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There is a strong drive to use Li and Na metals as anode materials for lithium and sodium batteries due to
their high specific energy. However, Li and Na metals are susceptible to dendrite growth and exhibit low
melting points (180.5 °C for Li and 98 °C for Na). The low melting points can lead to internal short-
circuits and catastrophic failure of the battery. Here, we show that batteries using Li and Na metal
electrodes are short-circuiting internally when the melting points of these metals are reached. We

demonstrated this with four different solid electrolytes in lithium and sodium batteries, using symmetric-,
Received 4th December 2024 half- d de-f T d th h ext L d t d direct vi lisati .
Accepted 30th January 2025 alf-, and anode-free cells an rough extensive impedance measurements and direct visualisation via
operando digital microscopy. The temperature required to melt these metals in batteries is often

DOI: 10.1039/d4se01698 reached under various operating conditions. In light of these facts, using Li and Na metals as electrodes
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Introduction

With a high standard reduction potential of —3.04 (vs. SHE) and
a specific capacity of 3860 mA h g™, Li metal is an ideal anode
for lithium-ion batteries (LIBs).' However, Li metal forms
dendrites upon repeated deposition and stripping, eventually
puncturing the polymeric separator, and the battery will short-
circuit internally.>® This could lead to thermal runaway,
potential fire and explosion. To address this issue with Li metal,
commercial LIBs use graphite-based anodes. Though the
specific capacity (372 mA h g~ ') of graphite is 10 times less than
that of Li metal, graphite offers higher safety and cycling
stability than Li metal.*® However, there is a significant demand
for high-specific capacity anodes to increase the specific energy
of LIBs. The silicon anode with a high specific capacity of
4212 mA h g~ is attractive, but the high-volume changes of the
Si anode during lithiation and delithiation are challenging to
deal with.® Beyond this, the Li anode is necessary for Li-deficient
battery technologies such as lithium-sulphur and lithium-air
and desirable for high-energy and safer solid-state batteries.”
Considering these specific needs for Li metal anodes, signifi-
cant progress has been made to prevent Li dendrite formation
and propagation.®*® On the other hand, hard carbon is used as
an anode in sodium-ion batteries (SIBs),'"'* as Na metal poses
problems like Li metal. Nevertheless, Na metal as an anode is
desirable due to its higher capacity (1115 mA h g~ for Na versus
270 mA h g7 ! for hard carbon) and for Na-deficient battery
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in commercial batteries should be reconsidered.

technologies.” Beyond this, there is a strong intention to
develop anode-free batteries due to their higher energy
density."** Unlike traditional LIBs and SIBs, anode-free
batteries do not have anodes to start with; they only have an
anode current collector. Li or Na metal is deposited on the
current collector as an anode during the first charge, and it
subsequently works as an anode material.’® The anode current
collector does not have a pre-coated anode material (reducing
weight and manufacturing cost). So, the anode-free design
offers higher energy density and is considered next-generation
battery technology."”

While these are the exciting features of Li and Na as anodes,
some fundamental issues are associated with Li and Na metals
when they are used as anodes for LIBs and SIBs. Li melts at
180.5 °C, and Na melts at 98 °C.** When these temperatures are
reached in batteries, Li and Na metals will melt and lead to an
internal short circuit (as they are good electrical conductors),
which might eventually lead to a thermal runaway." Here, we
show that batteries using Li and Na metals as electrodes lead to
an internal short circuit when the temperature of the battery
reaches the melting point of these metals. We demonstrate that
internal short circuits can occur in LIBs and SIBs using four
different solid electrolytes (2 for LIBs and 2 for SIBs). We
investigated and reported the short-circuiting tendency using
symmetrical cells, half-cells, and anode-free cells using various
relevant experiments.

We opted for solid electrolytes rather than liquid electrolytes
to demonstrate the short-circuiting behaviour of LIBs and SIBs.
The commonly used liquid electrolytes in LIBs and SIBs are
unstable at the melting temperatures of Li and Na metals. The
stability of the electrolytes is paramount to demonstrate the
short-circuiting behaviour. Any parasitic side reactions between
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the electrolytes and Li and Na metals should not influence the
melting of these metals, and therefore, we have chosen stable
solid electrolytes. We have chosen Lig 4LasZr; 4Tay 01, (LLZO)
and Li-p"-alumina (LBASE) as Li' conducting and Na-p’-
alumina (BASE) and Na5GdSi,O,, (NGS) as Na* conducting solid
electrolytes. These solid electrolytes are chemically stable with
respective metals (LLZO and LBASE against Li; BASE and NGS
against Na).

