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Current electrolytes in calcium-ion batteries suffer from a lack of stability and degradation caused by

reduction from the anode. The solid-electrolyte interphase (SEI) that forms on the anodes during
operation stems the flow of electrons from the anode to the electrolyte. CaF5 is a common inorganic
compound found in the SEIl, and is derived from electrolyte salts such as Ca(PFg)2. CaFy can
exist in crystalline, polycrystalline, and amorphous phases in the SEI, and as recent work has shown,
different phases of the same compound can have vastly different electronic conductivities. Using the
non-equilibrium Green's function technique with density functional theory (NEGF-DFT), we find that
amorphous phase systems enhance electron tunneling in thin CaFy films by 1-2 orders of magnitude
when compared to crystalline and polycrystalline CaF5 systems. Transport through several amorphous
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structures was considered showing that, despite their random structures, their conductance properties
are similar. Through analysis of the decay constant 8 and the low-bias conductance of each system,
we show that crystalline and polycrystalline CaF, offer greater protection of the electrolyte than

amorphous CaF.

1 Introduction

Lithium-ion batteries (LIBs) are costly to produce due to their
reliance on rare metals, they have safety concerns associated
with them, and have specific energies that are approaching the
limit that can be attained in conventional electrochemical cells. -2
Due to this, alternatives to current lithium-ion batteries must be
found. Multivalent ion batteries (MVIBs) are emerging technolo-
gies that employ ions such as Ca* or AI3* in place of Li*.3 De-
spite the larger mass of the ions in MVIBs, they can shuttle mul-
tiple charges per ion, allowing for batteries with similar energy
densities to LIBs that are manufactured using materials that are
abundant in the Earth’s crust.*® In this regard, MVIBs have an
advantage over conventional LIBs; calcium, for example, is the
fifth most abundant element in the Earth’s crust, while lithium
is 33rd.® As well, lithium mining has several geopolitical con-
cerns associated with it.%7 The fact that calcium is so abundant
means that the sourcing of materials for calcium-ion batteries
(CIBs) would be cheaper and more environmentally friendly than
for LIBs.* However, calcium-ion batteries have not yet been com-
mercially realized, in part due to a lack of stable electrolytes. 8
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Many liquid electrolytes used in batteries decompose during
operation due to electron transfer from the anode to the elec-
trolyte.8-11 However, when this occurs, the decomposition prod-
ucts of the electrolyte form a protective layer on the surface
of the anode, called the solid-electrolyte interphase (SEI). The
SEI stems electron flow and protects the electrolyte from fur-
ther decomposition, and consists of inorganic components close
to the anode surface and organic fragments deposited further
from the anode surface.®!1 In CIBs the SEI consists of a vari-
ety of different compounds, including the inorganic compounds
CaF,, CaO, CaCl,, and CaHj, and organic compounds such as
calcium carbonate.19-12 This investigation focuses on the inor-
ganic compound CaF,. Previous work in our group on LIBs 13 has
shown that electron conductance is greater in those regions of the
SEI that contain an interface between two grains (commonly re-
ferred to as a grain boundary, hereafter referred to as a polycrys-
talline system), which stresses the importance of analyzing elec-
tron transport through the compounds that make up the SEI in all
of the phases that they can form. This ensures a broad-spectrum
evaluation of a prototypical component of the SEI and its prop-
erties. Therefore, CaFy was investigated in three different crys-
tallographic phases: crystalline, amorphous, and polycrystalline.
This investigation seeks to determine the effectiveness of differ-
ent crystallographic phases of CaF; at reducing electron flow, and
to help build a database of SEI components which are best able
to stem electron flow from the anode in CIBs. 2

Journal Name, [year], [vol.], 1-7 |1



Physical Chemistry Chemical Physics

2 Computational Methods

The Vienna ab initio Simulation Package (VASP) 14-17 was uti-
lized to carry out structure relaxations and ab initio molecular dy-
namics (AIMD) simulations in order to produce crystalline, amor-
phous, and polycrystalline CaFo systems as well as the two-probe
geometries used for the calculation of electron transport prop-
erties. We utilized projector augmented wave potentials with
the Perdew-Burke-Ernzerhof generalized gradient approximation
(PBE-GGA). 1819 The energy cutoff was 500 eV and sufficient
k-points were employed for the energy to be converged within
1 meV per atom. The relaxations were continued until forces on
atoms were less than 0.02 eV/A.

