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ABSTRACT

Calcium metal batteries (CMBs) are promising candidates for next-generation electrochemical
energy storage systems due to their high volumetric capacity, abundance, sustainability, and
safety. Recent DFT predictions suggested that the layered CaCoSO phase can enable sequential
Co*/Co* and Co*/Co** redox activity at an average potential of 2.8 V vs. Ca?//Ca, making it a
promising candidate for high-energy-density CMBs. (Torres, A.; Casals, J. L.; Arroyo-de
Dompablo, M. E. Chem. Mater. 2021, 33 (7), 2488-2497.) Inspired by these metrics, in this
work we present the synthesis and electrochemical analysis of the CaCoSO phase. Theoretical
capacity can be extracted through galvanostatic cycling, albeit accompanied by high
polarization. /n situ XRD and DEMS analyses, however, reveal that the capacity arises
primarily from a combination of material decomposition and electrolyte degradation rather
than reversible Ca?* ion storage. The apparent discharge capacity is attributed to cathodic
decomposition of generated water during the subsequent anodic step, making the overall
electrochemical process appear as reversible. This work underscores the complexity of
achieving stable calcium-ion storage and aligns with similar challenges reported for other
systems, highlighting the need for realistic testing conditions and providing critical insights to

guide the development of advanced electrode materials and electrolytes for CMBs.



INTRODUCTION

The necessity to innovate and develop alternatives to lithium-ion batteries (LIBs) has
become increasingly important due to the limited availability of required raw materials, rising
production costs, and significant issues related to safety and environmental sustainability.!?
The finite supply of lithium and other key components, coupled with their geographically
constrained distribution, further exacerbates the resources scarcity problem. Moreover, the
increasing demand for LIBs in various applications, from consumer electronics to electric
vehicles, drives up costs and intensifies the competition for these materials. Additionally, the
inherent safety risks associated with LIBs, including thermal runaway and potential for fires,
alongside the environmental impact of their production and disposal, underscore the urgent
need for sustainable and safer energy storage alternatives. Consequently, research and
development efforts have been intensifying to identify and commercialize viable alternative
technologies that can overcome these challenges and meet the growing global energy
demand.3*

While much research has centered on lithium-based systems like Li-S and Li-air (Oz)
batteries,> recent studies have explored the utility of divalent metals such as calcium (Ca) in
CMBs.%7 Calcium is the 5® most abundant in the Earth's crust, offering cost-effective raw
materials for metal-based batteries.®® Since calcium ions can undergo a two-electron redox
process at a redox potential close to Li metal, CMBs could theoretically achieve high specific

capacity and energy density, if a suitable cathode material is successfully identified and all



current associated challenges are solved. Recent advancements have demonstrated electrolytes
capable of enabling calcium plating and stripping, showing promise for CMB development.!®
12 Complementary, certain progress on positive electrode materials has been also attained, with
layered vanadate phases, Prussian blue, polyanion compounds, sulfur/sulfides and organic
materials showing steady progress.’>'® However, these materials still face limited performance
for Ca-storage, with limited capacity, poor capacity retention and slow kinetics.

The development of high-performance electrode materials for CMB, and in general for
divalent metal batteries, faces three main challenges. (i) Traditional materials applied for
monovalent ion storage (e.g., Li-ion, Na-ion, or metal versions) are thermodynamically and
crystallographically unsuitable due to divalent intercalants requiring higher coordination
numbers, which disrupt ion diffusion and battery performance.!*? (ii) Divalent intercalants
display stronger (than monovalent for instance) electrostatic interactions with the host
framework, leading to slow kinetics and high charge-discharge hysteresis (eg
polarization).?’?> For example, layered metal oxides, despite being best candidates for
monovalent cation storage, exhibit a high migration barrier for divalent ions, impeding room-
temperature efficient opperation.? (iii) Intercalation of divalent ions can cause structural or
volume changes, leading to structural defects and degradation.?** For CMBs to advance and
achieve practical development, it remains thus essential to develop new positive electrode
materials and phases that offer practical charge storage performances and metrics.

