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Calcium batteries (CBs) are potential next-generation energy storage devices, offering a promising
alternative to lithium-ion batteries due to their theoretically high energy density, better safety, and lower
costs associated with the natural abundance of calcium. However, the limited availability of positive
electrode (cathode) materials has constrained the development of CBs so far. Given the similar ionic radii
of Na* and Ca?", structures that are effective at reversibly intercalating Na* may be able to reversibly
intercalate Ca®* as well. In this context, transition metal fluorides (TMFs) exhibiting weberite and
perovskite structures that are known for intercalating Na* form an interesting set of possible CB cathode
frameworks. Thus, we use first principles calculations to explore weberite and perovskite TMFs as CB
cathodes, of compositions Ca,M,F; and Ca,MFs, respectively, where M = Ti, V, Cr, Mn, Fe, Co, or Ni. We

systematically evaluate key cathode properties, including the ground state structure, average Ca-
Received 8th April 2024 int lati It th q ic stability (at 0 K), th tical it d Ca2* migrati barri
Accepted 12th June 2024 intercalation voltage, thermodynamic stability (a , theoretical capacity, and Ca“" migration barriers.
Importantly, we identify Ca,Cr,F; and Ca,Mn,F; weberite frameworks as promising Ca-cathodes. Our

DOI: 10.1039/d4ta02426e study not only unveils potential CB cathodes but also paves the way for further advancement in TMF-

rsc.li/materials-a based intercalation cathodes, diversifying the chemical space for next-generation energy storage systems.

and associated supply-chain constraints,” necessitating an
exploration of alternate solutions to the LIB technology.

1 Introduction

Rechargeable Li-ion batteries (LIBs), with their high energy and
power density, have emerged as the predominant energy source
for numerous applications ranging from portable electronics,
electric vehicles, and stationary energy storage.'-® However, the
growing demand for LIBs across a wide variety of applications
raises concern about Li (also Co and Ni) resource availability
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as an anode, which can result in an increased volumetric energy
density,*** and (iii) that CBs utilize Ca, which is more abundant
than Li (Ca: 4.2% versus Li: 0.002% of the Earth's crust'),
potentially making CBs less expensive and more sustainable
than LIBs.

Despite the inherent advantages, the development of CBs is
constrained by the need for suitable electrolytes and positive
electrodes (cathodes). While stripping and plating Ca-metal at
the negative electrode (anode) has encountered challenges due
to electrolyte decomposition,'™"* recent advances in electrolyte
design have enabled efficient Ca plating/stripping with the
formation of a protective layer enhancing electrochemical
performance.’** However, the lack of suitable cathode candi-
dates, namely the lack of thermodynamic and/or cycling
stability,”® and poor Ca®>" diffusion®® continues to hinder the
development of practical CBs.

Previous studies have employed both experimental and
computational techniques that have explored select chemistries
as possible CB cathodes. The set of inorganic cathodes that have
been reported with Ca so far include CaMo¢Xg (X = S, Se, or
Te),”* VOPO,-2H,0,” Ca,V,05,>? CaV,0,** CaMn,0,,*
Mo00Os3,*3* NH,V,040,** CaCo0,0,,*>*® NaFePO,F,* TiS,,*® CaVe-
0O;6-2.8H,0,* Prussian-blue analogues (PBAs),**** and other
polyanionic frameworks.**™*® However, only a select few of these
compounds show reasonable electrochemical performance,
with most suffering from inadequate cycling stability, poor Ca-
ion diffusion, and large volume changes during charge/
discharge. For instance, VOPO,-2H,0 demonstrates reasonable
electrochemical performance against Ca-containing electro-
lytes,? yet its susceptibility to proton intercalation and the
undesirable effects of water in organic electrolytes pose chal-
lenges for practical cell applications.*®

Recently, Chando et al.*® explored the post-spinel phase of
CaMn,0, as a CB-cathode candidate using both experiments
and density functional theory (DFT***') calculations and re-
ported a low cycling capacity of 52 mA h g~ " at a rate of C/33.
Prabakar et al.*® used a water-free B-phase Ca,14V,05 as a Ca-
cathode and reported a reversible capacity of ~247 mA h g™
The authors stated that unlike conventional layered B-V,05 and
3-Ca,V,05-nH,0 cathodes, the PB-phase facilitates efficient
insertion/extraction of Ca ions, contributing to improved
cycling stability and minimal dimensional changes during
charge/discharge cycles.”®

