wh kg-1 300

2019 Ahn et al. (2019) Na-NiCl2/FeCl2 300 BASE (S) 579 Wh kg−1* 100

2020 Gao et al. (2020) Na-NiCl2 190 BASE (S) 405 Wh kg−1* 400

2020 Zhan et al. (2020a) Na-FeCl2 190 BASE (S) 295 Wh kg−1 200

2020 Li et al. (2020a) Na-NiCl2 190 BASE (S) 263 Wh kg−1 170

2023 Lan et al. (2023) Na-NiCl2/FeCl2 300 BASE (S) 300 Wh kg−1 60

2007 Parthasarathy et al. (2007) Na-ZnCl2 400 BASE (S)

2018 Lu et al. (2018) Na-ZnCl2 190 BASE (S) 45

2019 Niu et al. (2019) Na-CuCl2 175 BASE (S) 375 Wh kg−1 50

2021 Niu et al. (2021) Na-CuCl2 175 BASE/IL (S/L) 322 Wh kg−1* 20

2023 Heinz et al. (2023) Na-ZnCl2 280 BASE (S) 231 Wh kg−1 22

2017 Small et al. (2017) Na-I 150 NaSICON (S) 150 Wh kg−1 250

2017 Xue et al. (2017) Na-NaAl2Cl7 200 NaSICON (S) 366 Wh kg−1 7

2020 Gross et al. (2020a) Na-I 110 NaSICON (S) 167.5 Wh L−1 200

2020 Zhan et al. (2020b) Na-NaAlCl4 190 BASE (S) 447 Wh kg−1 200

2021 Gross et al. (2021) Na-I 110 NaSICON (S) 223 Wh L−1 400

2023 Weller et al. (2023) Na-NaAl2Cl7 190 BASE/NaSICON (S) 194 Wh kg−1 345

2015 Spatocco et al. (2015) Na-(Pb-Bi) 270 NaOH-NaI (MS) 148 Wh kg-1* 100

2016 Xu et al. (2016) Na-Zn 560 NaCl-CaCl2 (MS) 40

2020 Ding et al. (2020a) Na-(Ga-In) 30 NaClO4 in DME/FEC (L) 181 Wh L−1 100

2020 Ding et al. (2020b) Na-(Bi-Sn-In) 100 NaI in tetraglyme (L) 302 Wh kg−1* 40

2022 Zhou et al. (2022) Na-Bi9Sb 450 LiCl-NaCl-KCl (MS) 143 Wh kg−1* 700

2015 Shamie et al. (2015) Na-V (NFB) 25 BASE (S) 132 Wh kg−1* 5

2016 Liu et al. (2016) Na-V (NFB) 25 BASE (S) 126 Wh kg-1* 30

2017 Holzapfel et al. (2017) Na-I (NFB) 100 NaSICON (S) 228 Wh kg−1 20

2018 Yang et al. (2018) Na-S (NFB) 100 BASE (S) 484 Wh kg-1* 55

2022 Flynn et al. (2022) Na-S (NFB) 125 NaSICON (S) 210 Wh L−1 170

2021 Wang et al. (2021) Na-S 150 BASE/IL (S/L) 457 Wh kg−1* 1,000

BASE, β”-Alumina Solid Electrolyte; IL, ionic liquid; NFB, Na flow battery; DME, dimethoxyethane; FEC, fluoroethylene carbonate.
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temperatures as low as 154°C and still maintain the benefits of a
liquid catholyte and negative electrode. Namely, these benefits are
higher conductivity of active Na+ ions and improved contact at the
catholyte|electrolyte interface (a liquid|solid interface as opposed to
a solid|solid interface) (Gerovasili et al., 2014; Lu et al., 2014; Li et al.,
2016a). However, in practice, it is difficult to decrease the
temperature to 154°C. The difficulties can be attributed to the
increased catholyte viscosity and decreased Na+ conductivity in
both the catholyte and solid electrolyte. In the classical tubular
configuration, temperatures down to 240°C have been studied by
Gerovasili et al. (2014) Interestingly, at these reduced temperatures,
the solid salt particles (NiCl2 and particularly NaCl) maintain a
smaller average particle size compared to operation at higher
temperatures. This is beneficial as the smaller particles provide
more active surface area for the electrochemical reactions to
proceed, leading to less polarization. These findings would point
to lower temperatures as preferable for ZEBRA battery operation,
but they are limited to ~240°C in the tubular configuration due to the
reduced catholyte conductivity at that temperature (Gerovasili
et al., 2014).

To take advantage of the benefits at temperatures below 240°C,
planar configurations of the ZEBRA battery have been proposed (Lu
et al., 2012; Li et al., 2014; Lu et al., 2017). A planar ZEBRA-style
battery configuration is illustrated in Figure 4A. The thinner
electrodes used in planar designs shorten diffusion pathways and

increase active surface area to lessen the effect of lower conductivity
in the positive electrode. A planar design also allows for the use of
thinner electrolytes (which can improve energy and power density)
and facilitates easier cell packing and thermal regulation. In 2016, Li
et al. demonstrated a planar Na-NiCl2 battery that operated as low as
190°C with an energy density of 350 Wh kg−1 and a lifetime of over
1,000 cycles (Li et al., 2016a). The improved energy density was
attributed to the planar design and the lower temperature slowed
particle growth, leading to a long cycle life. Further, reducing excess
Ni content in the positive electrode can boost energy density, both
reducing cost and enhancing performance (Li et al., 2013; Li et al.,
2016a; Chang et al., 2018a). Planar ZEBRA-style cells have also been
operated near 300°C to reduce electrolyte resistance and enable high
current densities up to 80 mA cm−2. (Lan et al., 2023).

To further enhance the performance of Na-NiCl2 cells, various
cathode architectures have been proposed. Positive electrodes
composed of carbon fibers with dispersed Ni particles can
maintain a conductive network and constrain particle growth
during cycling (Li et al., 2020a; Gao et al., 2020). Li et al. showed
that NiCl2/graphene aerogel positive electrodes with high electronic
conductivity exhibited low polarization and allowed for the
reduction of excess Ni (Li et al., 2021a). Ni-coated graphite
particles introduced by Chang et al. provided robust conductive
pathways in the electrode, whilst also eliminating a portion of
electrochemically inactive Ni (Chang et al., 2017). Encapsulating

FIGURE 4
Schematics of (A) ZEBRA-stylemolten sodium batteries (AM = activematerial), (B) fully moltenmetal halide batteries, (C) liquidmetal batteries (LMB),
and (D) sodium flow batteries (NFB).

Frontiers in Batteries and Electrochemistry frontiersin.org06

Hill et al. 10.3389/fbael.2024.1369305

https://www.frontiersin.org/journals/batteries-and-electrochemistry
https://www.frontiersin.org
https://doi.org/10.3389/fbael.2024.1369305


Ni particles within a Ni3S2 shell was shown to mitigate particle
growth and enhance cycle life of Na-NiCl2 cells (Ao et al., 2017a; Ao
et al., 2017b). These studies generally suggest that architectures
capable of limiting Ni particle growth can effectively improve the
performance of Na-NiCl2 cells (Kim et al., 2017; Ahn et al., 2019).

Additional reports have shown that costs can be reduced by
partially or completely eliminating Ni from the positive electrode. Lu
et al. showed that a combination Na-S/NiCl2 battery could operate
with capacity contribution from both active materials (Lu et al.,
2013a). FeCl2 is a common additive to NiCl2 positive electrodes in
ZEBRA cells, but positive electrodes using purely FeCl2 have also
been reported and completely eliminate the supply risk of Ni (Li
et al., 2015a; Zhan et al., 2020a; Frusteri et al., 2022). These lower-
cost batteries may sacrifice some energy density (295 Wh kg−1) to
reduce positive electrode material costs by ~94% (1.95 $ kWh−1 for
FeCl2 vs. 31.78 $ kWh for NiCl2) (Li et al., 2015a; Zhan et al., 2020a).