Recently, computational studies, particularly using Density Functional Theory (DFT), have

become vital in identifying potential electrode materials for batteries, including also for Ca-



ion storage.? DFT enables the exploration of both existing and hypothetical material phases.”
It provides comparative studies of potential electrode materials for calcium-based (but not
only) batteries, focusing on intercalation voltage, migration barrier, and phase stability —
aspects that would nevertheless require experimental validation.?”?® For example, materials
such as Ca2MnOss,” CaV204,% and CasFesO17%° have been predicted to have ability to extract
Ca? or support reversible reactions, being subsequently synthesized and tested for Ca”*
extraction/intercalation performances. However, experimental findings do not always align
with the computational predictions. Despite these discrepancies, the extensive range of
materials identified by DFT offers significant opportunities for further experimental research
and potential breakthroughs in the development of calcium-based batteries.

Torres et al.3! expanded the investigation of materials for Ca positive electrode materials
applications using DFT, incorporating crystal chemistries based on various anions: nitrides,
oxysulfides, pyrophosphates, and phosphates. Their research aimed to identify stable
compounds, focusing exclusively on phases listed in the Inorganic Crystal Structure Database
(ICSD) rather than on hypothetical virtual materials. One intriguing material under their
investigation was CaCoSO, assessed for its suitability as a positive electrode for calcium storage.
Its low molar mass enhances its theoretical specific capacity to 365 mAh g1, particularly
noteworthy due to the possible sequential Co?*/Co* and Co*/Co** redox couples, giving access
to a 2-electrons, equivalent of one Ca?, redox exchange. One has to note that anion redox of
O? or $* is not to be excluded, with also, as noted by the authors, possible degradation of the

material, despite oxy-sulfide phases shown to be stable for example for Li-ion storage.?*3¢



Furthermore, the predicted voltage range was compatible with existing electrolytes used at
room temperature, making it a promising candidate for facilitating the intercalation and
extraction of calcium ions.

Considering these promising metrics, in this study we synthesized, characterized and
investigated the respective CaCoSO phase, with a focus on Ca? release and storage capability.
This approach seeking to bridge the gap between theoretical potential and practical application
in the development of efficient calcium-based batteries. Electrochemical testing has revealed
apparent full Ca-ion extraction and insertion, albeit proceeding with a large polarization
between the charge and discharge steps, as already noted for other reported Ca-ion host
materials. Careful analysis however revealed that the CaCoSO material does not undergo a
phase change upon Ca-extraction but instead undergoes gradual decomposition during the
charge process. Capacity limited cycling and 7n situ XRD revealed that the irreversible changes
occur from the early stages of Ca?* extraction with no signatures of solid-solution or biphasic
progress of the reaction. Analysis using the Differential Electron Mass Spectrometer (DEMYS)
indicated that the observed galvanostatic charge-discharge plateaus are due to a combination
of anodic decomposition of CaCoSO accompanied by catalytic degradation of the electrolyte,
followed by the decomposition of water by-product generated from previous cycles during the
discharge step. The analyzed suitability of CaCoSO as positive electrode material for calcium-
based batteries highlights the challenges associated with efficient Ca-ion extraction and
insertion hosts, and the need for future studies to consider the influence of side reaction-

generated galvanostatic charge-discharge artifact plateaus, as similar phenomena can be



occasionally noted in related research and assigned to efficient divalent cation (Mg* or Ca*)

storage.

EXPERIMENTAL SECTION

The synthesis of CaCoSO entailed the utilization of CaO (Sigma-Aldrich 99.9%), Co (Sigma-
Aldrich 99.9%), and S (Sigma-Aldrich 99.98%). Stoichiometric amounts of the CaO, Co, and S
powders were first grinded and sealed within evacuated quartz ampoules. The initial phase of
the thermal treatment was conducted at a heating ramp of 2 °C min™ to promote the reaction
of elemental sulfur, while preventing the development of undue overpressure. The thermal
procedure involved maintaining the reactants at 900 °C for two periods of 48 hours each, with
an intermediate step in which the material was re-ground to ensure uniformity. Following
these heating cycles, the synthesized product was subjected to fine grinding under an inert
argon atmosphere inside a glovebox to prevent contamination and degradation.

PXRD was performed using a STOE DARMSTADT Stadi P transmission diffractometer
operated with Mo anode (Ko radiation, A = 0.7093 A). Indexing and refinement of the PXRD
datasets was conducted using the FullProf Suite software. Morphological characterization was
performed using Scanning Electron Microscopy (SEM, ZEISS AURIGA FIB-SEM) with an
integrated Energy Dispersive Spectroscopy (EDS) module for elemental composition analysis.
Quantitative elemental composition analysis was performed via ICP-OES on a Perkin Elmer

Avio 220 Max system.