In terms of polyanionic materials, Vaughey and co-workers*
reported two phosphates, namely sodium superionic conductor
(NaSICON) (NaV,(PO,);) and olivine (FePO,), as high-voltage
cathodes for room-temperature CBs. NaV,(PO,); demonstrates
stable cycling with a reversible intercalation of ~0.6 mol of Ca**
at 3.2 V vs. Ca, while FePO, exhibits reversible intercalation of
~0.2 mol of Ca®" at 2.9 V. Subsequently, Kang and co-workers*’
reported successful extraction/insertion of Ca from/into Nay 5-
VPO, gF, 7, exhibiting exceptional cycling stability with 90%
capacity retention over 500 cycles and 87 mA h g~ capacity.
Additionally, Nazar and coworkers® investigated the Ca-Na
dual cation system, using experimental and computational
methods to understand the phase evolution and kinetics of
Ca,NaV,(PO,); that take place during Ca>" cycling. The authors
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reported a reversible Ca®>* cycling capacity being limited to x =
0.65 in Ca,NaV,(PO,)s, attributing the limit to phase separation
into Na-rich and Ca-rich phases. Also, the authors demon-
strated that Na" migration within the host framework facilitates
neighboring Ca®" migration, enabling reversible electro-
chemical activity.

With respect to recent computational identification of
promising Ca-cathodes, Lu et al.”® identified two promising Ca-
cathode compositions through a DFT-based high-throughput
screening considering average voltages, thermodynamic
stability, and migration barriers, namely, post-spinel-CaV,0,
and layered-CaNb,0O,. While a subsequent experimental
investigation by Palacin, Arroyo-de Dompablo and co-
workers® showed promise for reversible Ca intercalation in
CaVv,0,, further optimization of the electrode framework is
imperative. Additionally, we performed an extensive screening
study of NaSICON frameworks as potential Ca-cathodes.*®
Specifically, we used first principles calculations to determine
the ground state structure, average intercalation voltage, 0 K
thermodynamic stability, and migration barrier, from which
we identified three promising candidate Ca-cathodes, namely,
Ca,V,(PO,)s, Ca,Mn,(SO,);, and Ca,Fe,(SO,);. Experimental
realization of these predicted NaSICONs, except for Ca,V,(-
PO,)s, is pending.

In the context of using anion chemistry to boost energy
density of cathodes, fluorine's high electronegativity triggers
a strong inductive effect on transition-metal (TM) ions within
the cathode.>® As a result of this inductive effect, the electron
density on the TM redox center reduces, resulting in a better
response to addition or removal of electrons, or a higher voltage
with the (de)intercalation of an electroactive ion.* In addition,
the lower molar mass of F compared to polyanionic groups (e.g.,
phosphates) can enhance the gravimetric capacity of a given
cathode. Thus, fluorine-based frameworks can exhibit higher
voltages, on average, compared to oxide or other halide frame-
works. As a result, researchers typically utilize F~ to substitute
anionic sites or polyanionic groups, completely/partially,
yielding  better cathode materials with enhanced
properties.*”>>7#

Fluorides as a chemical space are a promising, yet over-
looked class of host materials as cathodes in intercalation-
based electrochemical energy storage systems, especially in
CBs. A few fluoride compounds, such as perovskite-type NaMF,
(M = Fe, Mn, Ni, and Co), have been investigated as cathodes for
sodium-ion batteries (NIBs).***® NaFeF; showed an initial
capacity of 130 mA h g™ ', yet suffered from high polarization
and capacity fading, while the initial charge capacity of
NaMnF;, NaNiF; and NaCoF; was limited to 40 mA h g’l,
largely attributable to side reactions as later demonstrated by
Dimov et al.®* While Ca is known to occupy the perovskite
framework among oxides,*>* fluorine-based perovskites have
not been rigorously explored for CBs.

Weberite-type fluorides (typically Fe-containing), known for
their robust three-dimensional open framework interconnected
by FeF octahedra, have been explored computationally as NIB
cathodes by Euchner et al® Moreover, weberites can be
synthesized from fluoride precursors using topochemical wet
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chemistry routes, which employ lower temperatures compared
to solid-state synthesis routes.®>*® Recently, Park et al.®” inves-
tigated trigonal-type fluoride weberite (Na,Fe,F;), using exper-
imental and computational methods. The authors
demonstrated a high capacity of 184 mA h g~" at C/20 (1C = 184
mA g '), which approaches the theoretical capacity of the
weberite and reported a capacity retention over 88% of the
initial capacity at 2C after 1000 cycles along with an average
operating voltage of ~3.1 V. Park et al. attributed this excep-
tional electrochemical performance to preventing structural
changes during Na (de)intercalation and facile Na* diffusion.
Note that the similarity in size between Na* and Ca®" (116 and
114 pm in an octahedral coordination environment surrounded
by O°7, respectively®®®) indicates that cathodes with reversible
Na-intercalation may hold promise as CB cathodes as well.
Thus, fluoride frameworks, specifically those with weberite and
perovskite structures, could be potential Ca-cathodes.