3.1.2 Metal chlorides beyond NiCl2 and FeCl2
Other metal chlorides can be substituted for NiCl2 and FeCl2 in

molten sodium batteries. Parthasarathy et al. (2007) proposed a
high-temperature (400°C) Na-ZnCl2 that used a ZnCl2/NaCl
catholyte and benefited from lower-cost and non-corrosive
ZnCl2. The cell relied on the overall reaction (Eq. 8):

2Na l( ) + ZnCl2 s or l( ) ↔ 2NaCl s( ) + Zn s( ) (8)
and provided a discharge voltage of ~2.0 V. Researchers have since
tried to lower the operating temperature of Na-ZnCl2 cells to further
reduce costs. Lu et al. used the traditional NaAlCl4 catholyte to
reduce the temperature to 280 °C. Zn and NaCl particle growth was
limited at this temperature which helped maintain cell reversibility
(Lu et al., 2013c) The same group eventually lowered the
temperature even further to 190°C and proposed the following
two-step reaction mechanism (Eqs 9, 10):

4NaCl s( ) + Zn s( ) ↔ Na2ZnCl4 s( ) + 2Na l( ) (9)
Na2ZnCl4 s( ) + Zn s( ) ↔ 2ZnCl2 s( ) + 2Na l( ) (10)

that provided discharge voltages of 1.94 and 2.13 V, respectively (Lu
et al., 2018) Similar to NiCl2/FeCl2 batteries, electrode architectures
and different NaCl/ZnCl2 ratios have been studied to understand the
influence of particle growth on battery performance (Kim et al.,
2015b; Lee et al., 2019) This extensive effort has led to the recent
demonstration of high capacity (38 Ah) tubular Na-ZnCl2 cells by
Heinz et al. (from the Solstice project) which benefited from an
improved understanding of the AlCl3-NaCl-ZnCl2 secondary
electrolyte and precursor morphology (Heinz et al., 2023; Kumar
et al., 2023; Solstice, 2023; Sieuw et al., 2024).

In addition to ZnCl2, CuCl2 has been explored as a potential
positive electrode material. Niu et al. reported a Na-CuCl2 battery
that operated at 175°C and relied on a 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) ionic liquid
catholyte. The group also reported similar issues related to
particle growth and aggregation during cycling (Niu et al., 2019;
Niu et al., 2021).

3.1.3 Fully molten metal halide batteries
The absolute minimum temperature of classical ZEBRA

batteries (which use NiCl2 and FeCl2) is the melting point of the

NaAlCl4 catholyte, 154°C. However, since Na is molten as low as
98°C, new positive electrode materials have the potential to further
reduce temperature while maintaining the benefits of liquid
electrodes. In 2017, Small et al. introduced a new molten NaMH
battery chemistry that could be operated down to 120°C that relied
on the electrochemical couple of Na and iodide (Small et al., 2017).
This lower temperature was enabled by using a NaI-AlCl3 positive
electrode. A 50:50 (atomic %) mixture of these salts has a melting
point near 95°C, even lower than that of Na metal, unlocking a new
temperature regime for molten Na batteries. This fully molten
design is illustrated in Figure 4B. The elements in these
electrodes are abundant (Al is the second most abundant element
in the Earth’s crust) and, along with the temperature decrease,
provide the opportunity for significant cost reduction for grid-
scale storage (Small et al., 2017). As opposed to many of the
metal-chloride batteries that used BASE, the NaI batteries used
the Na Super Ionic CONductor (NaSICON) as the solid electrolyte,
with the formula Na1+xZr2SixP3-xO12 (with 0 ≤ x ≤ 3) (Goodenough
et al., 1976). NaSICON was selected for this chemistry due to
improved conductivity at moderate temperatures, allowing higher
current densities to be passed through the batteries below 150°C
(Small et al., 2017). NaSICON will be discussed in more detail in a
following section.

The ideal positive half-cell and overall reactions are listed in Eqs
11, 12. Note that this chemistry still employs a molten Na negative
electrode with the same half-cell reaction as shown in Eq. 1.

I−3 + 2e− → 3I− (11)
2Na + I−3 → 2Na+ + 3I− (12)

This reaction would provide a theoretical voltage of 3.24 V,
higher than Na-S or the previous metal chloride batteries. In
practice, the reported batteries showed voltages just below 3 V
due to various polarization sources. The elevated voltage and
high concentration of redox-active I− in the molten salt allow for
an energy density of 150 Wh kg−1, slightly higher than the traditional
ZEBRA chemistry. These batteries were capable of cycling under
various conditions for >3,000 h, with the added benefit that the
electrode materials could be cooled, solidified, and reheated to their
liquid state without adverse affecting performance. The ability to
reversibly freeze and melt the active materials means that these
batteries could survive harsh conditions even if their thermal
regulation failed, which is extremely important for resilient
storage. Further, this new chemistry was shown to be extremely
safe, with negligible gas formation and only benign products (e.g.,
Al, NaI and NaCl) formed upon mixture of the positive and negative
active materials (Small et al., 2017).

The Na-I batteries could be optimized to reduce the temperature
even further. Gross et al. reported that if NaI-AlBr3 was used as the
positive electrode instead of NaI-AlCl3, the batteries could be
operated down to 110°C (Gross et al., 2020a). However, the new
positive electrode suffered from significantly slower redox kinetics
that limited high-current applications. Reaction kinetics could be
improved by using a NaI-GaCl3 positive electrode that was found to
operate similarly to AlCl3 and even elevated the nominal cell voltage
to an impressive 3.65 V (Lee et al., 2021; Percival et al., 2021). The
increased voltage was attributed to the complexation environment of
I− and I−3 in the GaCl3 and provides a pathway for even higher energy
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density molten sodium batteries (Gross et al., 2021). Optimization
principles learned from the NaI-GaCl3 system eventually enabled
110°C operation of the original NaI-AlCl3 chemistry (Maraschky
et al., 2023a; Maraschky et al., 2023b). Detailed studies of catholyte
phase diagrams, reaction pathways, and NaSICON/catholyte/
current collector interfaces show promise towards enabling these
fully molten NaMH batteries (Percival et al., 2018; Lee et al., 2021;
Maraschky et al., 2023a; Maraschky et al., 2023b).

Fully molten Na-Al batteries can also be fabricated using purely
molten sodium chloroaluminate as the catholyte (the same catholyte
from ZEBRA batteries without any NiCl2 or FeCl2 particles). The
trivalent aluminum should provide excellent energy density
according to Eq. 13:

3Na + AlCl3 ↔ 3NaCl + Al (13)
which has a theoretical potential of 1.8 V. Xue et al. used NaAl2Cl7 as
a catholyte and achieved 366 Wh kg−1 with limited cyclability. (Xue
et al., 2017) Other groups opted for the basic NaAlCl4 catholyte,
which could benefit from a simpler one-step conversion reaction
and less corrosivity than the acidic NaAl2Cl7, and showed an
extremely high energy density of 447 Wh kg−1 over 200 cycles
(Zhan et al., 2020b) The acidic NaAl2Cl7 melt continues to be of
particular interest, though, due to its higher theoretical energy
density (~493 Wh kg−1) (Weller et al., 2023) Fully molten NaMH
batteries mitigate the concerns of particle ripening and
disconnection that plague their ZEBRA counterparts and are an
intriguing option for long-life, high-current molten Na batteries.

