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The energy storage system utilizing calcium as a charge carrier is gaining prominence due to its abundance in the Earth’s crust,
reduction potential that is comparable to lithium (Li/Li*=-3.04V, Ca/Ca®*=-2.84V), and its nontoxic nature. Enabling
practical Ca-ion batteries demands overcoming challenges in forming both electrically nonconductive and ionically conductive
SEI layers. We propose a coating strategy and thermodynamic screening via the Materials Project database to pinpoint suitable
coating materials. Our selection criteria encompass phase stability, electronic properties, and electrochemical stability. Among
787 compounds, we identified 46 candidates (29 anodic, 24 cathodic, and 7 of them are on both sides) based on reduction/
oxidation potential and width of the stability window. Optimal compounds such as Ca,Cl¢O and CaCN, for anodes, and Ca
(AICly),, CaCO;, CaSO,, KCaF;, and CaAlFs for cathodes exhibit superior interfacial stability for electrode coating, holding
promise for Ca-ion batteries. This study can provide foundational insights into coating materials for Ca-ion batteries, offering

guidance for electrode interface stabilization and practical battery design.

1. Introduction

The growing renewable energy production demands large-scale
dispatchable energy storage systems [1, 2, 3]. While a Li-ion
battery (LIB) is a promising system for grid energy storage, the
limited Li reserves and surge in the number of electrified vehi-
cles necessitate the development of beyond-Li-ion chemistry
with high energy density at a low cost [4, 5]. Energy storage
chemistries that harness multivalent ions have garnered con-
siderable interest as promising candidates for beyond Li-ion
chemistry, offering cost-effective solutions for high-voltage
batteries.

Among the multivalent working cations, an emerging
energy storage system utilizes Ca as a charge carrier. Ca is
the fifth most abundant material on Earth, leading to a lower
price than LIB [6]. Besides its abundance, the multivalency of
Ca allows a higher charge density than monovalent ions
because, for the same charge, the redox reaction requires
only half the number of Caions [7, 8]. Furthermore, the reduc-
tion potential of Ca, comparable to Li (Li/Li*=-3.04V,
Ca/Ca™ = —2.84V), results in higher cell voltage and capacity

than other multivalent counterparts, such as Mg (Mg/Mg*" =
—2.37V) or Zn (Zn/Zn>** = —0.76 V). Moreover, the less polar-
izing character (charge/radius ratio) of Ca®* ions results in
higher ionic mobility in liquid electrolytes than Mg** and
AI’* ions [6]. These distinct advantages of Ca-ion batteries
offer promising and sustainable long-term solutions for
large-scale energy storage [7, 9, 10, 11, 12].

However, the development of Ca-ion batteries is at a
nascent stage, and a significant challenge lies in the poor
interfacial stability between the Ca electrode and electrolyte
[13, 14, 15, 16]. An example of Ca metal solid—electrolyte
interface (SEI) is CaCl,, exhibiting extremely low Ca dif-
fusivity, causing limited reversibility of the cell [14, 15, 16].
One common strategy to enhance interfacial stability intro-
duces an artificial SEI that prevents direct contact between
the electrode/electrolyte and forms an undesirable passivat-
ing layer [17, 18, 19, 20, 21, 22]. Implementing an artificial
SEI layer is a widely employed strategy to enhance the
interfacial stability between active materials and electro-
lytes. Using high-throughput computational screening,
researchers have successfully identified coating candidates
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demonstrating enhanced interfacial stability in Li, Na, K, and
Mg battery systems [23, 24].

Furthermore, Jeong et al. [25] incorporated an Al,O,
coating layer into the silicon-based anodes of all-solid-state
LIBs, based on the thermodynamic screening results of
Li—Al—O coating materials conducted by Yu et al. [23]
with the aim of enhancing cycle stability [19]. After under-
going 100 charge—discharge cycles, the half-cell with the
AlL,O5 coating demonstrated a discharge capacity of 502.08
mAh g~" and a capacity retention ratio of 58.86% [23, 25].
This improvement, as observed when introducing a coating
layer, underscores the importance of thermodynamic screen-
ing in enhancing the cycle properties of LIB systems. Our
thermodynamic assessment serves as a criterion for selecting
coating materials that can improve cycling performance,
especially considering the significant degradation in cyclabil-
ity caused by the strong reactivity of the Ca metal anode.
Therefore, these results could provide a solid foundation for
the successful implementation of Ca-ion batteries by intro-
ducing coating layers that ensure interfacial stability in
calcium-ion batteries.