Symmetric cells

Initially, we demonstrated the short-circuiting behaviour of
symmetric cells. Fig. 1a and ¢ show the impedance spectra
(Nyquist plots) of Cu-Li/LLZO/Li-Cu and Cu-Li/LBASE/Li-Cu
cells between 100 °C and 200 °C. The specific impedance values
are given in Table S1.T The impedance spectra of these cells are
composed of a single depressed semi-circle without any
inclined line at lower frequencies. This is a typical behaviour
expected for this kind of symmetrical cell. However, the Cu-Li/
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LBASE/Li-Cu cell impedance is significantly higher than that of
Cu-Li/LLZO/Li—-Cu. This could be due to the low ionic conduc-
tivity of LBASE compared to LLZO. This resulted in lower
impedance for Cu-Li/LLZO/Li-Cu cells. Nevertheless, the
impedance of both cells decreased with an increase in
temperature due to the increased ionic conductivity and
improved interfacial contact between the solid electrolyte and
Li. The impedance of Cu-Li/LLZO/Li-Cu fell below 1 Q at 190 °©
C. The impedance of Cu-Li/LBASE/Li—-Cu fell below 1 Q at 200 °©
C, confirming the short-circuiting tendency of these cells when
Li metal started meting (above 180.5 °C) (Fig. 1b and d). We
additionally confirmed the short-circuiting behaviour of these
cells with a multimeter continuity test.

Fig. 2a and c show the Nyquist plots of Al-Na/BASE/Na-Al
and Al-Na/NGS/Na-Al cells between 40 °C and 110 °C. The
specific impedance values are given in Table S2.1 The Al-Na/
BASE/Na-Al cell impedance spectra comprise a single depressed
semi-circle without any inclined line at lower frequencies. On
the other hand, the impedance spectra of the AI-Na/NGS/Na-Al
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Fig. 1

(a) Impedance spectra of a Cu—Li/LLZO/Li—Cu cell in the temperature range of 100 °C to 190 °C with increments of +10 °C (the cell is

equilibrated for at least 30 minutes at each temperature); (b) impedance spectra of the Cu—Li/LLZO/Li—Cu cell at 190 °C; (c) impedance spectra
of a Cu—Li/LBASE/Li—Cu cellin the temperature range of 110 °C to 200 °C with increments of +10 °C; (d) impedance spectra of the Cu—Li/LBASE/
Li-Cu cellat 200 °C. The red circles in (a) and (c) highlight the impedance falling below 1 Q after short-circuiting occurs. The thickness of the solid
electrolyte discs is between 1 and 1.2 mm, and their diameter is 11 to 12 mm. The weight of Li foil attached to the solid electrolyte disc on each
side is approximately 10 mg. Impedance spectra were recorded in potentiostatic mode in the 0.1 Hz to 1 MHz frequency range. A small amplitude
of 5 mV was applied to avoid significant metal deposition and stripping during the impedance measurements.
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Fig. 2 (a) Impedance spectra of the Al-Na/BASE/Na—Al cell in the temperature range of 40 °C to 100 °C with increments of +10 °C; (b)

impedance spectra of the Al-Na/BASE/Na—Al cell at 100 °C; (c) impedance spectra of the Al-Na/NGS/Na—Al cell in the temperature range of
40 °C to 110 °C with increments of +10 °C; (d) impedance spectra of the Al-Na/NGS/Na—Al cell at 110 °C. The red circle in (a) and (c) highlights
the impedance falling below 1 Q after short-circuiting occurs. The inset of (a) shows the digital image of a typical symmetrical cell.

cell are composed of two depressed semi-circles (disappear
when the temperature increases) without any inclined line at
lower frequencies. The two semicircles (instead of one) could be
due to the slightly uneven surface of NGS or the uneven sticking
of Na metal to the NGS surface on either side of the disc. In
contrast to Li-based symmetric cells (Cu-Li/LLZO/Li-Cu and
Cu-Li/LBASE/Li-Cu), the impedance of Na-based symmetric
cells (Al-Na/BASE/Na-Al and Al-Na/NGS/Na-Al) is almost the
same due to the similar ionic conductivity of NGS and BASE.
Similar to Li-based cells, the impedance of Al-Na/BASE/Na-Al
and Al-Na/NGS/Na-Al cells fell below 1 Q between 100 and 110 °
C just above the melting point of Na metal (98 °C) (Fig. 2b and
d). Again, this confirms the short-circuiting behaviour of these
cells when melting point temperature of Na metal is reached.
The short-circuiting temperature is 190 °C for LLZO and
200 °C for LBASE, which is close to the melting point of Li (180.5
°C). The short-circuiting temperature is 100 °C for BASE and
110 °C for NGS, which is close to the melting point of Na (98 °C).
The slight variation in the short-circuiting temperature between
the solid electrolytes could be related to the thickness and
density of the solid electrolyte discs used. We used 1.0-1.2 mm
thick solid electrolyte discs to physically separate the electrodes
and to avoid accidental short-circuits when fabricating the cells.
However, the intended thickness of the solid electrolyte is less