3.1.4 Molten sodium batteries beyond metal halide
The potential of molten Na batteries for grid-scale storage has

motivated the development of many chemistries beyond metal
halides. Liquid metal batteries (LMBs) are one example of these
molten Na chemistries. These batteries contain two fully molten
metallic electrodes and a molten salt electrolyte. The three molten
layers naturally separate due to density differences to avoid short-
circuiting as shown in Figure 4C; (Kim et al., 2013). Though the first
LMBs can be traced back to 1960, the chemistry has regained
attention for grid storage recently (Bernard, 1960; Crouthamel
and Recht, 1967; Kim et al., 2013; Li et al., 2016b). Bi, Pb, Sn,
Sb, Ga, In, Zn, and various other metals have been considered
potential positive electrodes. (Kim et al., 2013). In 2016, Xu et al.
reported a Na-Zn LMB that operated at 560 °C and combined
molten Na and Zn electrodes with a NaCl-CaCl2 molten salt
electrolyte (Xu et al., 2016). Spatocco et al. demonstrated that
lower-temperature (270°C) Na-LMBs were possible when they
reported a Na-(Pb-Bi) battery with a NaOH-NaI molten salt
electrolyte (Spatocco et al., 2015). One prominent issue with Na-
based LMBs has been the solubility of Na in the molten salt
electrolytes, leading to relatively high self-discharge rates. In
2022, Zhou et al. reported a multi-cationic electrolyte of LiCl-
NaCl-KCl that had limited Na solubility leading to smaller rates
of self-discharge and stability over 700 cycles (Zhou et al., 2022).
More details regarding molten salt electrolytes will be discussed in a
subsequent section.

Anoterh strategy to improve Na-LMBs is to lower the
temperature even further in order to use more traditional organic
electrolytes. This has been demonstrated by Ding et al. in a Na-(Ga-
In) battery operated at 30°C that used a NaClO4 in

dimethoxyethane/fluoroethylene carbonate electrolyte. A Na-K
alloy was used as the negative electrode to maintain all-molten
electrodes at this low temperature (Ding et al., 2020a). The same
group also reported a Na-(Bi-Sn-In) LMB at 100°C with a NaI in
tetraglyme electrolyte that eliminated the use of costly Ga and In
(Ding et al., 2020b). The low operating voltage (<2 V) of LMBs may
somewhat limit their applicability, but their low cost, high capacity,
and high reversibility are promising for grid-scale storage.

Metal-air batteries have potential as high energy density storage
systems, due to the compact and lightweight carbon cathodes that
mediate oxygen electrochemistry. While research has been limited,
molten Na-air batteries were first explored by Peled et al., who used
carbon- and cobalt oxide-based positive electrodes coupled with a
polyethylene oxide (PEO) + NaTf electrolyte at 105°C (Peled et al.,
2013). The electrolyte showed a wide voltage window, and the
batteries exhibited good cyclability, but sluggish oxygen
electrochemistry resulted in low current densities. Recently, Zhu
et al. demonstrated a molten Na-air battery that used Ni powder
mixed with a NaNO3 + KNO3 + CsNO3 eutectic molten salt as the
positive electrode (Zhu et al., 2022b). The group showed that the
nitrate anions in the molten salt mediated an overall 2e−/O2 reaction
that formed Na2O2 as the final discharge product. Full cells could be
cycled 400 times with a capacity of 0.5 mA h cm−2 at 5 mA cm−2.
Further improvement and understanding of oxygen
electrochemistry will be vital to further advancing molten Na-
air batteries.

Another emerging chemistry is that of molten Na flow batteries
(NFBs). The concept of NFBs was proposed by Shamie et al. using a
Na-V redox couple as an example and is illustrated in Figure 4D. The
batteries would be operated in the same fashion as conventional flow
batteries, with a liquid catholyte and molten sodium as the anolyte
being pumped from a large reservoir into an electrochemical cell.
They suggested that a traditional vanadium redox-flow catholyte
could be cycled between V3+ and V5+ to attain a high theoretical
specific energy of ~355 Wh kg−1 (Shamie et al., 2015). The group
later demonstrated this concept using a Na-Cs alloy (molten at RT)
coupled with a BASE separator and V-based aqueous catholyte, and
the cell retained >99% of its original capacity over 30 cycles (Liu
et al., 2016). However, the cost limitations of V-based NFBs has
motivated research into other redox couples. NFBs using aqueous
bromine and iodine catholytes have been reported by Holzapfel et al.
and were able to achieve energy densities near 200 Wh kg−1

(Holzapfel et al., 2017; Gerbig et al., 2023). While room-
temperature molten alloys (Na-K and Na-Cs) are intriguing
materials for molten Na batteries, they react aggressively with air
and moisture (even more so than pure Na metal) and significant
engineering controls will be necessary to successfully implement
them in LMBs, especially if they are paired with an
aqueous catholyte.

The original Na-S chemistry has also been adapted to a NFB by
various groups. The Na-S NFBs still use molten Na negative
electrodes and a solid electrolyte of BASE or NaSICON but
utilize S sources that can be converted to flow-type batteries.
Yang et al. used a suspension of S and C particles in a 1 M NaI
tetraglyme solution as a catholyte to achieve a Na-S NFB that
maintained a capacity of 484 mA h g−1 after 55 cycles. Flynn
et al. instead used sodium polysulfide (Na2Sx) dissolved in an
organic solvent to fabricate an NFB capable of 170 cycles with a
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specific energy of 210 Wh/L at ~120°C (Flynn et al., 2022). The
technology described by Flynn et al is being further developed by
Enlighten Innovations and is in the advanced stages of
precommercial development (Enlighten, 2023). The ability to
decouple energy and power in NFBs could prove vital to
addressing the diverse demands of grid-scale energy storage.
Finally, though details are outside the scope of this review, it is
worthwhile to mention that room temperature Na-S batteries have
been explored but are yet to be commercialized, as they are often
plagued by the electrochemical irreversibility of solid polysulfide
compounds or soluble polysulfide shuttling in aqueous electrolytes
(Kim et al., 2016; Wei et al., 2016; Gross and Manthiram, 2019;
Wang et al., 2020a; Wang et al., 2020b). A summary of various
molten Na-based battery research reports is provided in Table 2. The
authors believe it important to emphasize that these research reports
do not represent the commercial performance of molten Na
batteries, which have much longer cycle lives (1,000 s of cycles).

3.2 Electrolytes for molten sodium batteries

3.2.1 β”-alumina solid electrolyte (BASE)
BASE was initially thought to be a polymorph of Al2O3, but, in

the early 1900s, Pauling showed that the structure contained sodium
(Pauling, 1927). In 1967, Yao and Kummer of the Ford Motor
Company first reported fast ion conduction in BASE, which was
instrumental in the development of the first Na-S battery in the late
1960s. Since then, BASE has been used widely in both Na-S and
ZEBRA batteries and has even found use in several all-solid-state
battery (ASSB) technologies (Wenzel et al., 2016; Bay et al., 2020;
Fertig et al., 2022; Fertig et al., 2023).

Beta aluminum oxides are comprised of alternating closely-
packed layers and loosely-packed layers. The closely-packed
layers serve as structural layers that consist of four layers of
oxygen ions that contain aluminum (Al) ions in tetrahedral and
octahedral interstitial sites. The loosely-packed layers contain
mobile Na ions that can be driven under the influence of an
electric field. The mobile Na provides the conductivity necessary
to make useful solid electrolytes. There are two crystal structures of
beta alumina oxides–β-Al2O3 and β″-Al2O3. The two structures
have slightly different stoichiometries, stacking sequences, and Na
occupation. Na diffuses through two sites in beta alumina, the
Beevers-Ross and anti-Beevers-Ross sites. Only the Beevers-Ross
site is occupied in the β form, while both are occupied in the β″ form.
In short, the β″-Al2O3 form (which will continue to be referred to as
BASE) has more mobile Na, raising its conductivity and making it
the preferred phase for solid electrolytes. The structures of both
forms are shown in Figure 5; (Chi et al., 2017). Typical
polycrystalline BASE has a conductivity near 200 mS cm−1 at
300°C (Beevers and Ross, 1937; Yung-Fang Yu and Kummer,
1967; Kummer, 1972; Kim et al., 1979; Dell and Moseley, 1981;
Engstrom et al., 1981; Almond et al., 1982; Lu et al., 2010a; Lu
et al., 2010b).

