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A B S T R A C T

Liquid metal batteries (LMBs) are a promising candidate for large-scale stationary storage of renewably
generated energy. Their Earth-abundant electrode materials and highly conductive molten salt electrolytes
confer the low costs and high power densities required for grid-scale storage. LMB operation involves a complex
interplay between mass transport mechanisms, and as a result their performance potential and operational
limits are not fully understood. In this study, a multiphase numerical model is presented that simulates the
charge and discharge processes of an LMB based on the Na-Zn couple. The model computes the changes in
electrode and electrolyte volume, and resolves the spatial variations in the chemistry of the electrolyte that
accompany the interfacial reactions. Volume change and species redistribution were found to be important in
predicting the maximum theoretical capacity of the cell when neglecting other transport mechanisms.
1. Introduction

The transition to clean energy sources presents a number of un-
solved technological challenges. In recent years, it has become clear
that a significant reconfiguration of the technologies used for energy
production and distribution will become necessary [1–3]. Many renew-
able energy sources are intermittent in nature; they are only available
at certain times of the day and when certain conditions are met, leading
to frequent imbalances between supply and demand. Stationary, large-
scale energy storage is necessary for the proliferation of renewables, but
the existing technologies have significant limitations that make them
suboptimal for applications that require high capacity and flexibility.
Liquid Metal Batteries (LMBs) have emerged as a promising solution
to many of the challenges in energy supply, offering high capacity
and reliability [4], despite being produced from abundant and low-
cost materials. This technology has emerged as an alternative to other
grid-level technologies available, such as pumped-hydro or large stacks
of Li-ion batteries, since it addresses some of the disadvantages that
make these systems infeasible, such as fire-related risks and high costs
in the case of Li-ion [5,6], or geographic infeasibility as in the case of
pumped-hydro.

In general, LMBs consist of a pair of molten metal electrodes sepa-
rated by a molten salt electrolyte: usually a eutectic mixture of metal
halides. These phases form a stable three-layered metal-salt-metal struc-
ture due to their large contrasts in density [7,8], and the immiscibility
between the metals and the salt. During discharge of an LMB, energy
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is liberated by coupled metal–metal halide reactions occurring at the
two electrode-electrolyte interfaces. Successful LMB design entails the
selection of metals and salts for which these coupled reactions yield
the highest voltage for the lowest material cost. Machine learning
algorithms have even been enlisted for this purpose [9], and a large
range of cell chemistries have been experimentally investigated, such
as Li-Bi, Pb-Sb and Ca-Bi [10–12]. One of the most recently investi-
gated chemistries is Na-Zn [13–15], which exhibits an unusually high
theoretical voltage of 1.87 V [16], and is the subject of this paper.

The primary motivation for developing Na-Zn cell is the attractive
cost of its electrode materials, as these are low even by the standards
of LMBs. In general, LMB anodes must exhibit low-densities and low
melting temperatures, and thus Li has historically been a popular can-
didate [10,17]. However lithium is expensive and not always readily
available. Other alternatives include gallium [18] or sodium-potassium
alloys [19,20], but these are not easily scaled to massive storage
applications due to cost and safety concerns [20,21]. Na combines man-
ageable safety levels with low cost. As LMB cathodes, suitable materials
are sometimes prohibitively expensive, of low abundance [22], or have
other unfavorable properties, such as promoting corrosion and other
forms of cell degradation [5]. This leads to limited favorable options,
but among these, Zn is particularly attractive due to its low cost and
safety advantages [17].

In addition, electrolyte components that are compatible with the
Na-Zn cell are cheap and readily available, namely NaCl, ZnCl2 and
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Fig. 1. Schematic figure of the Na-Zn liquid metal battery, showing the range of positions for the electrode-electrolyte interfaces (black dashed lines) and the direction of the flux
in red arrows during discharge (a). Schematic showing the dimensions of the model domain and potential boundary conditions (b). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
others [23,24]. Addition for example of iodides can significantly reduce
the melting point, but comes with increased cost [5]. The melting point
of the electrolyte must be compatible with the operating temperature
of the electrodes and should exhibit a high ionic conductivity with a
low electronic conductivity [2,5,25–27].

A schematic of the Na-Zn cell is shown in Fig. 1. During discharge,
Na from the negative electrode is oxidized and dissolves in the salt as
Na+ ions, displacing the Zn2+ ions that are simultaneously reduced
and deposited into the positive electrode as Zn metal. This process
is reversed during the charging process. The salt electrolyte contains
NaCl, ZnCl2 – which participate in the interfacial reactions – and CaCl2,
which functions as a spectator but is included to lower the melting point
of the salt.