Because CaF; is harder than Ca, the two-probe structures were
built such that CaF, preserved its crystal structure (with a lattice
constant of 5.504 A) while the Ca was strained to accommodate
lattice mismatch.2® This resulted in the a and b lattice vectors of
Ca decreasing slightly, corresponding to a strain of 0.34%. Then
the c-vector of the Ca metal cell was varied to find the ¢ lattice
vector with minimum energy. The resulting c lattice vector in-
creased slightly, producing a strain of 1.47% along that direction.
In order to ensure minimal effect on transmission calculations,
the transmission spectra of each strained Ca electrode was calcu-
lated, and these data are shown in Fig. S1." From these data, it is
evident that straining the Ca electrodes does not significantly im-
pact the transmission properties of the system. Crystalline CaFy
was placed in between two strained Ca electrodes as shown in
Fig. 1. The first two layers of Ca, shown in the red shaded re-
gion in Fig. 1, were held fixed, while the remaining atoms were
free to relax. Because the CaF, region was previously relaxed, the
lattice dimensions were fixed along the a and b directions but op-
timized along the ¢ direction. Once the structure was optimized,
the system was extended to build the two-probe structure shown
at the bottom of Fig. 1, where the frozen Ca atoms in the red
boxes are repeated as semi-infinite left/right electrodes, enclosed
in the green boxes. This same approach was used for amorphous
and polycrystalline systems. The naming convention for the dif-
ferent phases of CaF, are as follows: crystalline CaF, systems
are referred to as “CaFy” with the thickness of the CaFy layer in
parenthesis (i.e., “CaFy (8.8 /OX)”), amorphous CaF, systems are
referred to as “a-CaFy” with the thickness of the CaF, layer sim-
ilarly in parenthesis (i.e. “a-CaF, (12.9 A)”), and polycrystalline
systems are referred to as “twist” and “mirror” systems, shown
in Fig. 2. The twist system has two orientations, as shown in
Fig. 2(d) and (e). These orientations are parallel and perpendicu-
lar to the electron transport direction, and hence the twist systems
are called “twist perpendicular” and “twist parallel.” The plane of
the mirror grain boundary is parallel to the direction of electron
transport, and hence is referred to as “mirror parallel.” It should
be pointed out that these systems may be at an unavoidable over-
potential due to the geometry necessitated for the DFT calcula-
tions. 21-22 The voltage could be established by more sophisticated
approaches such as including a vacuum in the simulation cell. For
the current study, the relatively simple systems shown in Figs. 1
and 2 were employed for the electron transport calculation. The
trends regarding leakage through crystalline, polycrystalline, and
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amorphous CaF, are likely to hold regardless of potential.
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Fig. 1 Top: Example of a Ca/crystalline CaF, system used in structural
relaxations. The cell was allowed to relax in the direction perpendicular
to the interface (green arrow) and fixed to the lattice constant of CaF>
in the plane of the interface. Two layers of Ca atoms (inside red box)
were kept frozen in their strained positions while all other atoms were
allowed to relax. Once relaxed, the two-probe structure (bottom) was
constructed by extending the strained Ca regions to the left and right,
shown in the green boxes.