The study aimed to systematically screen 787 potential
anode and cathode coating materials for application in Ca-
ion batteries. The optimal coating materials for anodes and
cathodes were identified by constructing grand potential
phase diagrams using the Materials Project (MP) database.
This identification ensures the maintenance of the electro-
chemical stability of the electrodes under battery operating
conditions, where the chemical potential of the working cat-
ion fluctuates. Moreover, various binary and ternary com-
pounds containing Ca were assessed, including fluorides,
chlorides, oxides, sulfides, phosphides, and nitrides.

2. Computational Methods

The total energies of the compounds investigated in this
study were obtained from the MP database [26]. These ener-
gies were evaluated using density functional theory calcula-
tions implemented in the Vienna Ab initio Simulation
Package [27, 28]. The core—valence electron interactions
were described by the projector-augmented wave potentials
[29] and using the generalized gradient approximation for-
mulated by Perdew—Burke—Ernzerhof [30]. An energy cor-
rection was applied to the anions, transition metals, and
gas/liquid phases in the MP database to calculate the forma-
tion energies accurately [31, 32, 33, 34].

The electrochemical stability windows of each compound
were calculated using the grand potential phase diagram,
where the chemical potential yc, is defined using the follow-
ing equation [35]:

ﬂca(§0) = HcCa,0 ~ €9, (1)

where pc, is the chemical potential of Ca metal, e is the
elementary charge, and ¢ is the potential of the reference to
the Ca metal anode. The chemical potential pc, relates
straight to the voltage vs. Ca/Ca’*, which is expressed as
follows:

International Journal of Energy Research

HcCa
V=-t 2
F (2)

where F is the Faraday constant, z is the number of electrons
transferred (z =2 for Ca), and uc, is referenced to the energy
of Ca metal.

Python materials genomics (Pymatgen) was used to gen-
erate the grand potential phase diagram and identify stable
compounds as a function of the chemical potential pc,
[31, 34]. This approach allowed us to effectively showcase
the most stable phase(s) within each composition space as a
function of the chemical potential yc, by constructing a
convex hull in the grand potential composition space.
Detailed methods for constructing grand potential phase
diagrams have been reported elsewhere [17, 35, 36].

The study began by collecting 44 binary and 743 ternary
compounds that exhibited reasonable phase stability (convex
hull less than 50 meV/atom). We only consider compounds
with a nonzero bandgap to avoid the undesirable deposition
of Ca on the coating/electrolyte interface. The set was then
refined to 44 binary and 539 ternary compounds by con-
straining the anionic elements of the ternary compounds
to fluorides, chlorides, oxides, sulfides, and nitrides. The
grand potential phase diagram analysis was employed for
the 44 binary and 539 ternary compounds to ascertain their
electrochemical stability windows. Through this process,
compounds that were unstable at any pc, were identified
and filtered, leading to the selection of 244 compounds
(218 ternaries and 26 binaries) for further consideration.
Finally, from the selected 244 compounds, the cathode and
anode coating materials for Ca-ion batteries were screened,
considering the voltage variations of the electrodes during
battery operation. The electrochemical stability windows of
all 244 compounds are listed in Table S1. The reduction
potential of prospective anode coating materials was lower
than 0.3V, and the width of the stability window was larger
than 1V. The value, 0.3V, was based on an earlier investi-
gation of Li;BO; coatings, revealing that Li;BO; does not
react with a Li metal anode, attributed to the sluggish kinet-
ics, despite possessing a reduction potential of +0.27 V [14].
For cathode coating materials, materials with an oxidative
potential lower than 4V and a reduction potential higher
than 2V were excluded. In addition, prospective cathode-
coating compounds exhibited stability windows wider than
2.0V.

