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Clever electrolyte design is crucial for any next generation battery (NGB) technology in its infancy to enable
leapfrogging. Using molten salt electrolytes (MSEs) in calcium metal batteries (CMBs) opens possibilities in terms
of safety, abundance, and high-temperature applications. Herein, equimolar compositions of Ca(FSI), together
with the analogous Li-, Na-, and KFSI salts are combined in three ternary and one unique quaternary MSE, for
which the mechanisms and limiting processes of metal plating and stripping in symmetric Ca||Ca cells are

evaluated, using both a classic set-up and a method inspired by symmetric cathode tests. While Ca metal anodes
still face issues with passivation layers, using MSEs can be feasible under the right conditions, and the combi-
nation represents a small steppingstone towards practical high-temperature CMBs.

1. Introduction

As global energy consumption increases [1], the demand for energy
storage and more performant batteries has risen [2]. This has led to the
search for post-lithium-ion batteries to achieve higher energy densities
[3], longer cycle lives [4], and the use of more abundant raw materials
[5,6], among other objectives. In particular, next generation batteries
(NGBs) based on metal anodes promise far higher energy densities than
their intercalation anode counterparts [7]. Also, batteries operational
both far below and far above ambient temperature are gaining interest
[8]. Elevated temperature capability is of interest to simplify the design
of appliances that generate significant internal heat during operation,
thus requiring cooling systems to keep control and safety, such as in
electric vehicles (EVs) and grid energy storage, but in particular those
naturally operating at high temperature in more extreme environments,
such as in desert climates and for space exploration [8,9].

Combining metal anode cell designs with high-temperature opera-
tion demands careful consideration — which a priori can, as a first level of
approximation, be based on basic physico-chemical and electrochemical
properties. In brief, lithium offers both the lowest electrochemical po-
tential and an acceptable melting temperature of 180 °C, but has a
critically low abundance [6]. Potassium and sodium, both much more
abundant elements, have sufficiently low electrochemical potentials, but
very low melting temperatures (64 and 98 °C, respectively), making any

high-temperature operation a safety challenge. Other metals proposed
for battery application, such as magnesium, aluminum, and zinc, have
adequate melting points (>419 °C), but less appealing electrochemical
potentials, hindering high energy density cells to be designed. Calcium,
on the other hand, combines an electrochemical potential close to that of
lithium (within ca. 0.1-0.2 V), a very large abundance (41,500 ppm, 5th
among elements in the Earth's crust) [10], with a high melting tem-
perature (842 °C) and very high, both, gravimetric (1340 mAh g~!) and
volumetric (2060 mAh cm™3) capacities [11] — hence appealing as a first
level approximation.

Calcium metal batteries (CMBs) operating at elevated/high temper-
atures are not a new concept; the first proof of acceptably reversible
calcium plating and stripping was performed at 75 and 100 °C, using a
standard liquid electrolyte of Ca(BF4)2 in EC:PC [12], which in fact
caused the very revival of CMB R&D. Not long after, plating and strip-
ping were, however, also achieved at room temperature [13], swiftly
shifting the focus of the community. Both the Ca metal anode propensity
towards passivation layers [14], and any high-temperature compatible
electrolytes requirement of high thermal stability and low vapor pres-
sures [8], renders clever electrolyte design to be of utmost importance
for practical CMBs. Solvent-free electrolytes, such as ceramic solid-state
electrolytes (SSEs) and (semi-solid) molten salt electrolytes (MSEs), are
attractive alternatives for high-temperature CMBs, as there is no risk of
solvent degradation nor ignition/flammability or vapor pressure build-
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up, as there are no organic components in their compositions, hence
fundamentally greater safety. However, SSEs, especially due to their
significant volume changes during cycling, often experience poor elec-
trode contact, and their strong electrostatic interactions with multiva-
lent cations cause low ionic conductivities and slow dynamics [15]. In
comparison, MSEs also suffer from low ionic conductivities, due to their
high viscosities, which is further complicated by poorly understood
ionic transport mechanisms [16,17]. However, MSEs do provide good
electrode contact and typically exhibit wide electrochemical windows,
which open opportunities for high-voltage applications [18,19].