In this work, we use DFT-based calculations to systematically
explore the chemical space of weberite- and perovskite-type
fluorides, with a chemical formula of Ca,M,F, and Ca,MFj;,
respectively, as potential CB cathodes. Here, M represents
a redox active 3d transition metal, including Ti, V, Cr, Mn, Fe,
Co, or Ni, while x represents the Ca composition within a range
of 0 = x = 1.5 for weberites and 0 = x < 0.5 for perovskites. We
calculate the ground state structure (including the stable Ca-
vacancy arrangement), 0 K thermodynamic stability, average Ca
intercalation voltage and Ca** migration barriers upon Ca (de)
insertion in the weberite and perovskite fluorides. Importantly,
our systematic screening identifies Ca,Cr,F, and Ca,Mn,F;
weberites as promising cathode candidates for CBs. Our study
marks the first extensive exploration of fluoride frameworks as
potential intercalation-type Ca-cathode materials, which can
hopefully aid in the practical development of energy dense CBs.
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2 Results

2.1 Structural features

2.1.1 Weberites. The weberite structure derives its name
from the parent compound, namely the mineral Na,MgAIF;,
and typically crystallizes in an orthorhombic structure’ with
a space group of Imma (panels a and b of Fig. 1). The weberite
framework is considered a type of anion-deficient fluorite
superstructure ~ with a  general  stoichiometry  of
AU/ B[P (AR, (4e,8h,16)) - A and A’ usually represent Na
occupying two different crystallographic sites, represented by
orange (Nal or 4a sites) and blue (Na2 or 4d) spheres in Fig. 1a
and b. M and M’ represent TM cations with a +2 and a +3
oxidation state, respectively, and are represented by green and
purple octahedra in Fig. 1. Note that the A and A’ represent
possible sites for Ca occupation in Ca-containing weberites. The
conventional cell of the orthorhombic weberite (Fig. 1a)
consists of four A,M,F, (A = Na/Ca) formula units, with MFy
and M'F¢ octahedra sharing corners to form a three-dimen-
sional framework. The primitive cell of the orthorhombic
weberite (Fig. 1b) has two A,M,F, formula units. The fluorine
atoms, which are represented by grey spheres, occupy three
different Wyckoff positions, namely F1 (4e), F2 (8h) and F3 (16j).

Both Nal and Na2 sites coordinate with 6 + 2 with neigh-
boring fluorine atoms, with Nal exhibiting a hexagonal bipyr-
amidal coordination and Na2 displaying a distorted cubic (or
square prism) coordination. While Na1l coordinates with all
three types of F sites, Na2 coordinates with only F1 and F2. The
Na2 polyhedra are interconnected via edge-sharing, resulting in
a series of chains along [100], as shown in Fig. S1a of the ESL.f
On the other hand, the Nal polyhedra share corners among
each other along [010] (Fig. S1b¥), with the Na1 polyhedra also
sharing some of their edges with Na2 polyhedra (Fig. S1af).

Fig. 1 The crystal structure of the conventional cell (panel a) and primitive cell (panel b) of orthorhombic weberite and conventional cell of
trigonal weberite (panel c). Green and purple polyhedra indicate MFg octahedra for divalent (M2*) and trivalent (M3*) transition metals,
respectively, where oxygen atoms are represented by grey spheres. Orange and light blue spheres in panel a—c indicate Nal and Na2 sites
(equivalent to Cal and Ca2 in Ca-based weberites), respectively, and maroon spheres in panel c indicate Na3 sites (equivalent to Ca3). Dashed

black lines indicate the extent of the unit cell.
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Note that there exists another orthorhombic weberite structure,
with space group Pmnb, which is considered to be a modifica-
tion of the Imma weberite via tilting of the Nal polyhedra
resulting in a set of non-corner-sharing pentagonal bipyramidal
polyhedra (Fig. S1ct). We will not be considering the distorted
Pmnb version of the weberite structure further in our work.

