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has been used more frequently [20, 23, 24], and shown to render lower overpotentials, ascribed to a
higher cation–anion dissociation degree [20].

Ten years ago, one of us published a study on the quality of commercially available LiFSI salts [25].
At that point, LIBs were already an established technology, but high and uniform quality of commercial
Li-salts was highlighted in terms of establishing trust and comparability across scientific papers. In con-
trast, for CaBs, low and/or variable quality salts could impede the very development of a battery tech-
nology in its infancy. In this work, the thermal stability of five commercially sourced Ca(FSI)2 salts was
first characterized by monitoring degradation and phase transitions using both dynamic and isothermal
thermal gravimetric analysis (TGA) as well as differential scanning calorimetry (DSC). Subsequently,
detailed Raman and Fourier-transform infrared (FT-IR) spectroscopic analyses were made to address
the purity of the salts. Finally, the impact of salt purity on the electrochemical performance was assessed
using both symmetric and full CMB cells.

2. Experimental

2.1. Sample handling and preparation
Five Ca(FSI)2 salts (hereafter ‘A–E’), all commercially sourced, were dried, stored, and handled in an
argon-filled glove box (H2O < 1 ppm, O2 < 1 ppm). The salts were dried in a vacuum Büchi oven
(<7 Pa and 72 h at 70 ◦C). When dried, salts A and E are fine, dusty powders mixed with small
agglomerates that can be lightly pressed into the same fine powder (figure S1). Salt B had a damp, fluffy
texture as received, which, after drying, turned into the same dusty powder style as A and E. Salts C
and D had a more granular appearance, and salt C, in particular, is very flaky. All salts, including the
as-received version of salt B, had water contents low enough not to be detectable (<10 ppm) by Karl
Fischer titration (KF Coulometer, Metrohm).

For the electrochemical tests, appropriate amounts of Ca(FSI)2 were added to DMAc (Sigma-Aldrich,
ReagentPlus®, ⩾99%, dried with 3 Å molecular sieves) to create 0.1 M Ca(FSI)2 in DMAc electro-
lytes. Ca metal foils (ACI Alloys, 99.5% purity, 0.25 mm thickness) were polished using a Dremel®
8260 rotary tool equipped with a silicon carbide tip and further scraped with a stainless-steel spatula
right before cell assembly, to avoid native passivation layers. Perylene-3,4,9,10-tetracarboxylic diimide
(PTCDI, Tokyo Chemical Industry) based cathodes were created from a slurry prepared using 1-methyl-
2-pyrrolidone (NMP, anhydrous, 99.5%, Sigma-Aldrich) and poly(vinylidene fluoride) (PVdF, Sigma-
Aldrich) at a 70:20:10 PTCDI:NMP:PVdF ratio, mixed for several minutes until the desired slurry con-
sistency was achieved, and then cast onto copper foil (Goodfellow GmbH, 0.1 mm thickness).

2.2. DSC
DSC was performed using a Q1000 from TA Instruments. Approximately 5–10 mg of sample was her-
metically sealed in an aluminum pan. Here we use the methodology of [25]; the samples were cooled
at a rate of 10 ◦C min−1 to −100 ◦C, isothermally maintained for 5 min, and then heated at a rate of
5 ◦C min−1–280 ◦C. The onsets of the exothermal phase transitions were used to determine the solid–
solid transition points (Ts–s) and the onsets of the endothermal phase transitions were used to determine
the melting points (Tm).

2.3. TGA
TGA was performed using a TG209 F1 Iris from Netzsch. Approximately 5–10 mg of sample was her-
metically sealed in an aluminum pan, with a pinhole in the lid to permit gases to be released. The fol-
lowing TGA programs both used the methodology of ref. 25. All samples were heated from 25 ◦C to
500 ◦C at a rate of 5 ◦C min−1. The decomposition temperatures (Td) were defined as the temperature
at which 1% and 5% mass loss have occurred. Additionally, isothermal TGA measurements were per-
formed at 100 ◦C and 125 ◦C to study long-term stability. At each temperature, the measurements were
maintained for 12 h, followed by a dynamic step with a heating rate of 5 ◦C min−1–500 ◦C.