The construction of the working electrodes was typically done by dry grinding a
homogenous composite electrode of CaCoSO active material powder (50 wt.%), Super P carbon
(SP) as a conductive additive (40 wt.%), and 10 wt.% polytetrafluoroethylene (PTFE, powder,
Sigma-Aldrich) as a binding agent. The resultant composite was compacted onto CR2032 coin
cell casings (SS-316 steel) to attain a mass loading of 8-12 mg cm-2. Electrochemical evaluation
was carried out in half-cell configuration (CR2032, SS316). In the case of Lithium cells,
metallic Li chips served as both the counter and the pseudo-reference electrode, separated by
a Whatman glassfiber membrane (GF/D). Electrolyte LP57 was formulated with 1.2M LiPF6
in a 3:7 volumetric ratio of ethylene carbonate (EC) and ethyl methyl carbonate (EMC),
whereas LP30 consisted of 1M LiPF6 in a 1:1 volumetric ratio of EC and dimethyl carbonate
(DMC). Additional electrolyte systems referenced in the manuscript were also tested. For
Calcium-ion storage cells, activated carbon (AC) cloth was used as both counter and pseudo-
reference electrode, with a similar Whatman glassfiber (GF/D) used as separator. The Ca-ion
electrolytes tested included 0.5M Ca(TFSI)2in a 1:1 volumetric ratio of EC:PC, 0.5M Ca(TFSI)2
in Diglyme (G2), or 0.5M Ca(BH)+ in Tetrahydrofuran (THF). Cell assembly was performed in
an argon-filled glovebox (MBraun, <1 ppm Oz and H20). Galvanostatic cycling was conducted
at 25°C using Neware battery cycler.

The use of AC counter and pseudo-reference electrode was imposed by the difficulty of
achieving a stable and reliable Ca-metal electrode. After a resting of 12h, the OCV of the
constructed cells relative to AC typically stabilized at -0.2V, while in house experience

indicates that the OCP of AC is around 2.8V vs. Ca/Ca?". It has to be noted that these values



may vary for different electrolytes, type of AC, or cell construct. The capacity ratio of AC to
CaCoSO (active used) was typically in the range of 2 to 10, depending on the cycling conditions
used (limited, full capacity) and cell type (galvanostatic cycling cells, DEMS or electrolyte
analysis open cells).

For the GITT tests, a CaCoSO - AC cell was assembled with 0.5M Ca(TFSI)2 in a 1:1
volumetric ratio of EC:PC as electrolyte. The cell was galvanostatically charged at a rate of
0.02C (1C rate being equivalent of 365 mA g-1, or 2e/1Ca* exchanged in 1 hour) for periods
of 60 min, followed by open-circuit relaxation periods for a duration of 12 hours (Figure 2b).
The curves resemble those seen in the galvanostatic charge-discharge data shown in Figure 2a.
Under near-equilibrium conditions, 0.5 e"/ 0.25 Ca?* equivalent capacity was cycled.

In situ XRD patterns were acquired with a STOE Stadi P diffractometer equipped with Mo
anode (Ko radiation, A = 0.7093 A), and operated in transmission mode. Electrode preparation
mirrored the procedure utilized for the electrochemical tests. The details for cell fabrication
are presented in Supplementary Figure S5.

ICP-OES analysis was conducted to evaluate changes in the electrolyte composition. The
electrode powder was prepared following the same procedures as described in the
electrochemical tests, by compressing the powder into a stainless-steel gauge. For Li-cells, the
electrolyte used was LP57, with CaCoSO serving as the working electrode and activated carbon
(AC) as both the counter and pseudo-reference electrode. For Calcium-ion storage cells, the
electrolyte consisted of 0.5M Ca(TFSI)2 in a 1:1 EC:PC mixture, with CaCoSO as the working

electrode and AC as both the counter and pseudo-reference electrode. Detailed description of
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the cell configuration for the ICP-OES analysis experiments is provided in Figures S10 and
S11. The electrolyte was extracted at the specified potentials for subsequent elemental analysis.