Combining the above, we here target high-temperature CMBs,
employing several ternary and a quaternary MSEs based on calcium bis
(fluorosulfonyl)imide (Ca(FSI)2) in combination with analogous Li-, Na-,
and KFSI salts in equimolar compositions — whose physico-chemical
properties in relation to their entropy of mixing (ASy;,), which some
of us previously have reported on [20]. By using an operating temper-
ature of 100 °C, ~ 25-50 °C higher than their initial melting tempera-
tures (Tp,) (Table 1), issues of high viscosities and consequently low ionic
conductivities are at least partly avoided [21]. This allows us to test the
MSEs for high-temperature CMB designs in both classic and more
elaborate symmetric Ca||Ca cells, and to start elucidating their promises
and problems from a mechanisms-and-limiting-processes perspective of
metal plating and stripping.

2. Experimental details
2.1. MSE preparation

Four commercial salts were used to prepare the MSEs: Ca(FSI)y
(Provisco CS, 99.0%), LiFSI (Nippon Shokubai Co., Ltd., 99.9%), NaFSI
(Solvionic, 99.7%) and KFSI (Nippon Shokubai Co., Ltd., 99%), where
the former was used as received, and all other salts were dried in a Biichi
vacuum oven (<7 Pa and 72 h at 80 °C). The four equimolar composed
MSEs, henceforth denoted: Ca-Li-Na-K, Ca-Li-Na, Ca-Li-K, and Ca-Na-K,
were all prepared by mixing the ingoing salts and grinding them
together manually with a mortar and pestle for ~15 min inside an Ar-
filled glovebox (H20 < 1 ppm, Oy < 1 ppm).

2.2. Electrochemical testing

For initial testing, symmetric Ca||Ca 2-electrode Swagelok cells,
design A, were assembled inside an Ar-filled glovebox (H20 < 1 ppm, Oz
< 1 ppm) using MSEs in powder form, glass microfiber separators
(Whatman® paper), and pressed Ca metal granules (Alfa Aesar, 99.5%),
which were scraped with a stainless-steel spatula just before assembly.
The cells were stacked as follows: Ca metal, ~40 mg of MSE, separator,
~40 mg of MSE, separator, ~40 mg of MSE, and Ca metal. The cells were
held at open-circuit voltage (OCV) for 3 h in an oven at 100 °C, then
galvanostatically cycled at a current density of 0.02 mA/cm? with a cut-
off voltage of £2.5 V until failure.

Subsequent coin cell tests used a Ca metal foil (ACI Alloys, 99.5%
purity, 0.25 mm thickness), which was polished using a Dremel® 8260
rotary tool equipped with a silicon carbide (SiC) tip and further scraped
with a stainless-steel spatula right before assembly. These cells, design
B, were stacked as follows: Ca metal, ~50 mg of MSE, separator, ~50 mg
of MSE, and Ca metal. The cells were heated on a hotplate at 100 °C to
melt the MSE before crimping. Cells were held at OCV for 3 h in an oven

Table 1

Initial melting and glass transition temperatures of the four MSEs tested [20].
MSE Tm (°C) Ty (°C)
Ca-Li-Na-K 54 _14
Ca-Li-Na 75 -13
Ca-Li-K 68 -19
Ca-Na-K 61 -11
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at the chosen temperature (60, 80, or 100 °C), then a current density of
0.05 mA/cm? was applied until —3.5 V was reached; thereafter, galva-
nostatically cycled at 0.02 mA/cm?, with a cut-off voltage of £2 V, until
failure.

The split coin cells (design C, see below) used the same cycling
protocol (3 h in an oven at 100 °C followed by a current density of 0.05
mA/cm? until —3.5 V was reached), whereafter, while they were still
hot, the cells were disassembled, and the separators carefully removed.
The oxidized (and vice-versa the reduced) electrodes were paired and
assembled in new cells stacked as follows: electrode, ~50 mg of new
MSE, new separator, ~50 mg of new MSE, and electrode. Once again,
the cells were heated on a hotplate at 100 °C to melt the MSE before
crimping and held at OCV for 3 h in an oven at 100 °C, then galvanos-
tatically cycled at a current density of 0.02 mA/cm?, with a cut-off
voltage of +2 V, until failure.

3. Results and discussion

First, all MSEs were electrochemically tested according to cell de-
signs A and B, to explore possible effects of Tp,,/ASn;, and charge density
differences. Then, solely the Ca-Na-K MSE was used in design C cells, to
investigate mechanisms and limiting processes in more detail.