Interestingly, the Imma weberite framework can be consid-
ered a repeated stacking of slabs made of (011) planes. Each
slab consists of two distinct layers, namely A;M (A-rich layer)
and AM; (TM-rich layer), forming an ‘AA’ stacking sequence, as
depicted in Fig. S2a.7 In turn, each layer exhibits a Kagome-like
network where majority cations (A in A;M and M in AM;) form
a continuous network, while minority cations occupy the
Kagome ring centers as illustrated in Fig. S2b and c.f

In addition to the orthorhombic crystal structure, weberite
can exist as a trigonal and a monoclinic polymorph, which
differ in their stacking sequence of the Kagome-type layers.”>”>
Fig. 1c depicts the conventional cell of trigonal weberite of space
group P3,21 consisting of six formula units of A,M,F;, depicted
including the Wyckoff notation as A, MM/ CPIM" IR, (69), 1
trigonal weberites, there are two distinct sites for trivalent
cations M/M’ sitting at 3a/3b sites (purple polyhedra in Fig. 1c),
while the divalent cations (M’) sit in 6c¢ sites (green polyhedra).
The TM-F polyhedra are connected to each other through corner
sharing to form a three-dimensional open framework. There are
3 distinct sub-sites for Na occupation, namely Nal (orange
spheres in Fig. 1c), Na2 (half-blue spheres), and Na3 (half-
maroon spheres). There are 6 Na sites of each type in the
conventional trigonal cell, with the Na2 and Na3 sites being
half-occupied in the stoichiometric (i.e., A,M,F,) weberite. All
three Na sites in the trigonal structure can be occupied by Ca
and are denoted as Cal, Ca2, and Ca3 sites in the Ca-containing
structures.

The Kagome-type stacking in trigonal weberite follows an
‘ABCABC’ sequence, compared to the AA sequence in ortho-
rhombic weberite, as depicted in Fig. S3a.f The A;M layer in
trigonal weberite, which is constructed with four half occupied
Na2 and four fully occupied Na1 sites forming an octagonal ring
with a trivalent TM at the center, is shown in Fig. S3b.T The AM;
layer consists of four divalent and two trivalent TMs forming
a hexagonal ring with two half-occupied Na3 sites within the
ring, as displayed in Fig. S3c.t For a point of comparison with
the orthorhombic structure, the trigonal weberite with stoi-
chiometric Na site occupancy (i.e., containing 2 Na per formula
unit) is illustrated in Fig. S4a,T and the corresponding Kagome-
type stacking is depicted in Fig. S4b and c.T The distinctions
among the A-, B-, and C-type stacking layers lie in the orienta-
tion of the TMs and/or the arrangement of Na sites. For
instance, Nal sites are arranged in identical zigzag fashion
along the [100], [110], and [010] directions in the A;M layer,
within the A-, B-, and C-type stacking slabs, respectively (Fig.
S4bt). Note that the monoclinic weberite is reported to exist in
two different Kagome-type staking sequences, namely ABAB and
AABBAABB with both phases crystallizing in the C2/c space
group.” However, we do not include the monoclinic structure in
our study since only the orthorhombic and trigonal weberites
have demonstrated electrochemical activity in NIBs.***”
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For Ca-containing weberites, we generated the correspond-
ing orthorhombic (O-weberite) and trigonal (T-weberite)
compositions and structures (i.e., Ca,M,F-) by substituting Ca>*
at the Na" sites and utilising a redox-active 3d TM (Ti, V, Cr, Mn,
Fe, Co, or Ni) at the M sites. We considered the charged and
discharged weberite compositions to be M,F, (TM oxidation
state of +3.5) and Ca; sM,F, (TM oxidation state of +2) to
account for charge-neutrality of the overall composition given
that most TMs can reversibly access oxidation states between +2
and +4 during a redox reaction.*® We utilised the primitive cell
of O-weberite and conventional cell of T-weberite to calculate
the ground state structure at both charged and discharged
compositions.

Based on calculated DFT total energies, we find the O-
weberite to be energetically more favorable than the T-weberite
at the charged compositions for V, Fe, and Co compounds,
while the T-weberite is more favorable for charged Ti, Cr, Mn,
and Ni compounds. In the case of discharged weberite
compositions, we find the T-weberite structure to be energeti-
cally more favorable for all TMs considered. We have compiled
the relative energies between O- and T-weberite structures at
both the charged and discharged compositions in Table S2 of
the ESL{ The occupancy of individual Ca sites in the ground
state weberite configurations (i.e., T-weberite for discharged
compositions), as calculated using DFT, is compiled in Table 1,
while a schematic of all ground state configurations is compiled
in Fig. S5.7 Interestingly, at the discharged composition, we find
Ca to partially occupy all three crystallographic sites for all TMs,
indicating the lack of a strong preference for a specific site. Note
that although the Ca occupancies are identical for Ti and V/Cr/
Co T-weberites (Table 1), the specific Ca-vacancy arrangements
are different (Fig. S57).