DEMS analysis was conducted to monitor the gas evolution during the initial charging and
discharging cycles. The electrode material was processed in the same manner as for
electrochemical testing, by compressing it into a stainless-steel mesh. For the Li-cell
configuration, the electrodes were incorporated into electrochemical cells (EC-cells) with
metallic lithium serving both as the counter and pseudo-reference electrode, and LP57 as the
electrolyte. In the Calcium-ion storage setup, activated carbon (AC) functioned as both the
counter and reference electrode, with a 0.5M solution of 0.5M Ca(TFSI): in a 1:1 EC:PC
mixture used as the electrolyte. The cells were then interfaced with the mass spectrometer,
which was constantly flushed with argon. This setup allowed for the transfer of gases from the
cell directly to the mass spectrometer, where mass spectral data were correlated in time
function of the cell voltage. Ion current intensities were finely tuned to selectively record
mass-to-charge (m/z) ratios of 2, 32, and 44.

Chemical oxidation procedure involved the dispersion of the CaCoSO in a NO:BF: solution
using acetonitrile (ACN) as the solvent at molar ratios of 1:1 and 1:4. This mixture was
subjected to reflux for a duration of 6 hours. An inert atmosphere was sustained by continuous
bubbling of argon gas, which also facilitated the removal of NO2 gas, a byproduct of the
reaction. Upon completion of the oxidation process, the products were washed with anhydrous

diethyl ether, followed by drying, and then collected for subsequent XRD characterization.
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RESULT AND DISCUSSION

The CaCoSO was synthesized through a solid-state reaction following the procedure
reported by Salte et al.” The structure was refined using the Rietveld method, and the majority
of peaks were indexed to P63/ mc space group characteristic of CaCoSO structure (Figure 1a,
Table S1 & S2). A trace amount of CosSs, comprising approximately 1.2% of the total molar
content was also identified, belonging to the cubic crystal system with space group Fm-3m.
The structural configuration of CaCoSO consists of alternating layers oriented along the [001]
direction: a layer composed of CoOSs tetrahedra and with calcium ions located in the interlayer
(Figure 1b). Each CoOSs tetrahedron, constructed from three S? in the ab plane and an
additional apical O?, shares all its S> with two neighboring CoOSs tetrahedra, thus forming a
triangular cobalt network. Within this framework, Ca?* are coordinated by three S and three
O?, forming edge-shared octahedral blocks. Scanning electron microscopy images reveal non-
regular micrometer-sized particles of the material (Figure 1c, left), and energy-dispersive

spectroscopy elemental mapping confirmed a uniform distribution of Ca, Co, O, and S in

CaCoSO (Figure 1c, right).
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Figure 1. (a) The Rietveld refinement of X-ray diffraction data of CaCoSO; (b) SEM image of

as synthesized CaCoSO particles with the corresponding energy-dispersive X-ray elemental

mapping showing uniform distribution of elements; (c) The crystal structure of CaCoSO

viewed along a (top) and c axis (bottom).

To assess the electrochemical activity of CaCoSO, experiments were first conducted to
extract and insert Ca?* using CaCoSO as the positive electrode material and activated carbon
(AC) as the counter and pseudo-reference electrode (denoted hereafter as CaCoSO-AC), using
0.5M Ca(TFSI)2 in EC/PC (1:1) as electrolyte. Various charge and discharge states were
accessed, according to equivalent amounts of 0.5/1/ 1.5 e” (corresponding to 0.25Ca?"/ 0.5Ca*"
/ 0.75Ca?) extracted at a rate of 0.05C (1C rate corresponds to 365 mA g!, or 1 Ca** exchanged

in one hour). The capacity being deliberately limited to circumvent potential adverse effects of
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for example full Ca?* extraction on the framework stability (Figure 2a). A distinct
electrochemical response apparent to Ca*" extraction can be noted during the charging step,
characterized by a voltage-capacity plateau onset at approximately 0.8V vs AC, with the
following discharge process featuring an immediate plateau starting at -1V vs. AC. This
behavior was consistent across different electrolyte formulations tested (Figure S1), with
however characteristics specific to the electrolyte composition. Consequently, the CaCoSO-
AC cells were cycled with capacity limitations of equivalent amounts 0.5 and 1 e~
(corresponding to 0.25 Ca%* and 0.5 Ca?*), as shown in Figures 2b and 2c, respectively. When
the capacity was limited to 0.5 e”, CaCoSO-AC cells were able to sustain 100 cycles, despite
the increasing polarization with successive cycles noted, a trend that persisted during the
discharge phase. Interestingly, with a higher material utilization of 1e™ / %2 Ca?* exchange, the
CaCoSO-AC barely sustained 10 cycles (Figure 2c).