Amorphous CaF, systems were generated using the liquid
quench technique (LQT), as described by Jung et al., which was
implemented using AIMD.?3 These calculations were performed
using a 400 eV plane-wave cutoff and a 1-fs time-step. The Bril-
louin zone was sampled with a 1 x 1 x 1 k-point mesh. The atomic
structures of amorphous CaF; are generated by the LQT, without
any Ca metal present in this process. The (100) face of Ca is then
joined with amorphous CaF, to generate the two-probe struc-
ture, which is then allowed to relax to its minimal energy state.
This process is further described as follows: a cell of crystalline
CaF, containing 96 atoms was heated to 2700 K, a value roughly
1000 K above the melting point of CaF,, at a rate of 1 K/fs.2*
Then, the cell was allowed to equilibrate at that temperature for
10 ps, cooled to 300 K at a rate of 1 K/fs, and allowed to equi-
librate at 300 K for 10 ps. Finally, a variable-cell relaxation of
the system was performed. This process was done with cells con-
sisting of 48 and 144 atoms in the stoichiometric arrangement of
CaF, as well, in order to obtain amorphous CaF, cells of different
thicknesses. The resulting amorphous CaF, cell was placed be-
tween Ca electrodes, and the same process of electrode straining
and cell optimization was performed on the amorphous systems
as was done for crystalline CaFy. As well, the effects of random-
ization were considered: CaF, was allowed to equilibrate at the
heated temperature for different amounts of time before cooling,
resulting in different atomic structures of amorphous CaF,. These
structures are shown in Fig. S2 of the ESL'

Polycrystalline structures were obtained using the aimsGB code
developed by Cheng et al.2> Two distinct CaF, polycrystalline
cells were generated using the code: “mirror,” and “twist,” shown
in Fig. 2(a) and Fig. 2(b), respectively. These systems were then
joined with Ca electrodes and optimized as two-probe structures,
as shown in Fig. 2(c-e).

Electron transport calculations were performed using the
NanoDCAL code, which employs the non-equilibrium Green’s
function formalism in conjunction with density functional theory
(NEGF-DFT) in order to calculate the transmission spectra across
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Fig. 2 Grain boundary systems studied in this work. (a) End view of
mirror CaFz, and (b) side view of twist CaF,. (c) An example mirror
parallel CaFy system sandwiched between Ca metal electrodes, (d) twist
parallel CaFy, (e) twist perpendicular CaF». The electrodes in (c)-(e) lie
in the green shaded regions, and electron flow is directed along the red
arrows with “parallel” and “perpendicular” referring to the grain boundary
orientation relative to the direction of electron flow.

the simulation cell.26:27 A key construct of NEGF-DFT formalism
is the retarded Green’s function,

GE)=[(E+in)S—H—-%; %] ", (1)

where H and S are the Hamiltonian and overlap matrices for the
scattering region, respectively, n is a positive infinitesimal, and
X, are the self-energies that account for the broadening and en-
ergy shift effects of the left and right electrodes on the scattering
region. 26

The self-energies consist of both real and imaginary compo-
nents. The real component represents a shift of the energy levels
in the scattering region due to the electrodes, and the imaginary
component represents the broadening of these levels due to the
electrodes. The level broadening corresponds to the broadening
matrix,

Tip=i(Z12—Xf,). 2

The self-energy is calculated by an iterative technique.2® From
these quantities, the electronic density matrix can be obtained as,

_1
Y

where u; » are the electrochemical potentials of the left and right
electrodes, and f(E,u) is the Fermi-Dirac function, which de-
scribes the population of an energy level given the energy and
electrochemical potential, u. The bias voltage between the two
electrodes is given by eV = uy, — ugr. The density obtained from
Eq. 3 is used in a subsequent NEGF-DFT iteration step and the
cycle is repeated until self-consistency is achieved in terms of the
Hamiltonian and electron density. With the Green’s function, the

p=5- [ U(EMIGNG +f(E0)GTGTdE, ()
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transmission function T (E) can now be obtained as,

T(E) = ([1GILGY), )

which represents the probability that an electron with a given
energy E will transmit from one electrode, through the scattering
region, and into the other electrode.2?