It should be noted that the Na-Zn cell differs from most previous
LMB designs regarding the nature and co-ordination of its coupled
interfactial reactions. During discharge, Na displaces Zn in the salt, and
the electrode metals (ideally) remain pure in composition. By contrast,
most LMBs employ a single electroactive metal that migrates from the
anode, through the salt, and alloys with the cathode during discharge.
The Na-Zn cell owes its unusually high voltage to this departure from
the ‘classical’ LMB design, however it also suffers disadvantages. Most
important is self-discharge, which can occur if Zn2+ ions in the salt
come into contact with the Na electrode, where they can be reduced
to metallic Pb directly [10,11,15,25,26]. A porous ceramic membrane
(’diaphragm’) can be used to separate the upper and lower parts of
the electrolyte to alleviate undesirable mass transfer between the elec-
trodes [14,28], and thus to mitigate self-discharge. Al2O3 membranes
have been used in the past due to their chemical and thermal stability
properties [13].

The general requirement that any LMB’s components all remain
molten necessitates high operating temperatures, and values in ex-
cess of 200 ◦C are common [5,29,30]. These temperatures present
design challenges such as enhanced cell-body corrosion, and safety
concerns [21], but also confer performance advantages, since elec-
trolyte resistance and kinetic barriers to electron-transfer are decreased.
Lower temperature systems have been proposed [30], but these suffer
disadvantages in terms of capacity and scalability. The Na-Zn cell
requires one of the highest operating temperatures among LMBs: 557 ◦C
at the minimum. This is because in addition to the need for its salt
electrolyte to remain molten, Na-Zn operation depends on Na and Zn
being immiscible, and not forming an alloy which cannot be separated
2

into its pure components. This necessary immiscibility only prevails
above 557 ◦C [13].

The identification of electrode and electrolyte materials for liquid
metal batteries is critical for the design and operation of a LMB. In
general, the main challenges are to find electrode materials that provide
a favorable cell potential, while also remaining cost-effective. Different
methodologies have been proposed to select them under different cri-
teria [9], and several material options have been proposed in the past,
such as Li-Bi, Pb-Sb, Ca-Bi [10–12] as examples. Recently, examples of
systems where electrode alloying is promoted for better performance
have also been proposed [27,31].

For anode materials, low-density, low melting temperature metals
are preferred, thus Li has been a popular candidate for a number of
designs [10,17], however, Lithium is expensive and not always easily
available. Other options of anode material are suitable alternatives,
as they are relatively cheap and safe. Other alternatives such as Gal-
lium [18] or sodium-potassium alloy [19,20], have been proposed, in
an effort to leverage their very low melting temperatures, but are not
easily scaled to massive storage applications due to cost and safety
concerns [20,21].

In contrast, suitable materials for the cathode are often prohibitively
expensive, of low abundance [22], or have other unfavorable prop-
erties, such as promoting corrosion and other forms of cell degrada-
tion [5]. This leads to limited favorable options, but among these, Zn
is particularly attractive due to its low cost and safety advantages [17].

Batteries based on the Na-Zn electrode pair have previously been
proposed and appear to be a promising alternative [13–15]. This se-
lection of materials has been motivated by their high abundance and
low cost, while also providing an excellent cell potential, estimated at
being approximately 1.8 V. With this material selection, an operating
temperature of approximately 600 ◦C is necessary to maintain both the
electrodes and the molten salt electrolyte in liquid state. This can lead
to increased cost and a more complex design, but the low cost and
availability of Zn over other cathode materials, and the availability
of Na, makes this battery chemistry particularly attractive for large-
scale stationary applications. In addition, electrolyte components that
are compatible with this electrode combination are cheap and readily
available, namely NaCl, ZnCl2 and others [23,24].

There are numerous options of molten salts that can potentially
be used in combination with Na-Zn cells. In principle, the molten
salt is typically chosen as a mixture of the corresponding chlorides of
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the electrode materials, with possibly other salts mixed in to alleviate
problems of miscibility or corrosion. Addition for example of iodides,
can significantly reduce the melting point, but comes with increased
cost [5]. The melting point of the electrolyte must be compatible with
the operating temperature of the electrodes and should exhibit a high
ionic conductivity with a low electronic conductivity [2,5,25–27].

Ideally, a Na-Zn cell would have the capacity to store as much
charge as there is Na salt in the electrolyte in its discharged state.
Hence, this working principle could provide a theoretical upper limit of
approximately 458 Ah per kg of initial NaCl, as an example. In practice
however, the salt’s melting temperature is sensitive to its chemical
composition, and increases as the salt becomes more ZnCl2-rich. Thus
the true cell capacity is limited by the salt’s tendency to freeze as its
composition changes.