2.1.2 Perovskites. Similar to weberites, we consider perov-
skites of composition, Ca,MF;, obtained by inserting Ca at
possible Na sites in prototypical structures. The charged and
discharged compositions of Ca-containing perovskites are MF;
(TM oxidation state of +3) and Ca, sMF; (TM oxidation state of
+2), respectively, which satisfy the charge neutrality constraint.
Note that Na-containing perovskite-type TM fluorides exhibit
different polymorphs depending on the TM. For our investiga-
tion, we considered three different perovskite polymorphs,
namely cubic (Pm3m space group), orthorhombic (Pama), and
triclinic (P1). While we used the conventional perovskite cell
(containing four Ca,MF; formula units) for calculations
involving orthorhombic and triclinic polymorphs, we used a 2

Table 1 Site occupancy of the Cal, Ca2, and Ca3 sites in the calcu-
lated T-weberite ground states

Ca site occupancy

Compositions Ca1l Ca2 Ca3
Cay sTi,F; 1/3 2/3 1/2
Ca; sM,F;, M =V, Cr, Co 1/3 2/3 1/2
Ca, sM,F,, M = Mn, Fe 2/3 1/3 1/2
Ca, sNi,F, 1/2 1/2 1/2

This journal is © The Royal Society of Chemistry 2024
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x 2 x 2 supercell (with eight formula units) for the cubic
polymorph. The set of perovskite structures we considered,
along with the calculated ground state Ca-vacancy configura-
tions, is compiled in Fig. S6.F

For each TM, we considered the experimentally known
ground state®* of the corresponding Na-containing perovskite
for creating the corresponding Ca-perovskite structure. For
example, we used the cubic and triclinic structures for Ca,VF3
and Ca,CrFj3, respectively, since the ground states of the corre-
sponding Na-containing perovskites (i.e., NaVF; and NaCrF;)
are cubic’™ and triclinic.” Similarly, we used the orthorhombic
polymorph for Mn,”® Fe,”” Co,”® and Ni”® containing perovskites.
For the case of Ca,TiF;, we calculated the total energies of the
cubic, orthorhombic, and triclinic structure with the composi-
tion of Ca, 5TiF3, as the ground state of the analogous Na-con-
taining composition is unknown. Subsequently, we found the
orthorhombic structure to be energetically preferred for the Ti-
based perovskite (16.7 and 0.1 meV per atom lower than cubic
and triclinic, respectively). For each discharged Cay sMF; poly-
morph, we constructed the corresponding charged structure by
removing all Ca** from the discharged structure.

2.2 Thermodynamic stabilities

Fig. 2 presents the 0 K calculated thermodynamic (in)stability,
quantified using energy above or below the convex hull (E*"!62),
of the charged and discharged weberite (first two rows) and
perovskite (last two rows) fluorides, for all TM-containing
systems considered. The E™!! value for each composition is
indicated using a text annotation in the corresponding square
of Fig. 2, where blue (red) squares indicate stable/metastable
(unstable) compositions. Note that values of E™™!' = 100 meV
per atom (E""!! < 0 eV per atom) are depicted by fully red (blue)

squares. Given that metastable compounds at 0 K can be

M,F;

Ca, ;M,F,

MF,

Ca,;MF,

Ti \"/ Cr Mn
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synthesized under different experimental conditions, we have
used a rule-of-thumb synthesizability threshold of E™" ~ 50
meV per atom,” as indicated by the green line on the legend bar
of Fig. 2. Typically compositions with 0 < E™!! < 50 meV per
atom are referred to as metastable, while compositions with
EM'> 50 meV per atom are considered unstable. The 0 K convex
hull of all ternary Ca-M-F weberites and perovskites, which
comprise possible all unary, binary, and ternary compositions
that are known to exist in addition to the weberites and perov-
skites considered here, is compiled in Fig. S7 and S8.1 The
compounds that are ‘adjacent’ on the convex hull for all
weberites and perovskites, ie., compounds that thermody-
namically compete with stable weberites/perovskites for exis-
tence and compounds that are the decomposition products of
unstable weberites/perovskites, are compiled in Table S3.1

We observe that most of the charged compositions of
weberites (first row in Fig. 2) are metastable with £ (in meVv
per atom) of 13 (Ti,F;), 11 (V,F), 11 (Cr,F;), 13 (Mn,F;), and 26
(Ni,F), suggesting that these compounds are potentially syn-
thesizable. In contrast, the charged Fe- and Co-weberites are
unstable, exhibiting a high E™ of 114 and 78 meV per atom,
respectively. Note that Fe,F; is thermodynamically driven to
decompose into the stable adjacent compounds on the Ca-Fe-F
convex hull, namely F, and FeF; (Table S3 and Fig. S87). Simi-
larly, Co,F; is expected to decompose into F, and CoFj.