3. Results and Discussion

Figure 1 illustrates the stability windows of the Ca-containing
binaries, evaluated using a grand potential phase diagram.
Among the 44 compounds containing Ca, except unstable
compounds at any fic,, 26 compounds are selected. The elec-
trochemical stability windows of the 11 binary compounds
satisfying the criteria for cathode and anode coatings are
shown in Figure 1. The zero on the voltage axis (y-axis) was
referenced to the bulk Ca metal (V vs. Ca/Ca®*"). The binary
compounds, except CaBs and CaMg 49, were stable at 0V,
indicating that the binaries are promising coating materials
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FIGURE 1: The electrochemical stability windows of calcium-containing
binaries. The lower and upper limits of the orange bars represent the
reductive and oxidative potentials, respectively.

for Ca metal anodes in direct contact with the Ca metal anode.
Although CaBys and CaMg;,9 were not stable at 0V vs.
Ca/Ca*", the reduction potentials of each compound were
0.08 and 0.13 V, respectively, slightly higher than 0 V. Given
that the reduction potential of Li;La;Zr,0;, (LLZO) was only
0.05V vs. Li/Li* and LLZO formed a relatively stable interface
with Li metal, CaBg and CaMg, 49 could be applied to Ca metal
coating materials [17]. Moreover, the reduction potentials of
these two Ca binaries were lower than those of another prom-
ising Ca anode material, CaSi,, which has a reduction poten-
tial of 0.8 V vs. Ca/Ca®*, suggesting CaBg and CaMg, 4o can be
exploited for coating materials of CaSi, alloying anode [37].

All halide and chalcogenide binary compounds exhibited
stability at 0V, affirming their effectiveness as Ca anode-
coating materials due to their stable contact with the Ca
metal anode. Halides generally have higher oxidation poten-
tials than chalcogenides. For instance, the oxidation poten-
tials of CaF,, CaCl,, and CaBr, are 6.3, 4.2, and 3.6V,
respectively, indicating its feasibility as a coating material
for high-voltage cathodes. Conversely, halides with lower
oxidation potentials than chalcogenides make them suitable
for low-voltage cathodes. The superior oxidative stability of
chalcogenides over halides is consistent with other binary for
halides and chalcogenides compounds based on Li, Na, K,
and Mg [23, 24].

Figure 2 illustrates the reduction and oxidation potentials
of Ca ternary compounds. The points in Figure 2(a) are color-
coded based on the type of anionic component they represent
(blue for fluorides, red for chlorides, green for oxides, yellow
for sulfides, and purple for nitrides). The dataset contained 28
fluoride compounds, 15 chlorides, 106 oxides, 10 sulfides, and

59 nitrides. Figure 2(b) illustrates the approximate location of
each compound in the graph according to its anionic compo-
nents. Here, the 0 V reduction potential indicates stable con-
tact between the coating materials and Ca metal without
implying that the coating materials are reduced at this
potential.

The compounds in the upper-right corner of Figure 2(a)
exhibit lower reduction and higher oxidation potentials,
making them potential candidates for coating materials
with a wide stability window. The compounds positioned
close to the right y-axis (stable at 0 V) are suitable anodic
coating materials. Compounds located on the upper side
with an appropriate reduction potential (<2V) are consid-
ered promising for cathode coating.

Most nitrides have a reduction potential lower than 0.8V,
yet they tend to exhibit poor oxidative stability (<2.2 V). For
sulfides, only a few compounds are stable under 0.8V, and
their oxidation potentials range from 2 to 2.7 V. Conse-
quently, nitride- and sulfide-based components are not suit-
able as coating cathodes but as anodes.

The electrode coating materials, fluorides, chlorides, and
oxides, demonstrate superior performance compared with
nitrides and sulfides. Fluorides (blue points) demonstrated
a wide dispersion of reduction potentials ranging from 0.3 to
5.8 V. Chlorides (red points) and oxides (green points) also
displayed a broad distribution of reduction potentials (rang-
ing from 0 to 3.7 V), albeit not as extensive as that of fluor-
ides. Despite their lower oxidation potentials than fluorides,
some were still suitable as cathode coating materials, with
oxidation potentials reaching 5.2 V.

In Figure 3, we categorize the evaluated compounds as
coating materials for the cathode and anode because their
required criteria differ significantly, making it feasible to
have separate coatings on each side. The distinct character-
istics and performance requirements of cathode and anode
coatings necessitate a tailored approach to enhance the over-
all performance and stability of battery systems. The coating
composition for each electrode can be optimized by carefully
selecting materials based on their reduction and oxidation
potentials.