3 Results and Discussion

The partial density of states (PDOS) plots of all amorphous, poly-
crystalline, and crystalline systems without electrodes were cal-
culated, as shown in Fig. 3, in order to make initial predictions
about electron conductance. All systems show a band gap larger
than 6 eV, implying that these CaF;, systems are insulating in na-
ture. The reported experimental band gap of bulk CaF; is 12 €V,
quite different from the values presented here.3%3! However, our
result of 7.20 eV for bulk CaF; is in good agreement with previ-
ous DFT studies. 3233 DFT is known to underestimate band gaps,
and special functionals must be used to obtain band gaps con-
sistent with experiment.3* Unfortunately, these functionals are
not available for NEGF-DFT calculations.2® These results are ex-
pected and common in computational studies. The calculated
band gaps differ between crystalline, amorphous, and polycrys-
talline systems, suggesting that the systems under investigation
have different electron transport properties. This will be investi-
gated further via the transmission spectra of each system. A sum-
mary of each system and its associated band gap can be found
in Table S1 in the ESL." Amorphous systems possess band gaps
that are 0.3-0.5 €V smaller than the crystalline systems. As well,
the mirror parallel and twist grain boundaries have band gaps
that are 1.0-1.2 €V smaller than crystalline CaF,. States exist-
ing within the grain boundary of the mirror parallel system are
responsible for the narrowing of the band gap, causing the peak
at 6-7 €V in the PDOS of this system. A description of this phe-
nomena can be found in Section S4 of the ESL." Through these
data, we could assume that amorphous and polycrystalline sys-
tems have a higher probability of electron tunneling than crys-
talline CaF,. However, the band gaps alone will not adequately
describe electron transport through these systems. To further in-
vestigate this, the transmission spectra of each system was calcu-
lated using the non-equilibrium Green’s Function technique.

The transmission spectra for varying thicknesses of crystalline
CaFj are plotted in Fig. 4. Bulk Ca is shown on this graph as a ref-
erence, and shows relatively high transmission across the entire
energy range. The transmission functions of all crystalline sys-
tems near the Fermi energy (Ey) of the Ca metal electrodes are
orders of magnitude lower than that of pure Ca. However, the
transmission function of CaF5 (8.8 A) is noticeably higher than
other CaF, systems. This is particularly prominant at Er, where
the gap between the transmission function of CaF, (8.8 A) and
CaF; (14.3A) is greater than between any other pair of crystalline
CaF, systems. This is due to the fact that the electrodes are close
enough to each other that some of the insulating nature of the
CaF, can be overcome by the metallic nature of the electrodes.
Scattering state plots help illustrate this and were calculated for
each system at Ep; these data are shown Fig. S4.7
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Fig. 3 Partial density of states for various CaF, systems: amorphous
CaF, with (a) 48, (b) 96, and (c) 144 atoms, polycrystalline CaF» in (d)
twist and (e) mirror parallel arrangements and (f) crystalline CaF,. The
red arrows show the band gap.
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Fig. 4 Transmission spectra of increasing thicknesses of crystalline CaF»
plotted on a logarithmic scale.

The transmission function of crystalline CaF;, decreases by sev-
eral orders of magnitude as thickness increases, most noticeably
at the Fermi energy of the electrodes. The value of the transmis-
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sion function at E is known as the low-bias conductance, and the
rate at which the low-bias conductance decays as thickness in-
creases is key for extrapolating our computed values to SEI layer
thicknesses seen in experiment. This rate of decay also allows for
the direct comparison of the insulating properties of crystalline
CaF, to those of amorphous and polycrystalline CaFy. Systems
with a larger rate of low-bias conductance decay will protect the
electrolyte from decomposition more effectively than will systems
with a smaller rate of low-bias conductance decay as the SEI layer
thickness grows during battery operation.

The transmission spectra for varying thicknesses of amorphous
CaF,, as well as bulk Ca as a reference, are plotted in Fig. 5.
Order-of-magnitude decreases in the transmission spectra at the
Fermi energy of the electrodes are observed as the thickness of
the amorphous CaF; layer increases. However, amorphous mate-
rials of the same thickness may have differing atomic structures
that could have an effect on electron transport across the sys-
tem. Therefore, the effects that differing atomic structures have
on electron transmission must also be investigated.
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Fig. 5 Transmission spectra of amorphous CaFy of increasing thickness
on a logarithmic scale.