To further investigate the reversibility of CaCoSO during charge and discharge processes,
the electrode charge and mass transfer kinetics were analyzed using the galvanostatic
intermittent titration technique (GITT) (Figure 2d, details provided in the Supporting
Information and related text, voltage vs. time plot provided in Figure S2, the relationship
between time and cell potential for a single titration step in the GITT experiments shown in
Figure S3). The variation in intensity of polarization occurs during the whole process of both
charge and discharge processes, with the voltage drop observed during the relaxation of anodic
step being markedly smaller than during the cathodic step. Although the large overpotential

observed in the GITT experiment indicates significant electrode polarization and suggests that
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the reaction kinetics might be limited by either low electronic conductivity or slow Ca-ion
diffusion, the inconsistency in voltage changes during the relaxation process reveal that the
anodic and cathodic reactions are asymmetrical (ze. fast extraction, slow insertion, or

accompanying phase change).
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Figure 2. (a) Galvanostatic voltage vs. capacity curves acquired at a rate of 0.05C for CaCoSO-
AC cells by limiting the extracted capacity at 0.5/1/1.5 e - 0.25/0.5/0.75 Ca?* per equivalent of
formula unit (where a 1C rate corresponds to 365 mA g, or 1 Ca?* exchanged in one hour); (b,
c) Galvanostatic charge-discharge profiles of CaCoSO-AC cells with limited capacity at 0.5 e-
— 0.25 Ca*>* and 1 e — 0.5 Ca?* per equivalent of formula unit, respectively. (d) First cycle
GITT data for CaCoSO, tested with a current pulse step at a rate of 0.02C for a duration of 1 h,
followed by relaxation at an open circuit for 12 h at each step. Ca(TFSI): in EC/PC(1:1) was

used as electrolyte.
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To further explore whether the CaCoSO extracts Ca-ions during charging, electrochemical
cells with varying components were assembled in half cell configuration using Li as negative
electrode (denoted hereafter as CaCoSO-Li) using LP57 as electrolyte and the galvanostatic
charge-discharge profiles were analyzed (Figure 3). To eliminate the influence of each
component, different cell configurations were assembled, with the composition and schematic
diagrams shown in Figure 3a. As a control experiment, we first tested a cell without any active
material, consisting solely of a stainless steel (SS) plate in direct contact with the separator,
resulting in negligible capacity during the charging step (Figure 3b, cell 1). Subsequently, we
coated the SS with a slurry of PTFE and Super P (SP) (Figure 3b, cell 2). The results of cell 2
were very similar to cell 1, with the increase in capacity attributed to the larger surface area
of the PTFE - SP electrode compared to only SS, and thus higher anodic decomposition current
of electrolyte, or corrosion. These control experiments suggest that minimal electrolyte
decomposition or corrosion occurs when using the LP57 electrolyte. The addition of CaCoSO
to the electrode, either directly in contact with the SS gasket or by first coating onto a carbon-
coated aluminum current collector, markedly altered the cycling profile. A consistent charge
plateau was observed with no significant increase in potential, around 4V (Figure 3c, cells 3
and 4) with unexpectedly, more than 2-electrons being also possible to extract. The continued
plateau suggested that the total capacity was not solely dependent on the Ca? extraction from
CaCoSO phase, since the charging capacity exceeded the theoretical capacity. Additional tests
in alternative electrolytes, including ionic liquids (Figure S4) confirmed the occurrence of this

theoretical capacity exceeding process rather than continuing raising potential, suggesting that
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the Ca? pseudo-release and storage behavior observed in the CaCoSO-AC/Li cells is largely
driven by side reactions, with minimal corrosion of current collector and subsequent cycling

of released species as suggested recently in the case of Mg-based systems.®
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Figure 3. (a) Schematic diagram of the positive electrode composition of different control cells;
(b) and (c) Galvanostatic potential vs. capacity curves acquired at a rate of 0.05C for Cells 1-4
(where a 1C rate corresponds to 365 mA g, or 1 Ca?* exchanged in one hour), the portion
exceeding the theoretical capacity has been highlighted with a gray background in the figures.
The cells configuration was CaCoSO-Li, with Li counter and pseudo-reference electrode, and
LP57 as electrolyte.