2.4. Raman spectroscopy
Raman data were recorded with a Bruker MultiRAM FT-Raman spectrometer, featuring a spectral res-
olution of 2 cm−1 and an Nd:YAG laser (1064 nm, 300 mW) as the excitation source. The data were
averaged over 4000 scans and recorded at room temperature. Here we use the methodology of [25], but
with a considerably larger amount of scans. All samples were ground into fine powder with a mortar
and pestle, and then filled and sealed in glass vials inside an argon-filled glove box.
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Figure 1. DSC heating traces of Ca(FSI)2 salts A–E and corresponding event temperatures.

2.5. FT-IR spectroscopy
An attenuated total reflection Alpha FT-IR spectrometer from Bruker, with a diamond crystal as the
refractive element and positioned inside the glove box, was used to record the IR spectra. The method-
ology of ref. 25 was used, but with a considerably larger amount of scans. The samples and background
were measured using 120 scans each. Data were collected at 28 ◦C between 400 and 4000 cm−1 using
a resolution of 2 cm−1. Proper contact between the samples and the diamond crystal was assured by
applying pressure with the module piston.

2.6. Electrochemical testing
Coin cells were assembled inside the glove box. Both symmetric Ca||Ca cells and full cells were made
using a glass microfiber separator (Whatman® paper) soaked with 60 µl 0.1 M Ca(FSI)2 in DMAc elec-
trolyte. Symmetric cells were cycled at a current density of 0.02 mA cm−2 until failure, and the rate cap-
ability was tested at a constant areal capacity of 0.02 mAh cm−2. The Ca||PTCDI full cells were cycled at
a C/5 rate (1 ◦C = 137 mAh g−1) in the potential window of 0.5–3.0 V vs Ca2+/Ca◦.

3. Results and discussion

First, the phase and thermal stabilities of the salts were monitored, whereafter they were spectroscopically
investigated in terms of purity. Finally, electrolytes based on salts A–E were used in electrochemical cells.

3.1. Phase transitions
The DSC heating traces show both similarities and differences across the salts A–E (figure 1). While salts
A and C–E show exothermal events at rather similar temperatures, salt B notably, both as-received and
dried, shows no such events, but instead melts at approximately the same temperature, which further-
more is ca. 10 ◦C–50 ◦C before the other salts melt. For LiFSI, which melts at 137 ◦C [25], its endo-
thermal melting peak has been shown to reduce in depth, and even become exothermal with increasing
water content [26], and it can cautiously be suggested that Ca(FSI)2 would behave similarly. However, if
so, this would most likely push the exothermal event to higher temperatures, as the divalent Ca2+ cation
coordinates both water and anions more strongly. Yet, with very low water content, this is much more
likely a solid–solid phase transition.
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Figure 2. Dynamic TGA of Ca(FSI)2 salts A–E and corresponding decomposition temperatures.

Figure 3. Isothermal TGA of Ca(FSI)2 salts A–E and corresponding mass losses.

3.2. Thermal stability
The dynamic TGA data show that salts A and C–E all decompose at 168 ± 5 ◦C (figure 2)—hence
before the exothermal events in the DSC traces if the very strict Td1% measure is used. The Td5% meas-
ure, in contrast, yields decomposition temperatures in the range of 283 ◦C–317 ◦C, indicating no sig-
nificant mass losses prior to solid–solid phase transition and subsequent melting. Salt B is again very
different; dried, it decomposes already at 29 ◦C (Td1%) and at 125 ◦C (Td5%), and as-received, at 72 ◦C
(Td1%) and 156 ◦C (Td5%). This leads us to suspect that it is still hydrated, despite the Karl-Fisher meas-
urement, and perhaps also partially decomposes during the drying process itself. Moreover, the residual
masses remaining at 500 ◦C provide further indications of differences—either in composition or pos-
sibly in how the salts granularity etc. affects the data, this as salt A and the as-received version of salt B
exhibit ∼20%, salts B–D ∼30%, and salt E ∼40% residual masses.