Previous studies have aimed to understand a multitude of physi-
cal phenomena associated with LMBs, such as solutal convective ef-
fects [32–34], and magneto-hydrodynamic effects, which also play
a significant role in these cells, leading to electro-vortex flows and
metal pad roll instabilities [35–37]. It has been mentioned that these
hydrodynamic effects are very important for the large-scale operation
of the cell as interfacial instability may add another design constraint
when aiming to build larger batteries [38–42]. Understanding these
convective phenomena is critical to avoid short circuits and improve
the mass transfer properties of LMBs. Modeling of solute transport in
the cathode of the cell has been done in the past [43,44]. In addition,
ion transport in the electrolyte can also influence cell performance to a
large extent, and this has been previously quantified for the case of Li-
Bi cells [45] when fluid flow is neglected. This combination of physical
and chemical processes makes comprehensive modeling of liquid metal
batteries particularly challenging.

One must also take into account that during the cycling of the
cell, there is a simultaneous dissolution and electro-deposition process
in the electrode surface. Throughout the charge/discharge cycles, the
composition of the electrolyte would be expected to change, and as
such, the amount and initial composition of the salt would be linked
to the overall capacity of the cell. With variation in composition, the
conductivity of the electrolyte would also change. This compositional
variation in the electrolyte dictates some of the operational limits of
the cell, since this the one with the highest resistivity, and accounts for
most of the Ohmic losses [44,46].

An outcome of the large contrast in density between the NaCl and
ZnCl2 salts is that the volume – and hence also the thickness – of the
electrolyte changes during cycling. This leads to significant variation in
the internal resistance of the cell, since this is the phase with the highest
resistivity, accounting for most of the cell’s Ohmic losses [44,46].
Electrolyte volume changes are however difficult to model accurately,
and have therefore not yet been fully explored. Previous investigations
have considered simplified systems, such as those with static interfaces,
at several layer thicknesses [47].

Several previous studies have modeled transport processes in other
aspects of liquid metal batteries [10,44]. In this study, we present a
simplified unidimensional model that can consider most of the mass
transfer effects contained in the interaction between the molten salt
electrolyte and the electrodes of a Na-Zn cell. Our approach is similar to
that of [45], but accounts for the variation in thickness of the different
layers to determine the impact of these changes on the operation and
performance of the cell. We approached this problem by developing
a multiphase-flow method using a Volume-of-Fluid method for an
arbitrary number of species, capable of handling both miscible and
immiscible sets of phases [10,44]. To study exclusively the effects of
migration and diffusion in detail, more complex convection effects are
neglected by our model.

The main motivation of this model is to resolve the electrolyte vol-
ume change taking place as a result of the metal displacement reaction
of the cell, while also resolving the species distribution within the
3

electrolyte. With this information, we model the resulting changes in in-
ternal potential distribution and assess the mass transfer overpotential
of the cell under different conditions.

The proposed method is compared against a simplified, small-scale
experiments to verify the variation in voltage and current dependency.

2. Methodology

2.1. General model description

The model was conceived as a three-layer assembly, represent-
ing the electrodes and the electrolyte layer as shown in Fig. 1. The
dimensions chosen allow for the Na layer to be thicker since it is
of significantly lower density than the other materials, and thus an
equivalent charge transfer would lead to a deeper erosion of the sodium
layer than the Zn layer. The system is modeled in these dimensions such
that it is reasonable to neglect hydrodynamic effects and focus on the
mass transfer processes that can be resolved unidimensionally.

Initially, the electrolyte layer is modeled as a mixture of NaCl and
ZnCl2, thus considered as a mixture of three species: the Na+, Cl− and
Zn2+ ions. For the respective ions, this corresponds to mole fractions
of 0.583, 0.25 and 0.167 for Cl, Na and Zn. Although most available
studies related to this battery chemistry also include other salts, such
as CaCl2, this configuration was selected because it contains minimal
electrochemically relevant ions under idealized conditions, limiting the
model to the observation of the ions that would react at the electrode
surface. We later introduce CaCl2 to the electrolyte for the purpose of
experimental comparison.

Constant current 𝐽0 and constant potential 𝜓0 conditions were
applied to the domain from the electrode boundaries in the longitudinal
direction to observe the variation in concentration of the electrolyte
components. The formation and dissolution of the electrode materials
at the interfaces were simultaneously resolved, resulting in interface
displacement. The current densities used were 100, 200, 500, 1000,
2000 and 5000 A/m2 for constant current cases and voltage differences
of 0.002, 0.004, 0.01, 0.02, 0.04, 0.1 V. These were repeated while
inverting the sign of the current or voltage, to simulate the charge and
discharge processes. In all tests, the temperature is assumed constant at
600 ◦C to justify the electrolyte remains in a liquid state, as reducing
the temperature can lead to solidification, causing capacity loss and
increased cell resistance.

