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ABSTRACT: Sodium−potassium alloys have recently been pro-
posed as anode materials for liquid metal batteries because they can
form a liquid phase at room temperature for a wide range of
compositions. In this work, the electrodeposition morphology of this
NaK alloy is revealed through in situ optical imaging. We report that
the NaK alloy deposits dendritically akin to solid sodium anodes in
liquid organic electrolytes. However, when sodium is deposited on a
potassium-rich alloy, dendrite formation is greatly mitigated but not
prevented.
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Liquid metal batteries (LMBs) offer a wide variety of
benefits over traditional lithium-ion batteries (LIBs).

Since LMBs do not utilize slurry cast films, which can crack,
delaminate, and deteriorate as the battery is cycled, the
operating lifetimes of LMBs are much longer than conven-
tional secondary batteries.1 The liquid−liquid interfaces
present in LMBs also endow these batteries with transport
kinetics that are vastly superior to LIBs, enabling ultrafast
charging rates.2,3 Additionally, the LMB’s electrode and
electrolyte components naturally phase separate, which
obviates the need for a separator and simplifies the cell
design.3 The earth abundant materials utilized in these liquid
batteries further reduce their costs as well.1,3,4 Though liquid
metal batteries have low theoretical energy densities, their
cheap materials and separator free cell design make LMBs a
potential candidate for large-scale, stationary energy storage.2

Sodium metal anodes cycled in organic electrolytes electro-
deposit dendritically. This deposition behavior can cause
dangerous internal shorting and results in low cycling
efficiencies. LMBs can circumvent this problem by maintaining
a liquid phase at the anode so that the formation of solid
dendrites is prevented.5 However, one of the major drawbacks
of LMBs is the high operating temperature required to retain
the battery components above their melting points.6,7

Maintaining high temperatures is costly and can also accelerate
long-term cell corrosion caused by the chemical attack of the
electrodes toward the cell lining.2 Recently, Goodenough and
co-workers reported that the liquid sodium−potassium (NaK)
alloy could be cycled with a liquid organic electrolyte at room
temperature.4 Utilizing either a metal foam or carbon fiber host

to house the NaK alloy, they were able to cycle the electrode in
an electrolyte of 1 M NaClO4 in propylene carbonate/
fluoroethylene carbonate (FEC).4,8 Symmetrical cells of the
alloy revealed improved cycling stability compared to the
control, symmetrical Na cells. Additionally, a sodiated
Na2MnFe(CN)6 cathode was shown to cycle with the NaK
alloy.9

The NaK alloy remains liquid at room temperature from 29
to 86 at. % K; outside of this range a liquid and a solid solution
exist simultaneously. If sodium is chosen as the electrochemi-
cally active metal, an alloy with the highest potassium content
that retains the liquid phase (86% K at room temperature)
would allow the maximum amount of sodium uptake before
returning to a liquid/solid phase at the equilibrium line.
However, a concentration front enriched with sodium may
form at the alloy’s surface if sodium is the only electro-
deposited metal. If interdiffusion of sodium and potassium is
slower than the flux of sodium entering the alloy’s surface,
formation of a solid solution could be a possibility and dendrite
formation may reemerge.
In this letter, we examine the electrodeposition of sodium on

a NaK alloy housed inside nickel foam. A 1 M NaPF6 in FEC/
diethylene carbonate (DEC) (1:1 by volume) electrolyte was
used for all depositions. In order to conduct in situ imaging of
the electrodeposition of sodium into the NaK alloy, a home-
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built visualization cell was utilized in conjunction with a USB
microscope. In situ optical imaging revealed that dendritic
structures can electrodeposit on the surface of the NaK liquid
alloy at both slow (0.5 mA cm−2) and fast (2.0 mA cm−2)
rates. However, the formation of dendrites could be greatly
mitigated by depositing the sodium into a potassium-rich alloy
at fast charge rates.
Figure 1 shows sequential imaging of sodium electro-