A different trend in thermal stability is obtained from isothermal TGA, where salts A, D, and E lose
very little mass both at 100 ◦C and after the additional 12 h at 125 ◦C (figure 3). The dried salt B has
only a slightly greater mass loss, in fact, less than in dynamic TGA at the same temperatures. As salt B in
its as-received state loses significantly more mass, it is reasonable to assume that it loses significant mass
during drying. While this might not have been water, any contamination is equally concerning. Finally,
salt C also loses a considerable amount of mass in the isothermal TGA, which is particularly worrying,
given that this occurs after drying. The analogous LiFSI, which is synthesized first by producing the FSI
anion and then introducing the Li cation, has impurities from the FSI step in the form of NH4HSO4,
HCl, CO2, and POCl3, and/or from metal ions from SbF3, KF, ZnF2, and AlF3[15]. Assuming that the
synthesis of FSI is analogous, the impurities of LiFSI and Ca(FSI)2 are most likely the very same as well.
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Figure 4. Raman spectra of Ca(FSI)2 salts A–E (top peaks cut for clarity).

3.3. Spectroscopic assessment of salt purity
The Raman spectra of the five Ca(FSI)2 salts are very similar at large, with the most notable differences
obtained for salt A, which is missing the bands at 1015, 1127, and 1147 cm−1, present, albeit weak, in
the other salts (figure 4). The two former bands are particularly strong in the spectrum of salt B, which
also shows bands at 833, 1055, and 1278 cm−1, which are not present in any of the other salts. We truly
do not believe our drying has affected any salts in any fundamentally problematic way, but we note
that the band at 1055 cm−1 differs in the Raman spectra of pristine vs dried salt B (Figure S2). Unique
stand-alone bands are typically associated with the presence of a different compound; altogether, the
spectra indicates that salt A has the highest purity and salt B the lowest (in accordance with the thermal
analysis results). Salt A, however, distinguishes itself as the only salt with several additional shoulders
at 359, 369, 585, 809, 896, 1225, and 1353 cm−1, which is tentatively attributed to the possibility that
Ca(FSI)2 may adopt two different crystal structures. Although there is no published crystallographic
data on Ca(FSI)2, the analogous Na-, K-, and CsFSI salts all crystallize in two or more distinct structures
[27]. An extensive band assignment is provided in table S1 [25, 28, 29]

Moving to the IR spectra (figure S3), these appear nearly identical, but minor differences can still be
observed. In particular, looking at the region 630–700 cm−1 (figure 5), all salts have a weak but clear
band at 653 cm−1 (δ SNS), but the more or less equally weak band at 673 cm−1 is only found for salts
C and E, and slightly differently positioned, at 677 cm−1, for salts B and D, and almost not present at
all in the spectrum of salt A. Furthermore, while all salts show a large shoulder area between 1050 and
1225 cm−1, a third band breaks out more visibly in the spectra of salts D and E. Again, taken altogether,
this points to salt A to be the purest salt.

3.4. Electrochemical performance
In stark contrast to the many and noticeable differences above between salts A–E, the Ca|0.1 M Ca(FSI)2
in DMAc |PTCDI full cells all show similar discharge capacities (figures 6 and S4). Here, the cell using
the electrolyte based on salt B shows only marginally worse discharge capacity as well as a higher over-
potential upon charging. It should be stressed that there are really no readily available cathodes that can
truly challenge the electrolyte’s high-voltage stability and thus test these rather subtle salt differences.
Therefore, symmetric Ca||Ca cells are employed to assess differences in long-term cycling behavior, not-
ing that any problems observed in symmetric cells will certainly be amplified in more complex and real
cell configurations.

Initially, all symmetric cells have a stable overpotential of ±1.15 V, which is kept until 250 h, at
which the polarization of cell B steadily increases until complete failure (at 457 h) (figure 7(a)). Slightly
before that event, cells C and D also increase in polarization, and slightly after that, cell A as well.
Overall, cell E maintains the lowest polarization the longest, but then rapidly increases, and, in agree-
ment with all the above observations, cell A delivers the most stable cycling. Moving to the rate capabil-
ity tests (figure 7(b)), there are no significant differences between the cells.
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Figure 5. FTIR spectra of Ca(FSI)2 salts (A)–(E) in the region 630–700 cm−1.

Figure 6. Voltage profiles of Ca|0.1 M Ca(FSI)2 in DMAc|PTCDI full cells at: (a) cycle 2 and (b) cycle 7.

Figure 7. (a) Long-term cycling and (b) rate capability tests of Ca|0.1 M Ca(FSI)2 in DMAc|Ca cells.
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