2.2. Inclusion of CaCl2 and experiment comparison

Addition of other salts is beneficial since it reduces the activity of Zn
in the Na electrode, and thus leading to less self-discharge under real
conditions. Therefore, at a second stage, CaCl2 was added by including
the Ca2+ ion and increasing the proportion of Cl−.

For this second set of simulations we aimed to create a set of
settings that would resemble the conditions of a small scale test cell
that could be compared to experimental data. Simulations start in a
discharged state with only a small amount of Na present initially. The
current passes through the cell, leading to further sodium deposition
that simulates the charge of the cell.

The resulting overpotential results were then compared with the
experimental data obtained in a small-scale cell. In this way, the total
variation of voltage after a given time was quantified and compared
with an equivalent experimental setup.

Our first goal with the experimental comparison is to use the
magnitude of the potential variation at a given time-scale to identify
and measure the maximum internal current density of the cell. Since
in the real cell the electrodes are of different dimensions, it is possible
to measure only the total current externally, and thus understanding
the magnitude of the internal current density can provide valuable
information for future design improvement.

Since in real conditions, the system exhibits significant self-discharge
at this scale, it was only possible to carry out an initial comparison
during the charge process.
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2.3. Experimental setup

To experimentally investigate the charging process, a simplified Na-
Zn cell was constructed. The cell was assembled in the discharged state,
initially containing a pool of liquid Zn of 5 mm thickness, beneath a
5 mm thick layer of molten salt (an equimolar mixture of NaCl and
CaCl2). A glassy carbon crucible served as both the cell body and the
positive-electrode current collector. The negative-electrode current col-
lector was a Ni coil, immersed into the salt to a depth of approximately
1 mm. The initial thickness of the molten salt layer is approximately
5 mm between the collector and the cathode. For simplicity, the porous
diaphragm typical of Na-Zn cells was omitted. The cell was charged at
a constant current of 100 mA using a potentiostat. The formation of Na
during charging was demonstrated by a cell potential of 1.8 V, emission
of dark vapors, and discoloration of the salt surrounding the negative
electrode.

The surface area of the salt-Zn interface is constant value of ap-
proximately 10 cm2 throughout the charging process. However, the
calculation of this surface area is complicated by the wetting behavior
of the Zn as it generally assumes a domed shape. In the first approxi-
mation, the surface area of the negative electrode is unknown due to
the Ni coil’s poorly defined geometry, and the changes in area caused
by deposition of Na. We will the model described in this paper to
determine the effective current density at the anode by observing the
potential variation rate. A more complete description of the experiment
is provided in the supplementary information.

2.4. Governing equations

The proposed model uses different equations for miscible and im-
miscible components. Three immiscible components are defined first,
representing the two electrodes and a region containing the electrolyte
mixture, and their volume fraction 𝛼𝑘 is governed by Eq. (1) using the
Volume-of-fluid method
𝜕𝛼𝑘
𝜕𝑡

= 𝑅𝑘, (1)

here k is an index representing the sodium electrode, the zinc elec-
rode, or the electrolyte layer. 𝑅𝑘 is the reaction rate as a result of the
urrent transfer at the interface. This term is calculated using Faraday’s
aw as shown in Eq. (2)

𝑘 = ∇ ⋅
∑

𝑖≠𝑘

𝛼𝑘𝐣𝛿𝑘,𝑖𝜌𝑘
𝜂𝑘,𝑖𝑁𝐴𝑒𝑐𝑀𝑘

, (2)

here 𝑒𝑐 is the elementary charge, 𝑁𝐴 is the Avogadro number, 𝜂𝑘,𝑖 is
he number of electrons transferred per mol at the electrode-electrolyte
nterface against phase 𝑖 and 𝛿𝑘,𝑖 is an interface indicator function,
efined as in Eq. (3), where 𝛼𝑖 is the volume fraction of the phase
𝑘 reacts with. 𝐣 is the local current density at the electrode surface,
efined as 𝐣 = −𝜅∇𝜓 , where 𝜅 is the local electric conductivity and 𝜌𝑘
s the density contribution of each ion 𝑘.