Intrigued by these results, additional tests were performed to determine the source of this
electrochemical response. First, the structural evolution of CaCoSO electrodes in CaCoSO-Li

cell was examined through 7n situ XRD, experimental configuration being detailed in Figure
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S5. In the XRD survey depicted in Figure 4, we identified characteristic peaks corresponding
to CaCoSO alongside those of the Cu and Al current collectors from the in situ cell construct.
Upon anodic polarization, the 7n situ XRD analysis reflected approximately 1/3* intensity loss
of the CaCoSO reflections peaks after an excess 3e” charging, with part of the electrode material
being thus preserved. This indicates the occurrence of significant side reactions rather than
complete structural degradation. No significant shifts in peak positions or the emergence of
new peaks were observed (expected to accompany a biphasic or a solid-solution reaction).
Comparative analysis revealed that the intensity for Cu(111) and Al(100) remained constant,
confirming the absence of substantial chemical reactions within these components or XRD
measurement artefacts (Figure 4b & S6). Also, there is no substantial change in the particle
morphology indicated by the SEM image post-charging, which showed the material
maintained the initial shape, with nevertheless the appearance of cracks (Figure S7).
Considering these, it is reasonable to assume that the observed anodic plateau might not derive
solely from the Ca* extraction from CaCoSO and associated material degradation. Ex situ XPS
analysis of the charged samples (by 3-electrons) revealed a characteristic to SO~ specie peak
at 168 eV, indicating that the sulfur in CaCoSO is undergoing considerable oxidation upon

charging process (Figure S8).
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Figure 4. In situ XRD survey of the first charge cycle for CaCoSO displayed in 2-D contour
plots (a) and the intensity evolution of the Cu (111), Al (100), and CaCoSO (102) diffraction
planes with corresponding charge profile displayed to the right (b). Galvanostatic potential vs.
capacity curves acquired at a rate of 0.05C (where a 1C rate corresponds to 365 mA g, or 1
Ca? exchanged in one hour), the portion exceeding the theoretical capacity being highlighted
with a gray background. The cell configuration was CaCoSO-Li, with Li counter and pseudo-

reference electrode, and LP57 as electrolyte.

To determine whether partial or fully calcium depleted [Cao]CoSO phase can exist, and asses
its stability, chemical oxidation of CaCoSO using different equivalent amounts of NO2BFs was
performed.?*3° The results are shown in Figure S9. The reaction with 1 equivalent of NO2BF4
(corresponding to a le'oxidation) resulted in minor changes from the pristine phase, with the
appearance of a new peak at 17° (Figure S9). The addition of 4 equivalents of NO:BF: however
led to complete decomposition, with only the CosSs phase detected (Figure S9). Further
analyses using Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) of the
supernatant after the chemical oxidation confirmed the presence of both Ca and Co ions (Table
S3). Notably, the concentrations of Ca and Co were significantly higher in the solution when

4 equivalents of NO2BFs was used, indicating the material decomposed followed by dissolution
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of the species into the acetonitrile solvent. This implies that the calcium depleted [Cao]CoSO
phase is unstable, and that CaCoSO degrades and releases soluble species in the electrolyte
continuously during both chemical and electrochemical oxidation processes. However, it is
important to emphasize that this decomposition may not be assigned as the primary
mechanism driving the electrochemical oxidation process of the material as even after excess
galvanostatic electrode oxidation, a part of the active material is preserved as noted from the
1n situ XRD analysis (Figure 4).

Considering these findings, additional experiments were conducted to identify the nature of
the side reactions induced by the electrode-electrolyte interface, employing ICP-OES analysis
to monitor changes of the elemental content in the electrolyte during the charge process
(Figure S10). A minor increase in Ca and Co content was observed in the electrolyte collected
at the end of the charge (Table S4), which aligns with gradual material decomposition, as
confirmed from the chemical oxidation experiment analysis. The Fe content remained low,
further supporting minimal stainless-steel current collector corrosion (Figure 3a). In previous
research by Lipson et al. ¥, evidence suggested that current collector corrosion could be a
contributing factor to the abnormal charging curves observed in calcium-ion cells. However,
this phenomenon was not detected in the CaCoSO-Li system, indicating that current collector
stability may not be a concern in this specific configuration, or within the used voltage range.