Interestingly, most of the discharged weberites (second row
in Fig. 2) are stable compounds with a large negative E™™" (in
meV per atom) of —585 (Ca; 5V,F;), —170 (Ca; sMn,F;), —95
(Cay sFe,F;), —565 (Ca;.5CoyF;), and —573 (Cay sNiyF;), sug-
gesting that these compositions should be experimentally syn-
thesizable given their large thermodynamic driving force for
formation. While discharged Ti-weberite is metastable (E™" ~
44 meV per atom), the discharged Cr-weberite is marginally
unstable (E™! ~ 57 meV per atom, marginally higher than our

=100
475 —
£
8
8
>
— 50 ]
E
3
T
4 25 LW
L <0

Fe C Ni

Fig. 2 DFT-calculated energy above or below the ground-state convex hull (EF""Y) for charged and discharged weberites (first two rows) and
perovskites (last two rows). Each column corresponds to a specific 3d TM. Blue (red) squares indicate high degrees of stability (instability), with the

specific MUt

value of each composition listed as a text annotation within each square. The green line on the legend bar indicates the rule-of-

thumb EHY" ~50 meV per atom threshold for experimental synthesizability.
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synthesizability threshold). Nevertheless, both Ca, sTi,F; and
Ca, sCr,F, may be experimentally accessible. Note that we
consider Ca, 5sCr,F, to be metastable to ensure that we don't
have any false negatives, i.e., a material being erroneously not
considered a possible candidate.

In the case of perovskites, most of the charged fluorides lie
marginally above the convex hull and are likely synthesizable,
including TiF;, VF3, CrF;, FeF3, CoF; and NiF;, with an gHut (in
meV per atom) of 1, 35, 7, 22, 35, and 7, respectively. Note that
these charged perovskites are metastable with respect to their
corresponding known trigonal trifluoride polymorphs (with
a space group of R3cR), as compiled in Table S3.1*° The only
charged perovskite that is thermodynamically stable at 0 K is
MnF;, with an E7 of —4 ev per atom. On the other hand,
several discharged perovskites are unstable, with Cag sTiF;,
Ca, 5CrF;, and Ca, sFeF; exhibiting large EM values of 108,
110, and 86 meV per atom, respectively. The metastable dis-
charged perovskites include Ca, sVF3, Cay 5sCoF3, and Cag 5NiFs;,
with an E™" of 48, 20, and 29 meV per atom, respectively.
Similar to charged perovskites, the only discharged perovskite
composition that is thermodynamically stable is the Mn-
version, with an EM™! of —1 meV per atom.

Generally, it is preferable that both the charged and dis-
charged compositions of an intercalation system are thermo-
dynamically stable (or metastable) to prevent undesirable
decomposition or conversion reactions.*® Thus, we identify
Ca,MnF; as a potential Ca-cathode, under the constraint of
both charged and discharged phases being stable. Given that
there are several examples of metastable cathodes that show
good electrochemical performance,®* we can use a constraint
of both charged and discharged compositions being the most
metastable for identification of candidates. In this context, we
identify the following compositions to be candidate cathodes
for CBs solely based on our 0 K stability calculations, namely,
Ca,Ti,F;, Ca,V,F,, Ca,Cr,F,, Ca,Mn,F,, and Ca,Ni,F, within
weberites and Ca,VF;, Ca,MnF;, Ca,CoF;, and Ca,NiF; among
perovskites. The other compounds that we predict to be stable,
such as Ca, sFe,F;, and Ca, 5sCo,F;, may be relevant for other
non-CB applications.

2.3 Average voltages and theoretical capacities

The electrochemical performance of a battery system is
primarily quantified using its energy density, a metric deter-
mined using the voltage and capacity of electrodes utilised.
Thus, we calculated the average Ca-intercalation voltage of the
weberites and perovskites considered using DFT. Note that we
computed the average voltage and theoretical capacity irre-
spective of thermodynamic (in)stabilities of all compositions to
analyze the overall voltage-capacity trends. The calculated volt-
ages (versus Ca) and gravimetric capacities are summarized in
Table 2. The theoretical capacities are calculated with reference
to the charged compositions, i.e., MF; for perovskites and M,F,
for weberites. Note that the calculated capacities decrease
monotonically from Ti to Ni for both fluoride frameworks,
namely from 351 to 320 mA h g~' in weberites and 255 to 231
mA h g™' in perovskites, due to the increase in atomic mass
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Table 2 The calculated average intercalation voltage (in volts versus
Ca) and the theoretical gravimetric capacity (in mA h g=%) of the
weberites and perovskites considered. O-Weberites and T-weberites
represent voltages calculated for topotactic intercalation within the
orthorhombic and trigonal weberite polymorphs, respectively. The
theoretical capacities are computed with respect to the molar masses
of M,F; for weberites and MFs for perovskites (M = 3d TM)