The properties of BASE can be manipulated through careful
control of its composition and processing parameters. Several
authors have shown that aliovalent doping of the Al3+ sites in
the structural layers with magnesium (Mg2+) or lithium (Li+) leads
to excess negative charge that can be balanced by additional mobile

Na+ ions (Bates et al., 1981; Lee et al., 2017; Dirksen et al., 2021).
BASE is fabricated through solid-state reaction, sol-gel processes,
or co-precipitation (Ray and Subbarao, 1975; Choy et al., 1993; van
Zyl et al., 1993; Certo et al., 1998; Park et al., 2005; Mali and Petric,
2012; Barison et al., 2015). These methods all rely on first
synthesizing BASE in its powder form and then sintering to
attain the final desired shape. The sintering process can impact
many characteristics of BASE such as phase purity and
microstructure. The low-conductivity β phase is difficult to fully
eliminate during synthesis, leading to different conductivities
depending on phase purity (Youngblood et al., 1978; Stevens
and Binner, 1984). Interestingly, the pure β″ phase is
susceptible to mechanical weakness and moisture sensitivity,
making slight β phase, ZrO2, or YSZ inclusions desirable in
practice (Virkar, 2008; Lu et al., 2010b; Lu et al., 2015; Li et al.,
2019). Grain growth during sintering is affected by both sintering
time and temperature. Larger grains lead to higher overall
conductivity, due to less high-resistance grain boundaries
interfering with Na+ transport. High sintering temperatures
(which are often >1,500°C) can lead to sodium evaporation and
compositional changes. (Lu et al., 2010b).

Multiple advanced techniques are being explored to further
improve the manufacturing and microstructure of BASE. Spark
plasma sintering (SPS) is a promising processing technique that uses
pulsed AC or DC current to rapidly heat a compressed powder and
can lower sintering times from many hours to mere minutes.
Koganei et al. showed that 98% dense BASE could be obtained
using SPS by heating under compression to 1,400°C (100°C min−1),
holding for 15 min, and allowing the pellets to cool naturally. The
quick temperature ramp and short hold time can significantly
reduce the cost of heating to such high temperatures and also
minimize the volatilization of sodium, leading to lower cost,
enhanced compositional control, and, critically, an extremely
high room-temperature conductivity of 19 mS cm−1 (Koganei
et al., 2014). Li et al. used lower-temperature (1,300°C) SPS to
obtain >96% dense BASE with a conductivity of 183 mS cm−1 at
350°C (Li et al., 2020b). Freeze drying before SPS and high-
temperature sintering after SPS have also been shown to produce
mechanically strong, highly conductive (239 mS cm−1 at 350°C), but
the high-temperature step negates some of the benefits of pure SPS
processing (Li et al., 2021b). All groups attributed the high (and
anisotropic) conductivities to highly c-axis oriented BASE. Similarly,
microwave-assisted sintering has been preliminarily investigated
and produced 86% dense BASE by applying 2,450 MHz
microwaves during a 40 min hold at 1,300°C. (Mortalò et al., 2020).

Cold sintering also has the potential to lower the cost of
fabricating BASE. Cold sintering uses a transient secondary phase
to assist in obtaining the desired phase. Briefly, the electrolyte
powder is mixed in an aqueous solution or with a (relatively) low
melting point material (such as NaOH) and heated. At elevated
temperatures, the transient liquid phase can promote densification
at lower temperatures before evaporating or extruding from the die.
For example, Grady et al. showed that >92% dense BASE could be
obtained at 375 °C using a transient fused NaOH solvent. The BASE
pellets exhibited a conductivity of 10 mS cm−1 at 300°C, which could
be improved by heating the pellets to 1,000°C (Grady et al., 2021).
Optimizing sintering parameters, particularly by minimizing time
and/or temperature, remains as the most practical pathway for
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reducing BASE (and thereby molten Na battery) costs and efforts in
this field should be prioritized.

3.2.2 Na Super Ionic CONductor (NaSICON)
NaSICON is an oxide ceramic with the formula Na1+xZr2SixP3-

xO12, 0 ≤ x ≤ 3, that was reported by Hong and Goodenough in 1976
(Goodenough et al., 1976). NaSICON is a solid solution of
NaZr2P3O12 and Na4Zr2Si3O12 and has a rhombohedral structure
(R 3 c), except within the range 1.8 ≤ x ≤ 2.2 where a monoclinic
distortion (C2/c) is observed below 150°C. The solid solution creates
a three-dimensional framework consisting of ZrO6 octahedra that
share corners with SiO4 or PO4 tetrahedra. This framework contains
“bottlenecks” that sodium ions can move through, jumping between
sites to provide Na+ conductivity (Goodenough et al., 1976; Boilot
et al., 1987; Rajagopalan et al., 2021). Specifically, there are three sites
that Na can occupy in the monoclinic NaSICON structure, named
Na(1), Na(2), and Na(3). The Na(1) and Na(2) sites are sixfold
coordinated to the oxygen ions of three SiO4 or PO4 tetrahedra and
are also present in the rhombohedral structure. The Na(3) positions
are unique to the monoclinic phase and are threefold coordinated to
the oxygen ions of three ZrO6 octahedra. These Na sites are only
partially filled (with the extent depending on stoichiometry) and Na+

hops between occupied and vacant sites to provide conductivity.
Briefly, the additional Na sites present in themonoclinic phase (1.8 ≤
x ≤ 2.2) provide the highest conductivity (near 200 mS cm−1 at
300°C) in the compositional range and make it the preferred

stoichiometry for solid electrolyte applications (Kohler et al.,
1983; Kohler and Schulz, 1985; Boilot et al., 1988; Guin and
Tietz, 2015). The structure of NaSICON is illustrated in Figure 6.

Since its discovery, NaSICON has been proposed as a
replacement for BASE due to its excellent Na+ conductivity,
particularly at lower temperature, as well as its environmental
insensitivity, and its ease of machineability. The conductivity at
lower temperatures makes it a particularly useful electrolyte as
molten Na batteries push towards operating temperatures below
200 °C. Using the nominal NaSICON composition, Na3Zr2Si2PO4,
Small et al. reported a NaSICON conductivity of 140 mS cm−1 at
200°C, slightly higher than BASE at the same temperature.
NaSICON’s excellent low-temperature conductivity became more
evident at room temperature, where its conductivity (>1 mS cm-1)
was quite higher than BASE (Small et al., 2017). The improved
conductivity at lower temperatures is thought to be, at least partially,
a result of the three-dimensional NaSICON framework, as opposed
to relying on two-dimensional conduction planes in BASE
(Goodenough et al., 1976; Kohler et al., 1983; Kohler and Schulz,
1985; Boilot et al., 1988; Guin and Tietz, 2015; Small et al., 2017).
Furthermore, aliovalent doping of the Zr site in NaSICON can raise
the room-temperature conductivity even higher to above 2 mS cm−1.
(Jolley et al., 2015a). Like BASE, doping the Zr4+ site with lower
valent cations, such as Al, Y, Fe, Co., Ni, or Zn, results in an
increased concentration of Na+ ions to achieve charge neutrality
(Jolley et al., 2015b; Samiee et al., 2017). Grain size and presence of

FIGURE 5
Structures of Na β-alumina and Na β’’-alumina. Reproduced with permission from Ref. 137. Copyright 2017, Elsevier.
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grain boundaries also influence the ionic conductivity, with larger
grains typically leading to higher total conductivities (Fuentes et al.,
2001; Nieto-Muñoz et al., 2020).