𝑘,𝑖 =
𝛼𝑘∇𝛼𝑖 − 𝛼𝑖∇𝛼𝑘
|𝛼𝑘∇𝛼𝑖 − 𝛼𝑖∇𝛼𝑘|

(3)

The molar concentration of each of the immiscible components is
retrieved by dividing it by the corresponding molar volume:

𝑐𝑘 =
𝛼𝑘𝜌𝑘
𝑀𝑘

. (4)

Within the electrolyte layer, the Nernst–Planck equation governs the
transport of each of the ionic components. The molar concentration of
each ion species is given by Eq. (5):
𝜕𝑐𝑖
𝜕𝑡

= −∇ ⋅ 𝐍𝑖 + 𝑅𝑘, (5)

where the flux of 𝑖, 𝐍𝑖 is given by the combination of diffusion, and
migration, as shown in Eq. (6). The last term is the net reaction rate
4

at the electrodes, defined as 𝑅𝑘 =
∑

𝑘
𝜕𝑐𝑘
𝜕𝑡 , where 𝑐𝑘 is the molar con-

centration of the 𝑘th reacting component, thus the final term ensures
that the molar reaction rate appearing in the electrolyte matches the
reaction rate of the electrode surface,

𝐍𝑖 = −𝐷𝑖(∇𝑐𝑖) −
𝐷𝑖𝑒𝑐𝑧𝑖
𝑘𝐵𝑇

𝑐𝑖∇𝜓, (6)

where 𝐷𝑖 is the corresponding diffusion coefficient, 𝑧𝑖 is the ion va-
ency, 𝑘𝐵 is the Boltzmann constant. 𝜓 is the electric potential, given
y Eq. (7), which ensures charge conservation in the conversion from
onic current to electronic current and vice versa as the charge crosses
he interface between the electrolyte and the electrode.

Eq. (7) is obtained by adding the Nernst–Planck equation for each
onic species and converting each concentration into its equivalent
harge density. In principle, the vicinity of the electrode should have
higher composition of the ion of opposite charge to the electrode

urface, creating the electrical double layer [48], but since the double
ayer is much thinner than the thickness of the electrolyte, the system
s assumed to be electroneutral, thus cancelling out the accumulation
f charge, and resulting in Eq. (7) [45,49]. The electrical double
ayer can be assumed to be thin because the electrolyte layer is very
hick by comparison, and molten salt electrolytes tend to have a high
onductivity [50]

⋅ ((𝜅𝑒 + 𝜅𝐼 )∇𝜓) = −∇ ⋅
∑

𝑖
𝑁𝐴𝑒𝑐𝑧𝑖𝐷𝑖∇𝑐𝑖. (7)

The quantities 𝜅𝑒, are the volume fraction-averaged electronic con-
uctivity, and 𝜅𝐼 is the ionic conductivity of the electrolyte. The right-
and side of the equation accounts for the net diffusion current [45].
he potential equation, defined in Eq. (7) uses the combination of the
lectronic conductivity 𝜅𝑒 and the ionic conductivity 𝜅𝐼 . The later is
iven by the approximation shown in Eq. (8). This equation is derived
rom the Nernst-Einstein approximation, which was originally derived
or dilute electrolytes but has been used successfully to represent the
ependence between concentration and conductivity of molten salts in
he past [49]:

𝐼 =
∑

𝑖

𝐷𝑖𝑒2𝑐𝑁𝐴𝑧2𝑖
𝑘𝐵𝑇

𝑐𝑖 (8)

The mass density of the molten salt is calculated as a mole-fraction-
weighted average of its local compositions, and the density contribution
from each ion is obtained from a regression of the data found in
literature [50], where the individual ion contribution to density has
been determined to be as shown in Table 1. The electronic conductivity
is calculated as Eq. (9):

𝜅𝑒 =
∑

𝑖
𝜅𝑖𝛼𝑖. (9)

Where in practice the electronic conductivity is only non-zero in the
cells that are occupied by the electrode. With this approach, we aim to
model the interface displacement process taking place when applying
current through the given assembly of materials. Since we are primarily
focused on observing the integrity of the interfaces and the evolution
of the concentration profiles, we neglected all hydrodynamic effects,
including buoyancy, for the purpose of this study. Furthermore, the
charge transfer overpotential is assumed to be negligible, such that
discontinuous potential distributions at the interface are not mod-
eled [51]. This is justified as it is known that the liquid interfaces allow
for almost unhindered charge transfer between the electrode and the
electrolyte [10].

As a consequence of using Eq. (7) for modeling the potential, we
assume that all electronic current approaching the interfaces causes a
net ionic current of equal magnitude on the opposite side.