The three ternary and the quaternary MSEs were all cycled at 100 °C
(Fig. 1a) — an operation temperature that renders all MSEs enough in-
ternal dynamics to allow for symmetric Ca||Ca Swagelok cells cycling, i.
e., design A. While MSEs in principle should allow for operation
>100 °C, other cell components have challenges at these temperatures,
why we have refrained from tests above 100 °C. The Ca-Li-Na MSE based
cell, thus employing the MSE with the highest Ty, only lasts <3 cycles,
but for the other cells/MSEs, there is no such correlation discernible: the
MSE with the lowest Ty, — the quaternary Ca-Li-Na-K — does not result in
the cell that cycles the best. Instead, the Ca-Li-Na-K MSE based cell
shows virtually no difference to the Ca-Li-K MSE based cell, indicating
that, while adding NaFSI increases the AS;; [20] and decreases the T;,
(Table 1), it has no beneficial effect on the cyclability. In contrast, the
cell/MSE without any LiFSI, Ca-Na-K, achieves the most cycles. Still, the
voltage hysteresis is high for all cells/MSEs, and to get comparable re-
sults, the cut-off voltage had to be set to £2.5 V.

Looking more closely at the 2nd cycle (Fig. 1b), there is an initial
small overpotential peak for the Ca-Na-K MSE upon oxidation, most
likely due to the nucleation overpotential on the counter-electrode. With
the continuation of stripping, the voltage hysteresis slightly decreases
reaching a pseudo-plateau at ca. 200 mV which length depends on the
MSE and being the longest for Ca-Na-K. Afterwards the voltage hyster-
esis increases to reach another pseudo-plateau at ca. 1.7 V. Our working
hypothesis is to attribute the first pseudo-plateau to the initial stripping
of the fresh deposit, followed by stripping of bulk calcium. Notably, the
quaternary MSE based cell exhibits high voltage hysteresis from the very
start. While these multi-cationic MSEs open up the possibility of plating
several metals, not just Ca, and they indeed have similar reduction po-
tentials in water, the same is not necessarily true for solvent-free elec-
trolytes. Additionally, the low melting temperatures of the alkali metals
involved mean they cannot be expected to plate in the same way as Ca
does. To further analyze the origins of the voltage hysteresis, a series of
tests using design B cells at different current densities were made
(Fig. S1) and indeed achieved a lower voltage hysteresis of 60-140 mV,
depending on MSE, lasting the full-half cycle but only for the oxidation
part (Fig. 2). Despite this, the same trend as for design A is obtained; the
Ca-Na-K MSE based cell has the lowest voltage hysteresis upon oxidation
the longest, while the cells based on the Ca-Li-Na-K and Ca-Li-K MSEs
perform more or less equally, and the Ca-Li-Na MSE based cell the worst.

Previously, using the lowered Ty, but foremost the entropic stabili-
zation of MSEs as the variable/measure, the quaternary Ca-Li-Na-K MSE
showed the best long-term stability/preservation of local structure [20].
Here, cyclability does not seem to be affected the same way by the
increased ASp;, or lower Ty, The latter was further challenged by cycling



J. Timhagen et al.

Electrochemistry Communications 186 (2026) 108154

a) 4 Ca-Li-Na-K Ca-Li-Na Ca-LiK Ca-NaK b) L[
SE1 i {‘ / " 2 1t
g ([ | J1 & o
g0 { TR \ =
S K i | \l o-If
>R ¥ \ >
g 2 P \i 1 “ 1 1 2 1
0 5 10 15 1.0 1.5 2.0
Time (h) Time (h)
Fig. 1. Symmetric Cal|Ca cells, design A, cycled at 100 °C: a) full cycling and b) 2nd cycle.
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Fig. 2. Symmetric Ca||Ca coin cells, design B, cycled at 100 °C: a) Ca-Li-Na-K, b) Ca-Li-Na, ¢) Ca-Li-K, and d) Ca-Na-K.

at 80 and even 60 °C (Fig. 3), which is lower than the initial T;, of some
of the MSEs (Table 1). However, these initial Ty, only result from the first
heating of the crystalline powder mixtures, which, after melting form
MSEs which in the second heating cycle only display Tg, thus best seen as
semi-solids and suggested to allow for cycling. Both the cells based on
the Ca-Li-Na-K and the Ca-Li-Na MSEs performed worse at 80 °C, as
expected, than at 100 °C. On the other hand, the cells based on the Ca-Li-
K and Ca-Na-K MSEs exhibited great reproducibility also at lower tem-
peratures. At 60 °C, all cells except the one based on the Ca-Li-K MSE
failed immediately. Invoking the role of the glass transition temperature
(Ty), which is suggested to affect the free volume in MSEs, where a lower
T, indicates weaker ion-ion interactions [16], could explain why the cell
based on the Ca-Li-K MSE, the MSE with the lowest Tg, cycles the best at
60 °C. Overall, the best cyclability is observed for the cells based on the
Ca-Na-K MSE, suggesting that the charge density of the additional cat-
ions (Li* > Na™ > K™) has the most significant effect; the lowest cation
charge density provides the best cycling. Following this logic, binary
MSEs, such as Ca—K, could potentially generate even better cyclability
and in addition be less complex. However, the lowest T, of binary Ca-
based MSE is found at 95 °C (Table S1). Designing feasible MSEs for