As shown in Table S4, the lithium content of electrolyte increased markedly during the
charging process, rising from 6215 ppm to 8903 ppm. Although some electrolyte evaporation

was expected due to the lack of strict sealing in this particular cell assembly (Figure S10), the
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observed electrolyte depletion rate was significantly higher than anticipated. Under normal
conditions, the lithium content in the electrolyte would remain constant during this process
since no other Li-sources were present in the system. This increase suggests that the electrolyte
was being consumed, indicating the possibility of catalytic decomposition of the electrolyte
(along with partial solvent evaporation not to be excluded, mainly of EMC component, b.p.
101°C).

Consequently, we employed differential electrochemical mass spectrometry (DEMS) to
analyze the decomposition products during cycling in the CaCoSO-AC cell configuration
employing LP57 as electrolyte. Figure 5 shows the galvanostatic charge curve along with the
gas generation rate of mass spectrometry measurements for CO2 at m/z = 44 and O at m/z =
32. Throughout the charging process, a steady release of O2 and CO: is detected. Based on
electrochemical and chemical oxidation result analysis discussed earlier, it has been established
that CaCoSO undergoes gradual decomposition during charging, converting to CosSs,
suggesting that the primary source of oxygen evolution may originate from this process.
Although oxygen may also arise from the oxidation of carbonates formed by the reaction of
CO2 with metal oxides, distinguishing between these pathways remains challenging.*'#? It can
be also noted that the release trend of COz is similar to that of O2, with a continuous and stable
generation of CO: from the early stages of charging. This indicates that CaCoSO, or the
generated decomposition products, also catalyze the decomposition of carbonate solvents
contained in the electrolyte, inducing their breakdown at potential of 4V (vs. Li*/Li). This is

unusually low, given the widely accepted anodic stability of carbonate electrolyte formulations
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of up to 4.5V (ws. Li*/Li).®® Therefore, the catalytic decomposition of the electrolyte and the
decomposition of the material itself occur simultaneously, collectively leading to the apparent

charging plateau observed in the CaCoSO-based cells during the charging process.
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Figure 5. Top: Galvanostatic charge profile of the CaCoSO electrode acquired at a rate of 0.05C
(1C rate corresponds to 365 mA g, or 1 Ca* exchanged in one hour), the portion exceeding
the theoretical capacity has been highlighted with a gray background in the figures, using Li

counter and pseudo-reference electrode and LP57 as electrolyte. Bottom: Constant current step

DEMS measurements for CO2, and O2 evolution.

We also conducted DEMS analysis, as well as extracted the electrolyte from cycled cells and
analyzed the metal content by ICP-OES for the CaCoSO-AC cell configuration, employing

0.5M Ca(TFSI)2 in EC/PC (1:1) as electrolyte. Figure 6 displays the charge and discharge
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process along with gas generation rate for CO2 at m/z = 44, Oz at m/z = 32, and Hz at m/z = 2.
The entire charge-discharge process can be divided into three stages. Stage I involves the
release of primarily O2, corresponding to the onset of CaCoSO decomposition as discussed
earlier. In stage II, a significant increase in CO:2 evolution is noted at the beginning, indicating
the decomposition of EC or PC solvents. This behavior differs from the one using LP57
electrolyte wherein CO, generation rate remained constant throughout the charging process
(Figure 5). In the study by Freunberger et al.*, it was demonstrated that the decomposition of
PC in the presence of reactive oxygen species does not require high voltages, with a similar
phenomenon potentially occurring in our system, with the observed rapid increase in CO,
generation rate when the cell polarization reached 1.1 V. This is likely due to the accumulation
of generated oxygen in the system, combined with the electrocatalytic effects, which create
favorable conditions for PC decomposition. By comparing the electrolyte composition
extracted at the beginning and end of the charging process by ICP-OES, a significant increase
in calcium content is also noted (Table S5). Based on results obtained using the LP57
electrolyte in the same system, the calcium and cobalt content released from CaCoSO
decomposition were found to be of the same order of magnitude (Table S4). However, in this
system, the rise in calcium content cannot be solely attributed to the decomposition of
CaCoSO. This strongly suggests that catalytic decomposition of the electrolyte also occurs in
the Ca-ion electrolyte system. (Figure S11, Table S5).