Many similar manufacturing techniques used for BASE have
been successfully applied to NaSICON. However, NaSICON has one
critical processing advantage compared to BASE. NaSICON can
traditionally be sintered at much lower temperatures
(~1,100°C–1,200°C) with mostly complete conversion to the
desired phase and high density (Goodenough et al., 1976; Gross
et al., 2020b). This is much lower than the 1,450°C typically
necessary for BASE and can significantly lower production costs
(Ray and Subbarao, 1975; Liu et al., 2020). This is vitally important
as the solid electrolyte is often viewed as one of the costlier
components in molten Na batteries, often due to their high
sintering temperatures (Lu et al., 2010b; Lu et al., 2013c). Liquid
phase sintering using additives such as Bi2O3, Na2SiO3, or Na3BO3

enables sintering temperatures as low as 900°C and can reduce
densification times due to enhanced liquid-state diffusion (Noi et al.,
2018; Suzuki et al., 2018; Oh et al., 2019; Miao et al., 2021). Sol gel-
processing, which dates back to the 1980s, can bring processing
temperatures to ~700°C. (Shimizu et al., 1997; Zhang et al., 2004; Bell
et al., 2014). Fused hydroxide cold sintering at 375°C by Grady et al.
achieved 93% dense NaSICON with a room-temperature
conductivity of 0.2 mS cm−1. (Grady et al., 2020). A recent patent
using the fused hydroxide cold sintering method reported 89%
densification of NaSICON at just 150°C, but this lower density
resulted in a conductivity of 1.13 x 10−5 mS cm−1 at 35°C. (Bock et al.,
2023). Aqueous transient phases can push the cold sintering
temperature even lower, as demonstrated by Leng et al., who
showed that 83% dense Mg-doped NaSICON could be obtained
by cold sintering at 140°C. However, a second annealing step at
1,100°C was necessary to achieve a room-temperature conductivity
of 1.36 mS cm−1. (Leng et al., 2018). This method was further
explored by combining cold sintering with liquid phase sintering

using a Bi2O3 additive that melted near 820°C and helped increase
the final conductivity >1.5 mS cm−1 (Leng et al., 2019). Room
temperature fabrication of thin NaSICON films (3.5–10 μ m) via
powder aerosol deposition (PAD) was reported by Sozak et al. PAD
relies on accelerating powder particles, colliding them with a
substrate, and converting kinetic energy to bonding energy to
build a dense film. The PAD method produced NaSICON with
room-temperature conductivity of just 1.5 μ S cm-1 (after annealing
at 600 °C), but the ability to make thin films could combat some of
the conductivity loss (Sozak et al., 2023). Economical, large-scale
synthesis of highly-conductive and mechanically robust NaSICON
will be critical towards commercialization and widespread adoption
of lower-temperature molten Na batteries.

One concern with the use of NaSICON for Na batteries is the
chemical compatibility with Na metal. Early studies presented
theoretical and experimental evidence that NaSICON was
unstable in the presence of Na metal (Schmid et al., 1982; Tsai
and Hong, 1983). These were mainly focused on using NaSICON as
an electrolyte for Na-S batteries, and experimental studies were
accordingly carried out near 300°C. Discoloration, lattice parameter
changes, and fracturing were observed after immersing NaSICON in
molten Na metal for extended periods of time. These changes
indicated reaction with Na, which would have increased the Na
content of NaSICON and subsequently caused stresses in the
electrolytes, leading to fracture (Kreuer and Warhus, 1986).
Further studies suggested that these degradation pathways were
kinetically dominated, meaning that stable performance at lower
temperatures could be possible (Warhus et al., 1988; Zhang et al.,
2020a). Accordingly, Zhou et al., from the Goodenough group,
showed that NaSICON was chemically stable in the presence of Na
metal up to at least 175°C. As predicted, at temperatures above
300°C, NaSICON could be partially reduced and amorphized upon
reaction with Na, but this actually improved molten Na wetting
(Zhou et al., 2017). The low-temperature stability and non-

FIGURE 6
Structure of NaSICON showing interconnected silicate/phosphate tetrahedra and zirconia octahedra.
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catastrophic pathways at elevated temperatures imply that
NaSICON can be used without significant risk of chemical
decomposition in long-lifetime molten Na batteries.

3.2.3 Glass and glass-ceramic conductors
While BASE and NaSICON have traditionally been the primary

electrolyte options for molten Na batteries, other Na+-conducting
materials have been proposed as potential electrolytes. Borate,
aluminosilicate, and NaSICON-glass (NASIGLAS) electrolytes
were explored in early Na-S cells, but BASE was ultimately
favored for its higher conductivity and corrosion resistance
(Susman et al., 1983; Herczog, 1985; Bloom et al., 1986;
Sudworth and Tilley, 1986). The low-cost materials and
processing (typically at lower temperatures) has helped retain
interest in glass electrolytes. Braga et al. prepared amorphous
A2.99M0.005OCl1-z(OH)x (A = Li or Na, M = Ba or Ca)
electrolytes at just 230°C–250°C with room-temperature
conductivities >10 mS cm−1. (Braga et al., 2016). Reports of
sulfide (Na3BS3, Na2S-GeS2, Na2S-P2S5, Na2S-GeS2-P2S5), oxide
(Na2.8Ca0.1Al2Ga0.5P2.7O12, Na2O-Al2O3-P2O5-Nb2O5,
Na3Al1.8Si1.65P1.8O12 and Na3Al2P3O12), and oxysulfide (Na3PS4-
xOx and Na4P2S7-6xO4.62xN0.92x) glasses have also shown room-
temperature conductivities >0.1 mS cm−1, and their conductivities
often depend strongly on dopant concentrations (Nose et al., 2015;
Allu et al., 2018; Keshri et al., 2020; Lazar et al., 2020; Keshri et al.,
2021; Tsuji et al., 2021; Chi et al., 2022; Keshri et al., 2022; Nasu et al.,
2022; Olson et al., 2023). The elimination of grain boundaries in
glass electrolytes is thought of as a distinct advantage over traditional
ceramics, as grain boundaries often have reduced conductivity or
may act as failure pathways for dendrites.

In addition to the pure glassy electrolytes, glass-ceramic
composite electrolytes have recently garnered interest, due to the
typically higher conductivity of the ceramic phase. Glass-ceramic
composites are often synthesized by fully or partially crystallizing
the glassy phase at elevated temperatures. One early example from
Hayashi et al. is that of Na3PS4, where the glassy phase was
crystallized to cubic Na3PS4 by heating to above 270°C and the
resulting electrolyte had a room temperature conductivity of
0.2 mS cm−1 (Hayashi et al., 2012; Hayashi et al., 2014;
Tatsumisago and Hayashi, 2014). Since then, many glass-ceramic
electrolytes have been proposed using the crystallization technique.
These also fall into the categories of sulfides (such as Na3PS4-
Na4SiS4, Na2.9375PS3.9375Cl0.0625, Na3PS4-Na4GeS4, Na3PS4-NaI,
Na10GeP2S12, and Na3SixSb1-xS4-yBry) and oxides (such as Na1+x
[SnxGe2−x(PO4)3], Na3+x[ZrxSc2-x(PO4)3], Na1+yTi2SiyP3-yO12,
(Na2O + NaF)–TiO2–B2O3–P2O5–ZrF4, Na3Zr2Si2PO12-NaF,
Na1+xYyGax−yGe2−x(PO4)3, and Na2O-Y2O3-SiO2) and may
exhibit room-temperature conductivities as high as 2.26 mS cm−1

(Na3SixSb1-xS4-yBry), but are typically reported to be near
0.1 mS cm−1 (Tanibata et al., 2014; Li et al., 2015b; Hibi et al.,
2015; Ni et al., 2015; Chu et al., 2016; Gandi et al., 2018;
Manchgesang et al., 2018; Tanibata et al., 2018; Tsuji et al., 2018;
Nieto-Muñoz et al., 2019; Shao et al., 2019; Sundar et al., 2019; Gong
et al., 2023). Sintered, crystalline thiophosphates with tungsten
dopants (Na3-xSb1-xWxS4, and Na3-xP1-xWxS4) can attain even
higher room-temperature conductivities, reaching as high as
41 mS cm−1 (Hayashi et al., 2019; Fuchs et al., 2020). While these
electrolytes show promising Na+ conductivities, they have not been

demonstrated in molten Na batteries. Instead, the studies often
showcase their performance in solid-state Na batteries or symmetric
cells. The stability of the electrolytes at elevated temperatures and
compatibility with molten Na will be important considerations if
they are to be applied in molten Na batteries.