A comparison of the transmission spectra of different amor-
phous atomic structures consisting of 96 atoms in the stoichio-
metric formula of CaFy was conducted. The process is described
in Section S2 of the ESL." The transmission spectra of these sys-
tems were then calculated, as shown in Fig 6, and compared to
the original amorphous CaF; structure. The average transmission
spectra of all different structures was calculated from these data.
AS-1, AS-3, AS-4, AS-5, AS-6, and the original a-CaF, systems
show very similar behaviors at Er and above, while AS-2 differs
in these regions. The original a-CaF, system slightly differs from
all other structures at energies below Eg.

AS-2 displays the most marked difference out of all atomic
structures. After the process of electrode-system structural opti-
mization, we noticed that the electrode-CaF, separation distance
in AS-2 is greater than in other atomic structures. The optimized
¢ vector of AS-2 was 30.7 A , while the optimized ¢ vectors of
AS-1,3,5, and 6 were all 30.4 A. AS-4 had an optimized ¢ vec-
tor of 30.3 A, and the original system had an optimized c-vector
of 31.1 A. The elongated AS-2 c-vector partially explains the be-
havior of the transmission function of AS-2 in Fig. 6. However,
the original structure also has a longer c-vector than most other
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Fig. 6 The transmission spectra of different atomic structures of amor-
phous CaF3 on a logarithmic scale.

atomic structures, yet does not exhibit the same decreased trans-
mission function as AS-2. This can be explained by investigating
the structures, as shown in Figs. S2 and S5." AS-2 has a signif-
icant void between the left electrode and CaF,, while all other
amorphous systems do not exhibit the same gap between the
electrodes and CaF,. The combined affects of increased c-vector
length and the void between the left electrode and CaF, are re-
sponsible for the marked difference in the transmission spectra of
AS-2, while the increased c-vector length of the original system
is responsible for the difference in the transmission function of
the original system at energies below -1 eV. The averaged zero-
bias conductance of all amorphous structures was calculated to
be 9.7 x 1073 Gy, and the standard deviation was calculated to
be 5.2 x 1073 Gy. These results indicate that the original low-bias
conductance obtained from the transmission data in Fig. 5 can be
used to compare the insulating properties of amorphous CaF; to
crystalline and polycrystalline phase CaFs.

Fig. 7(a) shows the transmission of bulk Ca as well as 3 thick-
nesses of mirror parallel CaFy. Fig. 7(b) shows the transmission
of bulk Ca, two different thicknesses of twist parallel CaF5, and
one thickness of twist perpendicular CaF,. Electron transmission
decreases exponentially at energies near Eg as the thickness of
the mirror parallel systems increases. The calculated transmis-
sion spectra of twist parallel CaF;, also decreases exponentially
with increasing thickness, and the 28-A thick twist perpendicular
system shows a transmission spectrum about an order of magni-
tude lower than the 20-A thick twist parallel system.

The crux of our results, the low-bias conductance, best de-
scribes the ability of a system to conduct electrons in the limit
of zero bias voltage, and is important for determining which sys-
tems best protect against electron leakage from the anode. Con-
ductance is known to scale as G «< ¢ P, where n is the CaFy
layer thickness and 8 is the decay constant.3%3% Obtaining the
value of the decay constant 8 allows for the prediction of low-
bias conductance in thicker films. The low-bias conductance was
calculated for each thickness of each system (crystalline, amor-
phous, and polycrystalline), as well as for metallic calcium. These
data are shown in Fig. 8, and numerical values of the low-bias
conductance of each system can be found in Table S2." From
Fig. 8, it is evident that amorphous CaF, has far higher con-
ductance than crystalline CaF, at similar thicknesses. As well,
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Fig. 7 (a) Transmission spectra of pure calcium, 9-A thick, 16-A thick,
and 20-A thick mirror parallel CaFy systems. (b) Transmission spectra
of pure calcium, 13-A thick and 20-A thick twist parallel CaFz, and 28-
A thick twist perpendicular CaF,.

the low-bias conductance of crystalline CaF, has a sharper de-
cay than amorphous CaF; as layer thickness increases. The mir-
ror parallel system shows a conductance trend similar to crys-
talline CaF, with a slight variation between the systems around
15-A of CaF, layer thickness. The parallel twist system also shows
a similar conductance trend to crystalline CaF,, and the perpen-
dicular twist system has a calculated conductance similar to crys-
talline CaFy as well. While the polycrystalline systems exhibit
slightly higher conductance values than crystalline systems at cer-
tain thicknesses, the conductance values of these systems are still
orders of magnitude lower than amorphous systems of similar
thicknesses.