The compounds depicted in Figure 3(a) show promise as
anode coatings. The reduction potentials remained stable up
to 0.3V, and their oxidative limit was greater than 1 V. Nota-
bly, compounds with reduction potentials lower than 0.3V
were considered slow kinetic compounds, setting the maxi-
mum reduction potential for anode coating at 0.3 V [14]. The
oxide ternary satisfying the criterion for anode coating
includes Ca,ClgO, CaSc,0,, and CaHfO;. In addition, sev-
eral chlorides (Ca3PCls, Ca3zAsCls;, CaHCI, KCaCls, RbCaCls,
CsCaCls, Cs3Ca,Cl, and Cs,CaCly) and nitrides (Ca (BeN),,
CaZrN,, CaHfN,, Ca,TaNj;, Ca,VNj;, CaCN,, and Ca,PN3)
exhibit superior reductive stabilities. For KCaCl;, RbCaCls,
CsCaCl;, Cs3;Ca,Cl;, and Cs,CaCly, their oxidative limits
extended over 4V, highlighting their versatility across both
anode and cathode coatings.

The stability windows for the compounds suitable for cath-
ode coating are depicted in Figure 3(b). The selection criteria
included a reductive limit below 2.0 V and an oxidative limit
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FIGURE 2: (a) Oxidation and reduction potential of 218 Ca ternaries. The blue, red, green, and yellow points represent fluorides, chlorides,
oxides, and sulfides, respectively. (b) Approximate distribution of oxidation potential and reduction potential for Ca ternaries. They are

grouped into rectangles according to their anionic components.

exceeding 4.0 V. The ternaries that comply with the specified
criteria comprise oxides (CaTa,O,;, CaCOj3, Ca (B30s),,
CaSO,, CaMoQOy,, and Ca,P,0;), chlorides (Ca,P,0,KCaCls,
RbCaCl;, CsCaCls, Cs;Ca,Cl;, Cs,CaCly, and CagLasClss),
and fluorides (KcaF;, CsCaF;, RbCaFs, Cs,CaF,, CaAlFs,
CaZrFg, CaTiF,, CaTaF,, and CaB,Fg). Among these, chlor-
ides and fluorides demonstrate superior reductive stabilities
compared to oxides, with fluorides displaying the broadest
stability window. Figure 3(b) does not include data on sulfides
and nitrides because their oxidative stability is inadequate as a
coating material between the cathode and the electrolyte.

Figure 4 illustrates the reduction/oxidation potential in
relation to the proportion of the anionic component (A%),
accompanied by the corresponding ternary phase diagram to
correlate the reduction/oxidation potential of the ternary
coating materials with their chemical compositions. The A
% was calculated by dividing the number of anionic compo-
nents by the total number of atoms in the chemical formula.
For example, the A% of Ca (B5Os), was 0.59, where the
number of oxygen atoms was 10, and the total number of
atoms was 17. The reduction and oxidation potentials were
proportional to the A% for the Ca—B—0O, Ca—P—0,
Ca—Sn—O0, and Ca—Si—O ternary systems. A similar ten-
dency was observed for Li—Al—O, Li—Si—O, and Li—B—O
ternary systems [24].

A high-throughput screening was performed to identify
promising coating materials for the anodes and cathodes
within Ca-ion batteries. The selection criteria and the num-
ber of remaining compounds after each screening step are
shown in Figure 5. Initially, binary and ternary calcium-
containing compounds were obtained from the MP database.
The materials with low stability (E™!'> 50 meV/atom) and

those with zero bandgap were excluded, resulting in 787 com-
pounds. The selection process was further streamlined to 44
binary and 539 ternary compounds by restricting the anionic
elements of the ternary compounds to fluorides, chlorides,
oxides, sulfides, and nitrides. Furthermore, a chemical-poten-
tial-dependent phase diagram was constructed to exclude
compounds exhibiting instability at any Ca chemical poten-
tial, leaving 244 compounds. Finally, we measured the elec-
trochemical windows of these 244 compounds and identified
the optimal coating materials for the anode and cathode. The
anode coating materials were selected based on the reduction
potential limit lower than 0.3 V and a stability window wider
than 1V. Cathode coating materials were selected based on
oxidation limits higher than 4 V and reduction limits lower
than 2 V. This screening procedure yielded 46 optimal com-
pounds for the anode (29 compounds) and cathode (24 com-
pounds) coatings. Among these 46 compounds, 7 satisfied the
criteria for both anodes and cathodes. Refining our selection
to include only lightweight, transition-metal-free, and poten-
tially low-cost compositions identifies KCaCls, Ca,ClsO, and
CaCN, as optimal anode coatings, and Ca (AICl,),, CaCOs,
CaSO,, and KCaF; as optimal cathode coatings.