3.2.4 Molten salt electrolytes
LMBs were discussed previously and use molten salt electrolytes

to separate twomoltenmetallic electrode layers based on density. An
80:20 NaOH-NaI eutectic mixture was shown to have a low melting
point of 220 °C, a conductivity of ~500 mS cm−1 at 250°C, and was
demonstrated for 112 cycles in a Na|NaI-NaOH|Pb-Bi cell.
(Spatocco et al., 2015). A 50:50 NaCl-CaCl2 electrolyte with a
melting point near 500°C enabled a Na-Zn metal battery to
operate stably for 40 cycles. (Xu et al., 2016). In addition to these
binary systems, multi-cationic systems have also been explored,
often with the goal of reducing the solubility of Na in the electrolyte.
A LiCl-NaCl-KCl molten salt electrolyte from Zhou et al. exhibited a
melting point of ~400 °C and a Na+ conductivity of 65 mS cm−1 at
450°C, and was used as the electrolyte in a Na|LiCl-NaCl-KCl|BixSb
cell cycled 700 times (Zhou et al., 2022). Phase diagrams and
exchange reaction equilibria constants for the ternary system
were also modeled by the same group (Ding et al., 2023).
Another ternary system using iodide salts, LiI-NaI-KI, with a
melting point of ~290 °C was demonstrated by Gong et al. and
estimated to have a Na+ conductivity of 28 mS cm−1 above 350°C
(Gong et al., 2020). A low melting point (154°C) nitrate-based
ternary molten salt, NaNO3-KNO3-CsNO3, coupled with a BASE
membrane enabled a molten Na-O2 cell to operate at just 170°C for
400 cycles with no capacity fade (Zhu et al., 2022b). A similar
triflate-based multi-cationic molten salt electrolyte has been
demonstrated for high-temperature lithium batteries, and likely
could find applications in molten Na batteries (Tu et al., 2010).
Versatile molten salt chemistries using multiple components are a
promising avenue for developing moderate-temperature electrolytes
with tunable physical and electrochemical properties.

3.2.5 Alternative sodium ion conductors
In addition to the previous classes of electrolytes, a few emerging

electrolytes could show promise for molten Na batteries. Na+-
conducting polymer electrolytes using Na salts in a polymer
scaffold, such as polyethylene oxide (PEO), have been widely
studied, but PEO often melts below 100°C and is susceptible to
attack by molten Na. As such, polymer electrolytes have not yet been
studied in molten Na batteries. As lower-temperature Na alloys are
employed or advanced polymers are synthesized, there may be an
opportunity for low-cost, mechanically tough, and easily processable
electrolytes (Boschin and Johansson, 2015; Zhang et al., 2020b;
Nimah et al., 2015; Koduru et al., 2016; Qiao et al., 2020).
Polyborate salts emerged as a potential solid electrolyte when the
high conductivity (100 mS cm−1 at 256°C) of Na2B12H12 was
reported by Udovic et al. in 2014. (Udovic et al., 2014). Since
then, further studies of polyborates utilizing various anions (such
as NaCB9H10, NaCB11H12, and NaB11H14 Na(HCB11H5X6) (X = Br
or Cl), Na3B24H23) have shed light on the high-temperature order-
disorder transition and “paddle-wheel” conduction mechanism in
these salts (Tang et al., 2016; Kweon et al., 2017; Tang et al., 2017;
Jørgensen et al., 2020; Jin et al., 2023). These and other highly-
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conductive salts may prove extremely valuable for molten Na
batteries, particularly if their conductive phases can be stabilized
at intermediate temperatures. Schematics and structures of these
various sodium ion conductors are shown in Figure 7. A summary of
electrolyte compositions, synthesis conditions, and resultant
conductivities is provided in Table 3.

3.3 Na|Electrolyte interfaces

3.3.1 Mode I and II failure in solid electrolytes
In addition to the chemical reduction or amorphization that

may occur in sodium solid electrolytes, applying potential and
passing current may introduce further failure mechanisms in
solid electrolytes. Electrochemical breakdown of BASE was first
reported by Armstrong et al., who observed sodium penetration
(i.e., dendrites) through BASE in Na|BASE|Na symmetric cells
above 100 mA cm−2 (Armstrong et al., 1974). The time to failure
depended on both the current density (higher current → faster
breakdown) and surface preparation (rougher surface → faster
breakdown). The dependence on surface preparation suggested
that surface flaws influenced dendrite formation. It was
hypothesized that molten Na metal would preferentially wet and
fill some surface pores and microcracks, depending on local
geometry and surface chemistry. The features with good wetting
(contact angle, θ < 90°) served as current concentrators, or
“hotspots”, where Na+ ions were most likely to be deposited
during electrolysis, leading to non-uniform current densities

within the electrolyte. At these hotspots, the influx of Na metal
could be greater than the diffusive transport that removed sodium
from the region. If a hotspot was located at a pore or microcrack, the
molten metal-filled feature could experience stress via Poiseuille
pressure, which can be described by:

ΔP � 8ηiVma2

nFb3
(14)

where ΔP is the Poiseuille pressure from the “flow” of metal (due to
Na plating), η is the viscosity of molten Na metal, i is the applied
current density, Vm is the molar volume of sodium, a is the crack
length, n is the number of electrons in the reaction (1 for reduction
of Na+), F is the Faraday constant, and b is the crack tip radius
(Armstrong et al., 1974) If this pressure reached a critical value,
related to the fracture stress of electrolyte. This pressure-driven
mechanism was termed Mode I failure (Figures 8A–C). Various
authors have reported improvements to Eq. 14 to describe crack
shapes more accurately and have extended its use to estimate the
“critical” current density, at which Mode I failure will occur
(Richman and Tennenhouse, 1975; Brennan, 1980; De Jonghe
et al., 1981; Feldman and De Jonghe, 1982; Viswanathan and
Virkar, 1982; Virkar and Viswanathan, 1983) In addition to the
early reports of sharp cracks from surface imperfections, Mode I
failure has also been observed as Na-filled cracks that are influenced
by grain boundaries (Figure 8B) as well as large, diffusive fronts that
extend from the stripping interface (Figure 8C).

Failure of Na solid electrolytes has also been observed at current
densities considerably lower than those calculated to cause

FIGURE 7
(A) Illustrations of ceramic, glass-ceramic, and glass microstructures and sodium interface behavior. Reprinted with permission from Ref. 201. (B)
Structure of Na3PS4 electrolyte. Reprintedwith permission from Ref. 225. (C) Structure of Na2B12H12 electrolyte. Reprintedwith permission from Ref. 238.
Copyright 2017, American Chemical Society.
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fracturing based on Eq. 14. De Jonghe et al. reported darkening in
BASE used in Na-S cells during long duration testing (Jonghe et al.,
1981). Reduction by Na metal increased BASE’s electronic
conductivity and allowed electrons to recombine with mobile Na+

ions to form Na metal penetration during cycling. This electronic
conductivity-driven failure has been termed Mode II failure (De
Jonghe et al., 1981). In contrast to Mode I, Mode II failure points can

occur near the plating interface (may be difficult to distinguish from
Mode I), the stripping interface (Figure 8E), or anywhere within the
interior of the electrolyte (Figure 8D). While Mode I was typically
viewed as the predominant failure mechanism in molten Na cells,
particularly at high current densities, recent works have emphasized
the importance of Mode II. Hill et al. used unidirectional current
tests to show that Mode I and Mode II sodium penetration occurred

TABLE 3 Summary of electrolyte compositions, synthesis conditions, and resultant conductivities. For the “Max Temp.” columns, themaximum temperature
during synthesis and the hold time necessary are listed. For conductivity, the lowest temperature that was reported in the original publication is listed here.