Upon transitioning to the discharge step in stage III, a significant amount of H> release is

noted, particularly for cell voltage below -1V (Figure 6). Considering the inert nature of the
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counter-electrode (AC in this case) this process should relate to a cathodic reaction taking
place at the CaCoSO positive electrode during discharge. Amongst the possible degradation
routes that can generate cathodically H2, while also considering the rather mild reduction
conditions attained (-1V to -2V, vs. AC), this can be most reasonably associated to the
decomposition of H20, as the release rate (the slope of line in stage III of Figure 6 Bottom) of
O2is about half that of H». Since coulometric analysis of the initial electrolyte indicated a water
content less than 10 ppm, the water is identified here as the byproduct of the catalytic
decomposition of the electrolyte during the charge step. In lithium-oxygen systems, water was
also shown to be produced as a side reaction during charging due to the carbonate solvents
being susceptible to nucleophilic attack or proton abstraction by active O2 radicals.* In the
particular case of this study, decomposition of CaCoSO during charging, could also proceed
(partially, or fully) through anion redox, and thus superoxide or singlet oxygen to be produced,
reacting with the electrolyte solvent (EC or PC) to produce water.(Figure S11, Table S5).
Although detailed mechanism of CaCoSO and electrolyte decomposition remains complex to
unveil, requiring further studies, possible degradation pathways are schematically presented

in Figure S12.
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Figure 6. Top: Galvanostatic charge-discharge profile of CaCoSO electrode acquired at a rate
of 0.05C (1C rate corresponds to 365 mA g, or 1Ca** exchanged in one hour), in CaCoSO-AC
cell configuration, using Ca(TFSI)2 in EC/PC(1:1) as electrolyte. Bottom: Constant current step

DEMS measurements for CO2, O2, and H> evolution.

As observed with other Ca-host compounds, similar galvanostatic charge and discharge
characteristics to that of CaCoSO, especially the plateaus at the end of the charging curve, can
be also noted. The galvanostatic charge step profile, corresponding to the Ca-ion extraction
capacity, can be indeed related to a partial phase change or conversion, although precise
quantification is required. Consequently, the discharge capacity is considered to be due to the
ion storage capacity of the material. Our study, although remaining specific to this particular
CaCoSO chemistry, highlights that one possible explanation for the discharge plateau

formation, can be due to the material decomposition, triggering the decomposition of the
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electrolyte. Herein, the oxidative decomposition, as well as electrocatalytic effect of CaCoSO
during the charge step are found to generate water (alike already noted in metal-O: system:s),
with the subsequent decomposition resulting in H» generation, and the Coulombic charge
consumed inevitably included as part of the discharge step capacity. This process can hinder
the objective evaluation of material performance, presenting a potential challenge for future

Ca electrode materials development.

CONCLUSION

In the pursuit of next-generation calcium-metal batteries (CMBs), the development of
efficient and stable calcium-ion storage hosts remains a critical challenge. This work evaluates
the Ca-storage performances of CaCoSO, a phase predicted to enable sequential Co*/Co* and
Co*/Co** redox activity. Experimental results reveal that while theoretical capacity extraction
can be effectively achieved, the underlying mechanism is dominated by material
decomposition and electrolyte degradation rather than reversible Ca?* uptake and release. /n
situ XRD and DEMS analyses demonstrated that these processes result in apparent charge-
discharge plateaus, which are not associated with genuine ion storage but rather with side
reactions, including catalytic decomposition of the carbonate-based electrolyte, water
formation, and subsequently H: cathodic generation. These findings underscore the inherent

complexities and pitfalls in evaluating divalent cation storage materials, particularly the need
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to critically assess apparent performance metrics in the context of side reactions and non-
reversible processes. Furthermore, the observed artifacts are consistent with challenges noted
for other calcium-host systems, emphasizing the broader relevance of these phenomena in the
field. This study highlights the necessity for advanced experimental validation, rigorous testing
conditions, and appropriate design strategies to overcome the limitations of current materials
and develop high-performance CMBs. By exposing these limitations, this work provides a
framework for guiding future research efforts and advancing calcium-based energy storage

technologies.
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