[————— L2 L L 2 ®
10%F :
<«
£
=
\O
e
0]
o
S 0B ]
8 ®Ca Metal
2 @Crystalline CaF2
s @Amorphous CaF2
© T Twist Parallel
<>Twist Perpendicular
AMirror
10—10 L L L L

5 10 15 20 25 30 35
Layer Thickness (A)

Fig. 8 Low-bias conductance of amorphous, crystalline, and polycrys-
talline systems of different thicknesses.
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From these data the decay constant, , was determined for
the crystalline, amorphous, and polycrystalline phases of CaFy
via an exponential fit. The decay constant of crystalline CaFq
was determined to be 0.649 A, excluding the first datum from
CaF, (8.8 A). Using all data points, the  value of amorphous
CaF, was calculated to be 0.599 A1, and the B calculated for mir-
ror parallel and twist parallel CaF, were obtained as 0.744 A’!
and 1.022 A1, respectively. Given the greater f values of crys-
talline and polycrystalline CaFy, it can be predicted that these
systems will prevent electron leakage from the anode more effec-
tively than amorphous CaF,.

In order to adequately block electrons, inorganic, crystalline
SEI films need to be >4 nm thick.3” By extending the exponen-
tial fit function to 4 nm using the  values obtained from our
calculations, order-of-magnitude predictions can be made about
the conductance of 4-nm thick films of amorphous, crystalline,
and polycrystalline CaF,. At a thickness of 4 nm, the conduc-
tance values of amorphous, crystalline, twist parallel, and mirror
parallel CaF, are expected to be 10~ Gog/nm?, 10~!! Gy/nm?,
10~'* Gy /nm?, and 10~'? Gy /nm?, respectively. From these data,
we are able to quantitatively compare the performance of crys-
talline, amorphous, and polycrystalline phases of CaF,. Twist
parallel is predicted to possess the lowest electronic conductance,
whereas amorphous CaF5 is predicted to possess the highest elec-
tronic conductance. From the comparison seen in Fig. 8, we
conclude that crystalline and polycrystalline phase CaFy block
electron transport more thoroughly than amorphous phase CaF,.
It should be emphasized that this work considers charge trans-
port in the ballistic regime, modeling the tunneling of electrons
through the CaF, region. Although this description provides great
insight into charge transport through the system, other mecha-
nisms are likely to occur, such as charge hopping. These other
processes must be treated with other computational approaches
and will provide fascinating follow-up studies. Future investiga-
tions will analyze electron transport through other grain bound-
ary structures, although these data give early indications that
polycrystalline systems possess electron blocking properties com-
parable to crystalline systems, and that these systems are better
at stemming electron flow from the anode than amorphous CaF,.

Conclusions

In conclusion, we performed NEGF-DFT electron transport calcu-
lations on crystalline, amorphous, and polycrystalline CaF;, mod-
elling a broad spectrum of different phases of the prototypical SEI
component CaFy. While all systems were insulating, the amor-
phous CaF; systems exhibited conductance values one to two or-
ders of magnitude higher than the crystalline systems at compara-
ble thicknesses. Surprisingly, our NEGF-DFT calculations predict
that polycrystalline systems have comparable electron blocking
properties to crystalline systems. These results highlight the im-
portant role that different phases of the same material have on
the performance of the SEI, and provide insights as to how to
best stem electron flow from the anode. However, these results
also promote questions that can be investigated in future stud-
ies, such as evaluating how the conductance of CaF, evolves with
time, or how the inclusion of electric fields and electron-phonon
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scattering affect the transport properties of CaFy. The informa-
tion presented here lays the groundwork for future investigations
into this material and provides the potential to help the realiza-
tion of a calcium-ion battery.
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