This journal is © The Royal Society of Chemistry 2025

than 50 um for commercial cells. A 10 to 20 um thick polymeric
separator is used in liquid electrolyte cells. Given the low
physical separation of electrodes in commercial batteries and
pores within the solid electrolytes and/or separators, the melts
will flow in the pores and lead to short-circuits even if the
quantity of metal is low and at the melting temperatures of
metals.

Impedance fell below 1 Q when a short circuit occurred in all
symmetric cells, irrespective of the electrode type and solid
electrolyte used. While this is expected to happen when a short
circuit occurs, interestingly, all the impedance spectra showed
an inclined line with a negative imaginary impedance when
a short circuit occurs (Fig. 1b, d, 2b and d, even in half-cells,
Fig. 3b and d). This unusual impedance behaviour is generally
observed when a shunt resistor is formed. A shunt is a resistor
with low resistance, enabling high currents to pass through it.
When an internal short circuit occurs in the cell, the current
changes its direction of flow (external circuit to direct), and it
creates low resistance paths due to the high electronic
conductivity of the metals (1.1 x 10" S m ™" for Li and 2.1 x 107
S m™" for Na), creating a shunt resistor. We recorded the
impedance spectra of a shunt resistor to validate this (30 mQ).
The impedance spectra of the shunt resistor resemble those of
the short-circuited cells (Fig. S1f). A similar impedance

Sustainable Energy Fuels, 2025, 9, 1545-1551 | 1547
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Fig. 3

(a) Impedance spectra of the Al-NMC/LLZO/Li—-Cu cell in the temperature range of 140 °C to 190 °C with increments of +10 °C; (b)

impedance spectra of the Al-NMC/LLZO/Li-Cu cell at 190 °C; (c) impedance spectra of the Al-NMO/NGS/Na-Al cell in the temperature range
of 80 °C to 110 °C with increments of +10 °C; (d) impedance spectra of the Al-NMO/NGS/Na—Al cell at 110 °C. The red circles in (a) and (c)

highlight the impedance falling below 2 Q after short-circuiting occurs.

behaviour was observed when the cells were short-circuited.
This confirms that a shunt is formed when a short circuit
occurs in these cells. We also observed this kind of impedance
behaviour in short-circuited symmetrical cells (Al-Na/BASE/Na—
Al) after depositing and stripping Na at 0.4 mA (Fig. S2t). The
short circuit in this cell was due to Na dendrite formation and
puncturing; therefore, low resistance paths were generated.

Half cells and anode-free cells

Following symmetrical cells, we demonstrated the short-
circuiting behaviour in half-cells. The impedance spectra of
the AI-NMC/LLZO/Li-Cu and Al-NMO/NGS/Na-Al cells are
shown in Fig. 3a and c. The impedance spectra of the additional
half-cell (AI-NMO/LBASE/Na-Al) are shown in Fig. S3.T Similar
to the symmetrical cells, the half cells are short-circuiting when
Li and Na metals melt. The impedance fell below 2 Q when the
short-circuit occurred (Fig. 3b and d). A shunt-type resistor
forms when the cells are short-circuited, similar to symmetrical
cells. We fabricated anode-free cells and charged them to
deposit Na on the anode current collector (Al foil). Na was
deposited on the opposite side of the NGS disc, as evidenced

1548 | Sustainable Energy Fuels, 2025, 9, 1545-1551

visually, but only a small amount of Na was deposited (Fig.-
S4at). This would be too little to flow in the cell and cause
a short circuit (particularly with a 1 mm thick NGS disc).
Unfortunately, we could not deposit a significant amount of Na,
probably due to the lack of applied pressure. We could not load
more than 20 mg of the active material over 12 mm diameter
NGS discs to maximise the amount of Na deposited (our
attempt to coat more than 20 mg of NMO resulted in the peeling
of the cathode layer from the solid electrolyte disc). Interest-
ingly, the cell's impedance changed after charging the battery
due to Na deposition (Fig. S4bf). The impedance spectra of the
initial anode-free cell (AI-NMO/NGS/AI) consist of an inclined
line at a lower frequency. The inclined line disappeared after
charging, confirming sodium deposition between the NGS and
Al interface. However, we reckon that the anode-free cells are
identical to half cells after the first charge. Therefore, the half-
cell results can be extended to anode-free cells.