For the purposes of this work it is assumed that the phase change
only takes place between the ion and its matching metal. Namely, Na+
can only be released at the Na interface, and the Zn2+ ion can only be
reduced at the Zn surface. Thus, no co-deposition is allowed, and the
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c
t

Table 1
Physical properties of system components. The diffusion coefficients are approximated on the basis of their
collective ionic conductivity, and the relative densities of the ions were adjusted to reflect the contributions
of individual ions [50,52].

Component 𝜌𝑖 [
kg
m3 ] 𝑀𝑖 [

kg
kmol ] 𝐷𝑖 [

m2

s ] 𝑧𝑖 𝜅𝑒 [ S
m ]

Na+ 1570.00 23 6.82 ⋅ 10−9 +1 –
Zn2+ 2580.00 65 1.97 ⋅ 10−9 +2 –
Cl− 2470.00 35 1.19 ⋅ 10−9 −1 –
Ca2+ 2206.00 40 1.69 ⋅ 10−9 +2 –
Na 817.12 23 – – 3.471 ⋅ 106

Zn 6436.67 65 – – 2.739 ⋅ 106
i
c
i
m

m
s
b

values of the transfer coefficient 𝜂𝑖𝑗 are 1 for the Na−Na+ reaction and
2 for the Zn − Zn2+ reaction. The reaction term is not added when the
omponents in question are not reactive, which in this case corresponds
o the Cl− ion.

2.5. Numerical model

These equations were implemented using the formulation of the
finite volume method based on OpenFOAM. The model is based on
the OpenFOAM solver multiphaseInterFoam [53], which was modified
to accept the solution of miscible species within the electrolyte layer,
as well as interfacial phase exchange, following the magnitude of the
current passing through the system in accordance to Faraday’s law.

The computational domain is discretized unidimensionally and in
only the direction normal to the electrode surfaces. We discretized the
domain in 1000 cells of equal size. This grid resolution was considered
sufficient to capture concentration gradients, and grid dependency
studies are provided as supplementary information. Time derivatives
are discretized using the first-order Euler scheme, the divergence oper-
ators in Eq. (6) are discretized using the second-order upwind scheme,
while the Laplacian term in Eq. (7) was discretized using second-order
central differences.

These equations controlling the evolution of the immiscible lay-
ers are solved explicitly, while the species distribution within the
electrolyte phase is solved implicitly.

3. Results and discussion

As an initial example of the discharge process, it is possible to
visualize the enrichment of the electrolyte in sodium ions while the
existing zinc is deposited in the bottom layer in Figure A.5, showing
the evolution of the composition until it reaches its fully discharged
state.

It can be noticed that the total electrolyte layer thickness increases
during discharge due to the difference in density between the initial
condition and the discharged state. This is also possible because the
molar volume of sodium is much lower than that of zinc, and thus for
a given current, the sodium interface advance is significantly higher, as
shown in Eq. (2).

The resulting species distributions after charge and discharge under
high and low current conditions are shown in Fig. 2 as stacked area
plots. Here, one can visualize the proportion of each component occu-
pying space, noticing the sodium and zinc electrode regions on the side
and the overlapped areas showing the electrolyte components.

The initial state of the simulations is shown in the upper half of
Fig. 2, showing the mole fraction at the initial state. After submitting
this composition to charge or discharge, the distributions obtained
are shown in the bottom half of Fig. 2. The simulation ended when
the depositing electrode lost contact with its corresponding reacting
ion. So during discharge, the simulations are ended when the Zn2+

concentration drops to zero near the zinc interface.
It can be observed in the final distributions that the final states at

high and low currents are different, as the species distribution in the
electrolyte layer is linked with the magnitude of the migration flux,
so at higher currents, stronger concentration gradients are observed,
5

limiting the amount of charge that can be stored or extracted from the
cell.

In the high current example shown in Fig. 2, one can observe a
nonmonotonic mole fraction distribution in the remaining Zn2+ after
discharge. This is due to the combined effect of the reaction rate near
the depositing interface and the displacement of Zn2+ created from
the release of Na+ on the Na surface. At lower current densities, the
magnitude of these concentration gradients is much lower, ensuring a
deeper depth of discharge as it takes longer for the electrode to deplete
the available reacting ion.

The potential distribution at initial and final conditions for each case
is shown in Fig. 3(a). In all cases it is shown that the variation of the
thickness in the electrolyte layer creates a modification of the poten-
tial field, resulting in increased total resistance as the layer becomes
thicker, and the opposite when it shrinks. In the constant current cases,
the potentials are adjusted while maintaining an equivalent current
through the cell; however, because the conductivity of the cell is also
changing, the slope in the potential field also changes.

The constant potential cases show that the difference in current
is mostly perceived in the electrolyte layer, as the electrodes have
significantly higher conductivity, and thus the variation in current is
directly linked to the expansion of the electrolyte layer. The lower
current and applied voltage cases show a larger change between the
initial and final configurations due to the more stable charge/discharge
process.