depositing on (a) sodium, (b) Na-rich NaK alloy, and (c) K-
rich NaK alloy electrodes after passing 0, 0.33, 0.66, and 1
mAh cm−2 of charge at a rate of 2 mA cm−2. In the
visualization cell, the electrodes were physically held 1 mm
apart from each other without a separator. Thus, no
compressive forces were acting on the electrode surfaces
during all electrodepositions. In order to establish adequate
electrical contact with the liquid electrodes, a nickel foam host
was utilized to house the alloys (Figure S2). These liquid alloys
were inserted into the nickel foam using vacuum infiltration as
the high surface tension of the alloy does not allow the liquid
to penetrate the foam readily.8 All the depositions in the
visualization cell utilized a solid sodium counter/reference
electrode without the nickel foam host. A 1 M NaPF6 in FEC/
DEC (50 vol. % FEC) electrolyte was chosen over the 1 M
NaClO4 in propylene carbonate/FEC (10 vol. % FEC)
electrolyte in this study in order to improve solvent
compatibility with the alkali metals.10,11 Our group has
shown that the high content of FEC in the 1 M NaPF6 in
FEC/DEC electrolyte can create a fluorine-rich, passivating
solid electrolyte interphase that greatly mitigates gas
formation.10

The concentrations of the alloys were chosen by drawing a
tie line through the NaK phase diagram at 20 °C and selecting
the atomic percentages of the elements at the liquid/solid

equilibrium line (see Supporting Information Figure S1). This
ensured that the Na-rich (33 at. % K) and K-rich (82 at. % K)
alloys had the highest concentration of the desired element
while maintaining the liquid phase at room temperature (∼25
°C). These compositions, Na- or K-rich alloys, were chosen to
study the electrodeposition behavior of the alloy at the two
extremes of the liquid phase; alloy concentrations between the
selected Na- and K-rich alloys should exhibit similar behavior.
The formation of a sodium-enriched surface during electro-
deposition should be retarded by the K-rich alloy since the
magnitude of a concentration gradient in a solution impacts
the rate at which mass transport occurs. Thus, the formation of
a sufficiently rich sodium surface capable of nucleating a
sodium dendrite should occur more readily in a Na-rich alloy
than in a K-rich alloy.
For depositions of sodium onto a sodium electrode (Figure

1a), the formation of dendritic structures is observed. The
overpotential starts out high but plateaus around 200 mV after
sodium deposits have begun to nucleate and grow. For both
liquid alloy depositions, no such steep overpotential drop is
observed. The overpotential is a product of many factors
required for electron transfer from the electrode to the solvated
ion species. Since the electrolyte used in all of the depositions
is the same, differences in the overpotential across all trials
should be a product of surface conditions such as native oxide
layers, SEI, and phase.12,13 Since the alloy contains two species
of alkali metal that are highly reactive toward the electrolyte,
their SEI layer must be an amalgamation of both potassium
and sodium based decomposition products. Perhaps this SEI
has a lower impedance than the SEI formed on a sodium
electrode. A study of the SEI formed with the bimetallic NaK
alloy would be worth exploring but is beyond the scope of this
letter. Additionally, the Cui group has shown that some alloys

Figure 1. Sequential imaging of (a) sodium, (b) Na−K alloy (67 at. % Na), and (c) Na−K alloy (17 at. % Na) as 1 mAh cm−2 of charge is passed at
2 mA cm−2. The corresponding overpotential curves for all three electrodes are shown below. The scale bars are 150 μm.
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of lithium can reduce the nucleation overpotential to initialize
lithium electrodeposition.14 Something similar could be
occurring here as well. Finally, the vacuum filtration technique
used to create the nickel foam/liquid alloy electrodes also
results in pristine surfaces. Thus, a high polarization energy
may not be required to nucleate the liquid alloys since only a
nascent oxide layer is present on the NaK surface.
Despite recent reports, we found that the NaK liquid alloy

forms solid electrodeposits in liquid organic electrolytes
(Figure 1b). However, their formation was found to be greatly
mitigated when the liquid alloy’s Na content was kept low
(Figure 1c). This reduction in dendrite formation is also
reflected in the corresponding voltage profile. For the liquid
alloy that has high Na content (Figure 1b), the overpotential
does decrease as dendrites begin to form due to the increased
surface area. This is not seen in the alloy with low Na content
in which dendrite formation is mitigated. However, when the
charge passed in the K-rich alloy was increased from 1 to 3
mAh cm−2, the resurgence of larger dendritic structures was
observed (Figure 2).