Additional evidence of short-circuiting is provided through
direct visualisation via operando digital microscopy experi-
ments. The experimental setup is shown in Fig. S5.F The optical
images of the symmetrical cell (Al-Na/NGS/Na-Al) recorded at
various temperatures are shown in Fig. 4a—c. No visual changes

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Opticalimages of the symmetrical cell (Al-Na/NGS/Na—-Al) at various temperatures: (a) at 80 °C, (b) at 110 °C, and (c) at 120 °C. (d) Digital
images of the optical cell were recorded at RT after cooling down the cell and heating it to 120 °C (this cell is different from those used in (a)—(c)).
The optical cell was placed in a digital dry block heater, which can be heated up to 120 °C. After closing the heater with a transparent lid, its
temperature was raised to 80 °C, followed by a step-by-step increase from 80 °C to 120 °C (by +10 °C). Dwell time is approximately 10 minutes at
each step. Digital images were recorded, and videos were recorded for each step. All these measurements were performed inside a glove box as
our optical cell was not leakproof beyond 60 °C. The digital image of the experimental setup is shown in Fig. S5.1

were seen in the cell below 100 °C. However, Na started melting
above 100 °C. The video of the cell recorded at a temperature of
110 °C is given in Fig. S6.7 Na was seen melting at 110 °C, and
beyond 110 °C, Na melt turned into spheres. Similar observa-
tions are made with half cells. The results of the half cell (Al-
NMO/BASE/Na-Al) are given in Fig. S7.1 The video of the cell
recorded at a temperature of 110 °C is given in Fig. S8.1 The
short-circuit occurred between 100 °C and 110 °C in the
symmetrical and half-cells. We hypothesise that Na melt was
forming at these temperatures, flowing through the cracks and
pores of the solid electrolyte and resulting in short-circuiting.
Beyond 110 °C, Na melt turns into spheres and short-circuits
over the surface (Fig. 4c and d). By combining the results
from the impedance experiments and operando microscopy
visual experiments, we conclude that the short circuiting occurs
initially through the flow of melt through the pores of the solid
electrolyte and subsequently over the surface when the
temperature increases further.

Conclusion and perception

In conclusion, we showed that using Li and Na metals as anode
materials in batteries might lead to an issue. When the

This journal is © The Royal Society of Chemistry 2025

temperature of the cells using Li and Na metals as anodes
reaches the value of their melting points, these batteries will
short-circuit internally and fail. Considering the high electronic
conductivity and liquid nature of the Li and Na melts, the
internal short circuits will initiate exothermic reactions, quickly
releasing large amounts of energy. This could lead to severe
damaging effects. While the Li metal melting temperature of
180.5 °C is not reached commonly, the Na metal melting
temperature of 98 °C could be reached more often in batteries
(particularly internally). Besides, Na metal reacts more violently
with the atmosphere. Therefore, the Na metal as an anode in
commercial batteries is more vulnerable. Batteries using any
electrically conducting and low melting point electrode mate-
rials should be avoided. Batteries with open electrolyte design
are unsuitable for electrically conducting flowable electrodes.
However, adopting a sealed electrolyte design like that in
ZEBRA and Na-S batteries might enable using these metals as
anodes. Alternatively, LIBs and SIBs can continue to use much
safer carbon-based anode materials (or other safer materials) in
commercial batteries. Even with carbon-based anodes, we
suggest avoiding fast charging to avoid potential metal depo-
sition. However, unlike typical LIBs and SIBs, anode-free

Sustainable Energy Fuels, 2025, 9, 1545-1551 | 1549
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batteries must use alkali metal anodes deposited in the first
charge. Therefore, this concept is more worrisome.