Theoretical capacity

Average voltage (V) (mAhg™

M  O-Weberites T-Weberites Perovskites Weberites Perovskites

Ti 24 2.5 1.7 351 255
A% 3.6 3.6 2.8 342 248
Cr 31 3.2 1.8 339 246
Mn 4.8 4.7 4.2 331 239
Fe 4.5 4.5 3.2 328 237
Co 5.5 5.6 4.9 320 231
Ni 5.6 5.5 5.0 320 231

from Ti to Ni. Also, the weberites show higher theoretical
capacities compared to the perovskites, due to the higher
quantity of Ca** (1.5 moles in weberites versus 0.5 moles in
perovskites) per formula unit that can be intercalated.

Fig. 3 displays the calculated average intercalation voltages
(in volts versus Ca metal) for all fluoride frameworks considered
here. O-Weberite (orange symbols), T-weberite (purple symbols)
and perovskite (green symbols) represent the calculated volt-
ages for a topotactic intercalation within the orthorhombic
weberite, trigonal weberite, and perovskite polymorphs,
respectively. The average voltage is calculated across the entire
Ca content range, i.e., M,F, < Ca; sM,F; for weberites and
MF; < CaysMF; for perovskites. Notably, we predict the Ca
intercalation voltage (in V vs. Ca) to be within the range of
2.4 (Ti)-5.6 (Ni) for O-weberites, 2.5 V (Ti)—5.6 V (Co) for
T-weberites, and 1.7 V (Ti)-5.0 V (Ni) for perovskites. Clearly, the
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Fig. 3 Computed average voltage as a function of transition metals,
between the fully charged and discharged orthorhombic weberite (O-

weberite, represented by orange triangles), trigonal weberite (T-
weberite, purple squares) and perovskite (green circles) fluorides.
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calculated voltages and trends for both O-weberite and T-
weberite are similar across the 3d series, suggesting that both
polymorphs may exhibit similar Ca intercalation phase
behavior. Additionally, both weberites display consistently
higher voltages (by at least 0.5 V) than the corresponding
perovskites, which predominantly originates from the charge/
discharge process accessing higher TM oxidation states in
weberites (+3.5) compared to perovskites (+3).

Across the 3d series, both weberites and perovskites show
similar non-monotonic trends, ie., the voltages generally
increase from Ti to Ni with local minima at Cr and Fe compo-
sitions, similar to trends observed in sulfate-NaSICONs for Ca
intercalation.®® In the case of T-weberites, there is a marginal
dip in voltage from Co to Ni (by 0.1 V). The likely reason for the
local minima in calculated voltages at Cr and Fe is the high
stability of the Cr’* and Fe®* oxidation states, which are
accessed as Ca is deintercalated. Note that Cr** and Fe*" are
stable due to their high-spin half-filled t, and half-filled d shell
(t3g€3¢) electronic configurations, respectively.®**”

In addition to the topotactic voltage, we calculated the non-
topotactic average voltage for select weberites that exhibit
different ground state polymorphs in their charged and dis-
charged states. For instance, the ground states of charged
weberites V,F;, Fe,F,, and Co,F, are orthorhombic, while the
ground states of their corresponding discharged weberites
(Cay 5V, F5, Ca, sFe,Fy, and Ca,y 5Co,F;) are trigonal. Hence, we
calculated the average voltage of V-, Fe-, and Co-based weberites
between a charged orthorhombic and a discharged trigonal
structure, resulting in values of 3.6, 4.5, and 5.5 V vs. Ca,
respectively. Importantly, the computed non-topotactic voltages
are similar to the corresponding topotactic voltages (<0.1 V
difference), suggesting insignificant driving force for any phase
transition between the trigonal and orthorhombic structures
during Ca (de)intercalation. The similarity between the non-
topotactic and topotactic voltages can also be rationalised via
the ‘small’ differences in the DFT-calculated total energies
between the orthorhombic and trigonal structures for all TMs
(see Table S2t). Given the marginal thermodynamic driving
force for a phase transition between orthorhombic and trigonal
weberites during Ca (de)intercalation, we expect the topotactic
pathway to be active under electrochemical conditions. There-
fore, we take into account topotactic Ca (de)intercalation in the
trigonal weberite for further discussions in this manuscript,
given that the trigonal structure is energetically preferred at the
Ca; sM,F, composition for all TMs considered.