Year reference Electrolyte Max temp. (°C) Time at max temp Conductivity (°C)

2017 Lee et al. (2017) BASE + YSZ 1,600 30 min 0.02 mS cm−1 (25)

2021 Dirksen et al. (2021) BASE (TiO2-doped) 1,500 30 min 300 mS cm−1 (300)

2015 Lu et al. (2015) BASE + YSZ (TiO2 & MnO2-doped) 1,400 5 h 1.2 mS cm−1 (50)

2019 Li et al. (2019) BASE + YSZ 1,530 10 min 160 mS cm−1 (300)

2014 Koganei et al. (2014) BASE 1,400 15 min 19 mS cm−1 (25)

2020 Li et al. (2020b) BASE 1,300 10 min 183 mS cm-1 (350)

2021 Li et al. (2021b) BASE 1,100 10 min 70 mS cm−1 (350)

2021 Grady et al. (2021) BASE (Mg-doped) 375 3 h 7.6 mS cm−1 (300)

2015 Jolley et al. (2015a) NaSICON (Zn-doped) 1,150 12 h 0.81 mS cm−1 (25)

2017 Samiee et al. (2017) NaSICON (Mg-doped) 1,230 24 h 2.7 mS cm−1 (25)

2020 Gross et al. (2020b) NaSICON 1,230 12 h 2.0 mS cm−1 (25)

2021 Miao et al. (2021) NaSICON (Y-doped) 1,100 6 h 1.2 mS cm−1 (25)

2019 Oh et al. (2019) NaSICON 1,175 10 h 1.5 mS cm−1 (25)

2018 Noi et al. (2018) NaSICON 900 10 h 1.0 mS cm−1 (25)

2018 Suzuki et al. (2018) NaSICON 700 20 h 0.1 mS cm−1 (25)

2020 Grady et al. (2020) NaSICON 386 3 h 0.25 mS cm−1 (25)

2018 Leng et al. (2018) NaSICON (Mg-doped) 140 1 h 0.04 mS cm−1 (25)

2019 Leng et al. (2019) NaSICON (Mg-doped) 850 6 h 0.11 mS cm−1 (25)

2023 Sozak et al. (2023) NaSICON 1,200 5 h 1.5 x 10−3 mS cm−1 (25)

2016 Braga et al. (2016) Na2.99Ba0.005OCl1-x(OH)x 250 3 h 10 mS cm−1 (25)

2022 Chi et al. (2022) Na3PS4-xOx 260 2 h 0.27 mS cm−1 (25)

2021 Keshri et al. (2021) Na3Al2P3-0.4xSi0.5xO12 1,620 2 h 3.3 x 10−4 mS cm−1 (100)

2022 Keshri et al. (2022) Na3Al1.8Si1.65P1.8O12 1,620 1 h 3.1 x 10−4 mS cm−1 (100)

2023 Olson et al. (2023) Na4P2S7-6xO4.62xN0.92x 780 6 h 5.0 x 10−3 mS cm−1 (25)

2014 Hayashi et al. (2014) Na3PS4 270 2 h 0.46 mS cm−1 (25)

2014 Tanibata et al. (2014) Na3PS4-Na4SiS4 220 2 h 0.74 mS cm−1 (25)

2018 Tanibata et al. (2018) Na3PS4-Na4GeS4 330 2 h 0.02 mS cm−1 (25)

2018 Tsuji et al. (2018) Na10GeP2S12 450 1 h 0.01 mS cm−1 (25)

2019 Hayashi et al. (2019) Na2.88Sb0.88W0.12S4 275 18 h 32 mS cm−1 (25)

2022 Zhou et al. (2022) LiCl-NaCl-KCl (MS) n/a n/a 65 mS cm−1 (450)

2014 Udovic et al. (2014) Na2B12H12 350 4 h 100 mS cm−1 (256)

2023 Jin et al. (2023) Na3B24H23-Na2B12H12 150 6 h 1.42 mS cm−1 (25)

BASE, β”-alumina solid electrolyte; YSZ, yttria-stabilized zirconia; MS = molten salt.
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significantly in NaSICON electrolytes at 100 mA cm−2(110°C) (Hill
et al., 2023). Subsequent ex-situ cross-sectional SEM imaging by the
same group showed that Mode I could be mitigated at 500 mA cm−2

by using an interfacial coating, but Mode II was more difficult to
suppress due to inherent electronic conductivity and
microstructural features in NaSICON. The importance of Mode
II has also been emphasized in electrolyte studies for solid-state
batteries and its influence in molten Na batteries should be further
explored (Han et al., 2019; Gorai et al., 2021; Wang et al., 2022; Shao
et al., 2023). Detailed electrolyte studies utilizing unidirectional
testing, conductivity vs. temperature series, and operando
imaging would be beneficial to further understanding these
important failure mechanisms (Fuchs et al., 2023; Counihan
et al., 2024).

3.3.2 Interfacial coatings for solid electrolytes
One popular and effective strategy to mitigate solid electrolyte

failure has been introducing interfacial coatings to facilitate
uniform charge transfer between electrode and electrolyte.
Better charge transfer could be due to enhanced wetting of
liquid electrodes, improved interfacial contact for solid
electrodes, or preventing the formation of less-conductive
surface species at electrode-electrolyte interfaces (such as
calcium-based impurities from BASE) (Lu et al., 2010b; Cheng
et al., 2019; Cui et al., 2022; Gao et al., 2022). Particularly, a coating
for the electrolyte|negative electrode (alkali metal) interface has
been prioritized as it has been identified as the most susceptible to
failure. Various authors have proposed coatings that typically
relied on a porous carbon layer, a thin metal layer, or a
combination of both (Hu et al., 2012; Ahlbrecht et al., 2017; Jin
et al., 2019a; Gross et al., 2020b; Landmann et al., 2020). Generally,
these coatings provide better wetting (smaller contact angle, θ) of
Na metal and some level of electronic and ionic conductivity to
assist interfacial charge transfer. These factors help to reduce
localized current concentration and effective coatings have been
found to increase the electrolyte’s critical current density,

resistance to Mode I failure, and overall cycle life (Hu et al.,
2012; Ahlbrecht et al., 2017; Jin et al., 2019a; Gross et al.,
2020b; Landmann et al., 2020).

Carbon-based coatings have been shown to significantly
improve the performance of Na solid electrolytes and are
commonly used in traditional ZEBRA batteries (Sudworth, 2001).
Porous carbon can improve the contact angle between Na metal and
the electrolyte and serve as a reservoir of Na metal during high-
current operation. Hu et al. fabricated a porous carbon coating of
~6.6 μ m by reacting glucose and polymethyl methacrylate and
casting onto BASE. The coating improved the wetting angle of
molten Na from 151° to 95° at 300°C and enabled current densities
up to 5.2 A cm−2 for 30 min intervals in Na symmetric cells. Thicker
coatings of carbon black and sodium hexametaphosphate (50–200 μ
m) deposited via spray coating by Landmann et al. also improved
wetting and allowed current densities up to 2.6 A cm−2 and a
cumulative capacity of >10 Ah cm−2 before failure. Other carbon-
based coatings, such as sparked reduced graphene oxide and carbon
paste have been shown to improve cycling and high current
performance in sodium batteries that use BASE. (Kim et al.,
2015c; Jin et al., 2019b). To the best of our knowledge, no
reports of purely carbon-based coatings have been published for
molten sodium batteries using NaSICON, but a report of a
fluorinated amorphous carbon layer on NaSICON for room-
temperature sodium batteries may provide insight to designing
such a coating. (Zhang et al., 2021). Purely carbon-based coatings
typically represent the least expensive coating option and, with
further improvement (particularly for NaSICON), would be a
desirable option for low-cost, high-performance molten
Na batteries.