Methods

Na-p”-Alumina (BASE) and Li-f”-alumina (LBASE) discs of
12 mm in diameter and 1 mm thick were obtained from Ionotec
Ltd, England. Lig 4LasZr; 4Ta, 01, (LLZO) powder was obtained
from MSE suppliers (Ampcera™). LiNi; sMn, 1C010, (NMC),
PVDF, NMP, Super P, Li metal, Al metal, and Cu metal foil were
obtained from the Gelon Lib Group, China. Na sticks covered in
protective hydrocarbon oil were used to prepare Na-based cells
(99% Alfa Aesar). A small split cell with a quartz window (EQ-
STC-SSI) was used and purchased from MTI, USA, for optical
microscope experiments. The as-received LLZO powder was
milled at 400 rpm for 12 h, pressed into 12 mm diameter discs
and sintered at 1050 °C for 8 h. The sintered discs were used for
further measurements. Na;GdSi,O;, (NGS) and P2-type Na, -
Mn, Mg, ;0, (NMO) were synthesised according to our
previous reports.”>** A Fritsch Pulverisette 6 was used for ball
milling experiments (ZrO, vials (80 mL), and 10 mm balls were
used for milling). The phase purity of the synthesised and
received samples was determined via XRD using a Bruker D8
Discover diffractometer and Cu Ko radiation (40 kV; 40 mA). All
electrochemical measurements were performed using a Gamry
1010E potentiostat. Gold was sputtered as an ion-blocking
electrode on either side of the solid electrolyte discs using an
Agar sputter coater for ionic conductivity measurements. The
electrochemical impedance spectroscopy (EIS) spectrum was
subsequently recorded on these gold-coated solid electrolytes
between 1 MHz and 0.1 Hz. Ionic conductivities were derived by
fitting the resulting EIS spectra.

To fabricate Li-based symmetric cells, the surface of Li foil
was mechanically cleaned using a scalpel blade to expose fresh
Li and cut as discs (the same size as the diameter of the solid
electrolyte discs). These Li-metal electrodes were placed on
both sides of the solid electrolyte discs. The other side of Li-
discs was covered with Cu-foil. The Cu-Li/solid electrolyte/Li-
Cu stack was pressed by hand. The Cu-Li/solid electrolyte/Li-Cu
sandwiched solid electrolyte discs were transferred to a modi-
fied Swagelok cell and placed between two stainless-steel (SS)
current collectors. The top part of the SS current collector was
compressed with an SS spring (the compression force of the
spring is 40 N) using an SS tightening rod. NMC was used as the
cathode material to make half-cells and anode-free cells. A
slurry was made of an NMC + Super P + PVDF (80 wt% + 8 wt% +
12 wt%) mixture, and NMP was hand coated on LLZO discs with
a spatula and dried at 120 °C overnight. These dried pellets were
used to make half-cells and anode-free cells. The cathode layer
contains approximately 20 mg of NMC. To make half-cells (Al-
NMC/LLZO/Li-Cu), the uncoated side of the solid electrolyte
discs was pressed with Li metal, as was the case for symmetrical
cells.

To fabricate Na-based symmetric cells, a clean piece of Na
metal was cut from a rod pressed flat and cut into circular
electrodes. Their surface was mechanically cleaned using
a scalpel blade to expose fresh sodium. The Na-metal electrodes
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were placed on both sides of the BASE or NGS pellets. The other
side of Na-discs was covered with Al-foil. The Al-Na/BASE/Na-Al
or Al-Na/NGS/Na-Al stack was pressed by hand. The other
fabrication and measurement conditions were similar to those
of Li symmetrical cells. NMO was used as the cathode material
to make half-cell and anode-free cells. To make SIB half cells
and anode-free cells, a slurry was made of an NMO + Super P +
PVDF (80 wt% + 8 wt% + 12 wt%) mixture, and NMP was hand
coated on BASE or NGS discs with a spatula and dried at 120 °C
overnight. The cathode layer contains approximately 20 mg of
NMO. To make half-cells (AI-NMO/BASE/Na-Al or NMO/NGS/
Na-Al), the uncoated side of the solid electrolyte discs was
pressed with Na metal, as it was in the case of symmetrical cells.
Then, both sides of the discs were covered with Al foil. The
NMO-coated discs were covered on both sides with Al foil (to
make anode-free cells (AI-NMO/BASE/Al or AI-NMO/NGS/Al)).
All testing and measurements were done in modified Swage-
lok cells. The design of the modified Swagelok cell was dis-
cussed in our previous publications.” The modified Swagelok
cells were assembled inside an MBraun glovebox (O, < 0.5 ppm,
H,0 < 0.5 ppm).
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