4. Conclusions

Prior studies have focused on pinpointing optimal coating
materials for Li-ion, K-ion, Na-ion, and Mg-ion batteries by
examining their thermodynamic properties, specifically
through the evaluation of binary and ternary compounds
to determine stability windows [23, 24]. Yet, similar research
endeavors for calcium-ion batteries remain scarce, creating
obstacles in the identification of appropriate coating
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FIGURE 3: The electrochemical windows of prospective coating materials for (a) anode and (b) cathode of Ca-ion batteries. The red, green,
purple, and blue represent chlorides, oxides, nitrides, and fluorides, respectively.

compounds. To enable the practical implementation of Ca-  methodology, and in this investigation, we perform thermo-
ion batteries, it becomes imperative to address the challenges ~ dynamic screening to identify potential coating materials.

hindering the formation of nonconductive SEI while simulta- Utilizing the MP data set, we selected CIB electrode coat-
neously regulating the formation of conductive Ca-ion SEI.  ing materials according to the criteria outlined in Figure 5.

To address these issues, we propose the utilization of a coating ~ Potential coating materials are expected to demonstrate
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Ca,Sn0, 1.56 3.41 057  Ca,SiO, 0.53 3.55 0.57
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FIGURE 4: Phase diagram of (a) Ca—B—O0, (b) Ca—P—O, (c) Ca—Sn—O0, and (d) Ca—Si—O systems and oxidation and reduction potential of
each compound with the proportion of anionic component (A%).
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FIGURE 5: The criteria used in the high-throughput screening process and the number of compounds selected at each step of screening.

suitable phase stability, appropriate electronic properties
(E™"' < 50 meV/atom and bandgap >0eV), and exhibit sta-
bility within the grand potential phase diagram analysis.
Within the materials that meet the aforementioned condi-
tions, compounds exhibiting a reduction potential below
0.3V and a stability window exceeding 1V hold promise as
potential anodic coating materials, and compounds display-
ing stability within the range of 2—4 V emerge as favorable
candidates for cathode coating applications. In these criteria, a
total of 46 candidate materials (29 for the anodic side and 24
for the cathodic side) were meticulously chosen as potential
coating candidates from a pool of 787 compounds. Chlorides,
oxides, and nitrides are stable between Ca metal anode and
electrolyte. Among them, Ca,ClsO and CaCN, are the most
optimal compounds, characterized by their lightweight, tran-
sition-metal-free, ease of synthesis, and potentially cost-
effective compositions. Chlorides, oxides, and fluorides are
stable between electrolyte and cathode. Ca (AICl,),, CaCOs,
CaSO,, KCaF;, and CaAlFs show a wide range of stability
windows, and they are economical candidates for coating
the cathodic side of Ca metal batteries, being lightweight,
synthesizable, and free from transition metals.

This study contributes essential foundational insights into
the utility and performance enhancement of coating materials
for Ca-ion batteries. The findings from this investigation on
coating could provide design guidelines to stabilize the inter-
face of electrodes of Ca-ion batteries. However, further con-
sideration of ionic and electronic transport properties is
essential to fully understand and rigorously screen coating
materials. Our initial screening process focuses on com-
pounds with nonzero bandgaps to minimize undesirable Ca
deposition at the coating/electrode interface. Recent reports
indicate that electrode coating materials typically have thick-
nesses ranging from approximately 5-50 nm [18, 38, 39].
Such ultra-thin coatings do not strictly require high ionic
conductivity. Nevertheless, a comprehensive understanding
of the electronic/ionic transport properties and their

correlation with interfacial stability between the coating
and the electrode is crucial. Future research will involve simulat-
ing the transport properties of coating materials known to stabi-
lize the interface. This approach will enable us to explore the
correlation between these properties and interfacial stability.
These studies could significantly enhance our understanding
of the relationship between transport behavior and interface
stability, leading to more rational and effective interface designs.
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