CMB:s is thus a delicate balancing act between design requirements vs.
internal dynamics; increased ASp;y is not strictly necessary for better
cyclability, but is vital for lowering the T,,. However, when selecting
additional cations to lower the T, those with lower charge density
should, as a first approximation, be prioritized for improved cyclability.
With this in mind, only the most successful MSE, Ca-Na-K, was tested
further.

As the voltage hysteresis remains high, but only upon reduction, and
the results above come from 2-electrode cells, neither the mechanism
behind nor the limiting factor for this phenomenon can be determined
from any reference electrode. Overall, cells using MSEs pose significant
challenges for creating practical 3-electrode cells; in Swagelok cells,
achieving sufficient contact with the reference electrode is troublesome,
and in beaker cells, an enormous amount of expensive salt is required.
Our remedy chosen here was heavily inspired by symmetric cathode
testing [22]; to first cycle two identical symmetric Ca|Ca-Na-K|Ca design
B cells (Fig. S2), whereafter the cells were split, and the two pre-reduced
(pre-oxidized) electrodes were paired together and assembled into
design C cells and cycled (Fig. 4).

Comparing the OCVs shows that the pre-reduced cell is stable at ~3
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Fig. 3. Symmetric Cal|Ca cells cycled at 60, 80, and 100 °C, according to cell design B, based on: a) Ca-Li-Na-K, b) Ca-Li-Na, ¢) Ca-Li-K, and d) Ca-Na-K MSEs.



J. Timhagen et al.

3) 2 Pre-reduced
. 10 ﬂ
) oo T L e L e L sl 1| F/1
8 - | == ot ot e w
S S 5
2 153 6%
o T h °
=5 ime ( )
0 2 4 6 8 10 12 14 16 18 20
Time (h)
b) 2 Pre-oxidized
2
[
Y '
<
-2
0 2 4 6 8 10 12 14 16 18 20
Time (h)

Fig. 4. Design C cells using the Ca-Na-K MSE: a) pre-reduced and b)
pre-oxidized.

mV, while the pre-oxidized cell eventually stabilizes at a vastly larger
~160 mV. The former cell's electrodes are thus likely very pure Ca metal
plated on the surfaces, whereas the latter cell's electrodes have different
interphases/interfaces in relation to each other. When galvanostatic
cycling begins after 3 h, the latter immediately exhibits very high
voltage hysteresis, leading to rapid failure, while the former shows
several cycles with much lower voltage hysteresis, both upon reduction
and oxidation, before the polarization gradually increases. Our initial
working hypothesis, based on cell design A tests (Fig. 1b), that the
transition from a lower, flattened-out voltage hysteresis to a rapid in-
crease in voltage hysteresis, was attributable to stripping of fresh deposit
followed by stripping of bulk calcium, is thus strengthened by these new
data. This as the pre-reduced cell — arguably the one with the most
accessible fresh deposit — cycles much better than the pre-oxidized cell.
Our design C cells thus tell us, both that we most likely cannot create any
full cells using the Ca|Ca-Na-K combination as is, but also that there
might be options to improve the cyclability by calcium metal pre-plating
and/or other pre-treatments, strategies that are quite common for metal
battery technologies other than CMBs [14,23,24].

4. Concluding remarks

The proof-of-concept analysis presented here demonstrates that
employing semi-solid MSEs to create high-temperature CMBs can be a
feasible route forward. Still, it will require quite some further fine-
tuning of the setup and/or the metal anode surfaces to be anywhere
close to practical. Furthermore, we acknowledge that only symmetric
Ca||Ca cells are presented herein, and that for real battery application
full cell configuration tests are a necessity. Cathodes for CMBs are being
researched in parallel, but very few have been found, and those tested/
compatible for high-temperature applications are scarce/non-existent.
Nevertheless, for any advancement of challenging NGB technologies
beyond lithium-ion and sodium-ion batteries, with large fundamental
promises in terms of performance and safety etc., such as for high-
temperature CMBs, unconventional cell designs — such as the present
attempt and direction, might be needed.
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