Metal and metal oxide coatings are another potentially effective
approach to improving solid electrolyte performance. Recent reports
from Hu et al. highlighted Ni nanowires (2013) and iron oxide
(2014) as excellent coatings, enabling current densities up to 1.5 and
3.9 A cm−2, respectively. The group proposed that the high current
densities resulted from higher surface energy metals providing better
inherent wetting and more surface area for wetting (Hu et al., 2013;
Hu et al., 2014). However, this review was not able to identify any
further works utilizing Ni- or Fe-based coatings for molten Na
batteries. The lack of further Ni- and Fe-based coating reports seems
to be, at least partially, due to the recognition of chemical reactivity
as an influential factor in coating performance. Metals that are
known to react with Na, such as Pb, Sn, Bi, and In, have been
identified as potential interfacial coatings. In 2013, Reed et al.
showed that sputtered Sn coatings enabled complete molten Na
wetting (θ → 0) on BASE at 200°C (Reed et al., 2013). Eventually,
Gross et al. reported that a sputtered Sn coating could also improve
molten Na wetting and current density capability using NaSICON
electrolytes, even at the low temperature of 110°C. It was shown that
the molten Na and Sn coating formed a NaSn intermetallic phase
upon conditioning at low current densities. This NaSn phase was
proposed to effectively wet Na metal and provide ample ionic and
electronic conductivity to enable high current densities up to
50 mA cm−2 (Gross et al., 2020b). Higher-current testing of the
Sn coating showed that Mode I failure could be mitigated at current
densities as high as 500 mA cm−2 (Hill et al., 2024). Pb-based
coatings deposited on BASE from the decomposition of lead
acetate trihydrate have similarly shown improved wetting and

FIGURE 8
Illustration of Mode I and Mode II failure modes in solid
electrolyte. Mode I has been observed as (A) large cracks stemming
from surface imperfections, (B) grain boundaries filled with sodium, or
(C) large, diffusive fronts that extend from the plating interface.
Mode II has typically been observed asmetal inclusions that stem from
(D) the middle of the electrolyte interior or even (E) near the
stripping interface.
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current densities above 175°C. The formation of Na-Pb alloys
observed by Chang et al. upon contact between Na and Pb metal
was suggested to contribute significantly to the improved
performance. The same study performed an in-depth analysis of
the wetting behavior of molten Na and emphasized the importance
of the “sunny-side-up”-shaped sodium wetting, suggesting that a
thin film of Na likely forms quickly within the film, initiating the
desired wetting behavior (Chang et al., 2018b). Studies exploring Bi
and In-based coatings from Ahlbrecht et al. yielded positive wetting
results from Bi coatings but no positive wetting effect from In
coatings at temperatures below 125°C, suggesting that chemical
reactivity is not the sole requirement for an effective coating
material (Ahlbrecht et al., 2017). Bi-islands coatings fabricated by
Jin et al. also successfully improved wetting and cycling performance
in Na-NiCl2 cells, highlighting the effectiveness Bi-based metal
coatings (Jin et al., 2019a). Recently, Sn-, Pb-, and Bi-based metal
coatings have been the most widely reported coatings, with each
metal having its own potential advantages in terms of cost, toxicity,
and sodium wettability.

Based on the success of carbon and metal-based coatings, it is
logical that a composite carbon-metal coating could provide better
overall performance based on benefits from each of the
components. Composite coatings of Pb or Sn nanoparticles in a
porous carbon black matrix were fabricated by Li et al. and both
coatings showed fast sodium wetting and wicking at 120°C. The
enhanced wetting at lower temperatures was attributed to the
higher surface area contributed by the carbon black along with
the alloying behavior of the Pb or Sn particles. (Li et al., 2022).
Weller et al. later applied the same coating to BASE and NaSICON
for use in Na-Al batteries. (Weller et al., 2023). Further studies into
molten sodium behavior with composite carbon-metal coatings
were not found in this review, but another three-dimensional
cross-linking carbon fiber decorated with Sn nanoparticles has
been used to improve current density in RT β”-alumina batteries
and could provide insight to further improvements in molten
sodium batteries (Lai et al., 2022). Using inexpensive carbon
matrices as hosts for alloying metal particles also has the
potential to lower the total amount of metal in the coating

compared to pure metal-based coatings to significantly lower
costs. The lower-cost and synergistic behavior of the carbon-
metal composite coatings make them an interesting
future direction.

The general coating approaches applied by researchers are
illustrated in Figure 9. A summary of coated electrolyte systems
and the maximum current density reported with them is also
provided in Table 4. It is important to note that many of these
studies did not explicitly search for a maximum current density and
the coatings in these studies provide other potential benefits, such as
improved wettability and cycle life, as discussed in the text.

4 Summary and outlook

Molten Na batteries are promising stationary and grid-scale
energy storage technologies with a long history of development and
a recent acceleration of renewed innovation. The natural abundance
of many of the elements used in molten Na batteries make them
particularly attractive for grid-scale, long-duration energy storage
and will help to realize a clean, reliable, and resilient electrical grid.
Various technologies, including Na-S and ZEBRA-style batteries, are
already contributing to stationary storage solutions and many more
technologies are on the horizon. Lower temperature chemistries
have the potential to operate below 120°C and further reduce costs
for grid-scale storage. Na-alloy negative electrodes could push
operating temperatures even closer to room temperature.
Emerging molten Na flow batteries can design unique cell stacks
that decouple energy and power density to meet the diverse
demands of the electrical grid. To enable these new batteries,
many advancements have been made in solid electrolyte
chemistries, manufacturing, and interface regulation. Lower-
temperature sintering and thin electrolyte fabrication l ower
costs, while aliovalent doping and interfacial coatings create high-
conductivity, dendrite-resistant electrolytes. As researchers continue
to make breakthroughs in electrodes, electrolytes, and, critically, the
interfaces between them, molten Na batteries will become a staple of
the electrical grid of the future.

FIGURE 9
Illustration of general coating approaches used for molten Na|solid electrolyte interfaces. Various studies have reported using carbon-based
coatings, metal (oxide) coatings, and composite carbon-metal coatings.
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TABLE 4 Summary of interfacial coatings and their maximum current density at the given temperature in recent molten Na battery reports.

Year reference Electrolyte
material

Coating material Temp. (°C) Current density (mA cm-2)

2012 Hu et al. (2012) BASE Porous Carbon 350 5,200

2013 Hu et al. (2013) BASE Nickel Nanowire Network 350 1,500

2014 Hu et al. (2014) BASE Porous Iron Oxide 350 3,900

2014 Lu et al. (2014) BASE Lead Oxide 150–175 10

2017 Ahlbrecht et al. (2017) BASE Tin, Bismuth, and Indium Metal 105–150 10

2018 Chang et al. (2018b) BASE Lead Metal Microspheres 190 10

2018 Jung et al. (2018) BASE Lead Metal Microspheres 190 50

2019 Jin et al. (2019b) BASE Reduced Graphene Oxide 175 20

2019 Jin et al. (2019a) BASE Bismuth Metal Islands 175 1.7

2020 Landmann et al. (2020) BASE Porous Carbon + Sodium Hexametaphosphate 250 2,600

2020 Gross et al. (2020b) NaSICON Tin Metal 110 50

2022 Li et al. (2022) BASE Porous Carbon + Lead/Tin (Oxide)
Nanoparticles

110–150 15

2023 Weller et al. (2023) BASE/NaSICON Porous Carbon + Lead (Oxide) Nanoparticles 180 20

2023 Maraschky et al. (2023a) NaSICON Tin Metal 110 2.5

2024 Hill et al. (2024) NaSICON Tin Metal 110 500

BASE, β”-alumina solid electrolyte.
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