We attribute dendrite formation to the compositional
inhomogeneity of the electrodeposited alloy, which is liquid
only for a defined range of Na/K ratios but is solid when the
deposit is either Na- or K-rich. As sodium ions are reduced at
the surface and enter the liquid alloy, the composition shifts
from the bulk concentration to a more sodium-enriched one. If
this occurs, part of the liquid alloy will be shifted from the
liquid phase to the solid sodium phase where potassium is
dissolved in a solid solution. This phenomenon is illustrated in
Figure 3. Thus, the formation of dendrites on this liquid alloy
could be attributed to its bimetallic composition since other
single element liquid alloys do not form dendritic depositions.
If a cathode material could desodiate and depotassiate at a

ratio equal to a NaK liquid alloy, it is possible that dendrite
formation could be eliminated. Additionally, such a cathode
would greatly increase the energy density of a NaK liquid metal
battery since both of the bimetallic constituents would be
participating in the electrochemistry.
If the slow diffusion of sodium into the bulk of the alloy is

the reason for dendrite formation, then lowering the charge
rate should help mitigate their formation since the flux of
sodium entering the alloy would be lower. Figure 4 shows that
dropping the charging current 4-fold to 0.5 mA cm−2 actually
exacerbates the formation of dendrites on the K-rich alloy.
Comparing the overpotential curves in Figure 4, the
appearance of a nucleation overpotential peak is observed in
the slow rate curve (black) and not in the fast rate curve (red).
The nucleation overpotential peak is not a function of the
charge rate.15 Thus, at a fast rate (2.0 mA cm−2), the
overpotential required to deposit sodium is always higher than
the nucleation overpotential. This ensures a high nuclei density
which mitigates the formation of larger dendritic structures
observed at slower charge rates (Figure 4). Therefore, it
appears that both a fast charge rate and low bulk sodium
content are required for dendrite mitigation. It is also possible
that the dendrites could dissolve back into the alloy given
enough time. However, we saw no noticeable change in
dendrite heights after letting deposits sit for 4 h. The
persistence of these solid sodium dendrites is not caused by
passing sufficient charge to affect the bulk concentration since
the total electrode mass is much larger than the mass of the
deposited sodium. It is possible that the time required for the
alloy and sodium dendrites to return to a bulk concentration is
much longer than 4 h or perhaps a similar effect to “dead-
lithium” formation may be occurring here as well.
In conclusion, we have shown for the first time the

electrodeposition behavior of the liquid NaK alloy in a liquid
organic electrolyte. The appearance of solid dendrites on the
alloy’s liquid surface is attributed to its bimetallic composition
as dendrite formation does not occur on pure liquid sodium
anodes. The potassium bulk content was found to greatly
decrease the formation of dendrites. This was attributed to the
faster rate of sodium dissolution in the K-rich alloy, which
slowed the formation of a Na-enriched surface that could
nucleate solid sodium. It was also shown that, akin to solid
alkali metals, the charge rate reduced the formation of large
dendritic structures by increasing the nuclei density on the
NaK surface. The appeal of the NaK alloy was the room
temperature liquid phase which was thought to cycle without
forming dendrites and reduce the operating temperatures of a
liquid metal battery. Though we have shown this is not the
case, there may still be ways of achieving dendrite free

Figure 2. High-resolution imaging of the K-rich NaK alloy after 3
mAh cm−2 of charge has been passed with a 2 mA cm−2 charge rate.
Scale bar is 250 μm.

Figure 3. Nucleation of a solid sodium dendrite on a liquid alloy.
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depositions as has been done with lithium anodes through
electrolyte additives16 or modifying the NaK liquid surface.17
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