A closer look at the potential distribution in the electrolyte can be
seen in Fig. 3(b), where the shift in the distribution due to the thickness
change can clearly be seen. Additionally, it is possible to see that the
deeper discharge possible in the low-current/low-voltage cases results
in greater variations in this shift between the initial and final states.

The charge capacity stored or released by the system was calculated
by integrating the current density through the anode boundary in time
as shown in Eq. (10). And the capacity change over time is displayed
in Fig. 4 for all cases. Here it is possible to see how the cell can be
charged to a higher capacity by limiting the charging current

𝐶 = ∫ 𝐣 ⋅ �̂�𝑑𝑡, (10)

where 𝐶 is the capacity of the cell, and �̂� is the unit surface-normal
vector at the boundary of the system.

The maximum capacity per unit area of the cell is calculated as
in Eq. (11)

𝐶𝑚𝑎𝑥,𝑖 = 𝑧𝑖𝐹𝑐0,𝑖𝛥𝑥 (11)

where component 𝑖 corresponds to the depositing ion, 𝑐0,𝑖 is its ini-
tial molar concentration and 𝛥𝑥 is the initial thickness of the elec-
trolyte layer. Under charge operation, this corresponds to Na+, and
n discharge mode, this corresponds to Zn2+. Under the current initial
onditions, the maximum capacity of the cell under discharge mode
s therefore approximately 2128 Ah/m2 and 1829 Ah/m2 for charge
ode.

The relation between the maximum capacity and the discharge time
ay appear to have a discrepancy with the amount of charge that

hould theoretically have passed through the cell. This can be explained
y the combined contribution of the diffusion current and the amount
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Fig. 2. Area plot of the battery components (presented horizontally) in the initial state of the simulation. The Left side contains the sodium electrode and the right side the
zinc electrode. The stacked areas represent the mole fraction of each ion in the electrolyte (top). Final states at two different current densities are shown below after charge and
discharge.
of current that remains in the cell after it has reached its mass transfer
limit.

During discharge, the cell appears to behave similarly regardless of
whether it is discharged under constant current or constant potential
conditions, as it reaches similar discharge limits.

The maximum usable capacity for each case is shown in Fig. 5 ,
where the impact in capacity loss as a result of fast cycling can be
clearly observed. In our production, the effect during discharge seems
to be somewhat more pronounced.

In Fig. 6 the corresponding cell potential difference achieved under
constant current conditions are shown in the left column, while the
right column shows the cell current variation under constant potential.
The constant current cases show a smooth decline in the potential
during charge, showing the thinning of the electrolyte layer is the
dominant factor. When charging the cell under constant potential,
predictably the cell current increases as the total cell resistance is
lower. Under discharge, the potential does not appear to change much
under constant current, presumably because of the electrolyte thickness
increase offsetting the effect of the diffusion current, since it has been
observed that electrolyte thickness has large impact on cell poten-
tial [47]. Under constant potential discharge, however, the current
6

seems to vary non-monotonically with a small initial increase and
then a decrease over time. This may also be an effect of the initial
separation of the components, causing an anisotropic conductivity in
the electrolyte layer, and then being offset by the increased resistance
associated with the electrolyte expansion.

From these observations, we can speculate that the interplay be-
tween the diffusion current and the volumetric changes in the cell may
be an important aspect when defining the operation limits and cell size
of a sodium-zinc liquid metal battery. Significant differences in usable
capacity can be determined by the interaction between these variables,
and therefore, it should be considered when determining the optimal
size and operation range of a battery design.

It must be noted that these observations are caused by the com-
positional variation within the cell, but this would only suggest that
these effects may be very important depending on the dimensions of
the cell. The accumulation of Zn ions near the Na electrode, leading to
parasitic discharge, highlights the importance of the introduction of a
diffusion barrier to mitigate this effect, such as the one introduced by
Xu et al. [14], however, one must consider that this appears in these
results in the absence of convective effects, and thus additional mixing

would mitigate this to some extent.
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Fig. 3. Potential distributions across the cells (oriented horizontally). The dashed line is the initial state and the solid line is the final configuration. The distribution across the
hole system is shown in part (a) while the corresponding distribution within the electrolyte is shown zoomed in (b).
.1. Experimental comparison

As a preliminary assessment of the performance of our model, we
ompared the voltage variation during the simulated charging process
ith the experiment described in Section 2.3. In the experiment, the cell
otential increases until it reaches a limit after around 300 s. We com-
ared this observed change in voltage with the overpotentials predicted
7

y our model, using the final experimental voltage (attained after 300s)
as a reference. The simulation was run using the same dimensions
as in the experiment. In the simulation we performed a parameter
sweep, modeling different current densities, to see which most closely
reproduced our experimental data. This was done to illustrate the first-
order consistency between the internal performance parameters of the
experimental cell and the simplified model. In essence, by matching
the magnitude of the overpotential variation during charge, we used

our model to estimate the current density at the Na electrode.
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Fig. 4. Cell capacity over time for each case.
Fig. 5. Chart of usable capacity for each case under charge (a) and discharge (b), the maximum theoretical capacity that could be charged or discharged is shown in red dashes.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 7(a) shows the simulated change in overpotential magnitude
during the charging process for different current densities (solid lines),
compared to the experimentally observed voltage variation (red dashed
line), obtained by passing a current of 100 mA through the cell. Since
we are plotting the difference between the voltage at any instant and
the final ’steady state’ voltage attained after 300 s, the displayed value
declines to zero (this zero point corresponding to the plateau at a
specific value: 1.8 V in the experiment). Of all the charge densities
modeled, the experimental data most closely fit the 4000 A/m2 case.
Combining this best-fit value with the known experimental current
(100 mA/cm2), we can estimate the surface area of the Na electrode
as 25 mm2. While we were unable to measure the surface area of the
Na pool directly, its surrounding Ni coil had an outer diameter of
8

5 mm, which will have limited its cross-sectional area to approximately
20 mm2. Thus, the current density predicted by the model on the basis
of matching the observed overpotential change is broadly consistent
with the results from our experimental cell. It should be noted however
that since the model neglects transport by advection, the overpotentials
it predicts are likely to be over-estimates. Thus its predicted current
density should be considered a lower limit, and hence an upper limit
on the surface area of the Na electrode in our experiment. This, too is
consistent with the configuration of our cell, since the Ni coil constrains
the electrode area, as previously indicated, to be no larger than a value
of approximately 20 mm2.

Although it is difficult to measure discharge under the same con-
ditions due to the action of self discharge mechanisms not covered by
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Fig. 6. Cell current and cell voltage for each case against capacity.

Fig. 7. (a) Comparison of the total overpotential variation magnitude during charge at different current densities compared with experiment at 100 mA in charge. The values are
presented based on the reference potential of 0 V at the end of the charge at 300 s. (b) Capacity and voltage variation n a cycle with 300 s of charge at 4000 A/m2, followed
by 400 s of discharge at different current densities.
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this model, we can carry out a performance test by charging the cell
at the current density identified, and then discharging it at 400, 800,
1200 and 2000 A/m2. The potential variation and the capacity change
n these conditions are shown in Fig. 7(b).

The capacity steadily increases during the first 300 s of charge,
hile the cell voltage decreases due to the electrolyte layer getting
arrower. After this, the cell is discharged at different current densities,
nd it is possible to observe a drop in the measured cell potential that
s proportional to the current density used for the discharge. It can be
oticed that at high discharge rate, the capacity of the cell is cut short
ue to the concentration gradients created during charge.

. Conclusions

Using a simplified multiphase approach, it was possible to model the
olumetric changes taking place as a result of the charge and discharge
f a Na-Zn liquid metal battery. Significant changes in volume are
bserved due to the relatively low density of sodium compared to the
olten salt electrolyte leading to significant variation in the electrolyte

hickness and therefore in the potential distribution across the cell.
It was shown that concentration gradients in the molten salt compo-

ition can lead to the depletion of the reacting ions near the electrode
urface and therefore operation limits must consider these concentra-
ion gradients. It was possible to show how a simplified 1D model can
e used to understand internal current distribution based on potential
ariation.

The importance of this electrolyte compositional variation has been
ighlighted before, but its impact joined with the volumetric changes
n the electrolyte leads to a more complex phenomenon that can
otentially have significant impacts on cell performance.

This behavior might be partially mitigated by other transport phe-
omena that have been neglected in the present work, such as com-
ositional convection and convective effects, or magnetohydrodynamic
ffects.

Future work will address the linkage between chemical composi-
ion variation and hydrodynamic effects. The introduction of separator
embranes and its impact on species distribution in the electrolyte is

lso an important factor that should be studied.
Given that this simplified model does not include comprehensive

odeling of the open cell voltage, including this in future work would
nable more comprehensive comparison with experimental results.
ubsequently, additional phenomena that cannot be resolved unidi-
ensionally should also be considered. Especially the effect of having
onplanar electrode-electrolyte interfaces and other electrocapillary
henomena, given the high interfacial tension between these materials.
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