Given the lower voltages with Ti-based weberites and
perovskites, and the Cr-perovskite (<2.5 V), these compositions
are better suited for anode applications, while the high voltages
of Co- and Ni-based fluorides (<5 V) may be beyond the stability
limits of available Ca-electrolytes. Despite this concern, it may
be possible to operate the Co and Ni fluorides at a reduced
voltage by extracting a lower amount of Ca from the cathode,
albeit reducing the energy density. For example, the calculated
voltage of 4.5 V for Fe,F, < Ca, sFe,F, decreases to 3.4 V when
considering Ca, sFe,F, < Ca; sFe,F,, where only one mole of
Ca is extracted per weberite formula unit. Thus, all weberites
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except Ti and all perovskites except Ti and Cr are candidate CB
cathodes, based solely on our voltage calculations.

However, including both voltage and stability data reduces
the set of possible candidates. For example, the low voltages of
Ti- and Cr-perovskites may appear to be suitable for anode
applications, but the high thermodynamic instability of the
discharged Ti- and Cr-perovskites (E™" > 95 meV per atom,
Fig. 2) may impede any practical deployment. Similarly, Fe-
based weberites and perovskites are constrained by high
instabilities of the charged and discharged compositions,
respectively. In contrast, Mn-weberite, Mn-perovskite, and Ni-
weberite are highly promising both due to their high voltages
(>4 V) and thermodynamic (meta)stabilities. Thus, combining
our voltage and stability data, we identify weberites containing
Ti, V, Cr, Mn, and Ni and perovskites containing V, Mn, Co, and
Ni to be suitable for CB electrode applications. Nevertheless, the
practical feasibility of any of these identified materials to
function as a CB electrode depends on their corresponding bulk
Ca>" diffusivities (vide infra).

2.4 Migration barriers

Typically, the mobility of Ca®" in solids is lower compared to
monovalent active ions, such as Li*, and Na', due to the strong
electrostatic interaction of the divalent Ca®" with the neigh-
boring anions while migrating through a host framework.*
Subsequently, we computed the migration barriers (E,) of Ca**
using the nudged elastic band (NEB***°) framework and the
generalized gradient approximation (GGA*) exchange-correla-
tion functional in the five weberite and four perovskite candi-
dates that we had shortlisted based on our voltage and stability
calculations. Note that the diffusivity of Ca®>" depends expo-
nentially on E,,, via the well-known Arrhenius relationship.”
Fig. 4 depicts the calculated E,, in weberites across three
different migration pathways, namely Path1 (top row), Path2
(middle row) and Path3 (bottom row) at the charged (bottom
triangles) and discharged (top triangles) compositions. The
individual pathways are depicted in Fig. 6, wherein any of the
three pathways can facilitate macroscopic Ca®" diffusion within
the three-dimensional trigonal weberite framework. The green
line on the legend bar indicates a tolerance limit of ~1000 meV
for the E,,, which corresponds to maintaining a reasonable
electrochemical rate performance in a potential Ca-cathode.”® A
brown (purple) triangle in Fig. 4 represents a low (high) E,,
thereby indicating a facile (poor) Ca®>" migration. The calculated
E,, values in perovskites are compiled in Table 3. Due to
convergence difficulties with our NEB calculations, we are
unable to provide an accurate E,, for the charged Ca,V,F,
weberite along Path3 (solid black line). The minimum energy
pathways for all weberite and perovskite structures are pre-
sented in Fig. S9 and S10 of the ESI, T respectively.
Unsurprisingly, our calculations predict fairly high Ca** Ey,
for most of the weberites considered. For instance, the E,,
values across all three paths in Ca,V,F, at both the charged and
discharged compositions are above the 1000 meV threshold,
suggesting that the V-weberite is likely infeasible to be used as
a CB cathode. In the case of Ti-weberite, the E,, values along
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Fig. 4 Calculated Ca®* E,, in the Ti-, V-, Cr-, Mn-, and Ni-weberite frameworks, indicated as text annotations. In each weberite structure, we
calculated the E,, across three different migration pathways, namely Pathl (top row), Path2 (middle row), and Path3 (bottom row). Bottom and
top triangles within each square indicate high (charged state) and low (discharged) Ca-vacancy concentrations. The green line on the legend bar
indicates the tolerance limit on E,, (~1000 meV) for enabling Ca®* diffusion. Due to convergence difficulties, we are unable to calculate the £,

for V,F; along Path3 (solid black line).

Table 3 Calculated Ca®* E . in perovskites considered, at charged and
discharged states. Solid lines represent the absence of reliable E,,, for
MnF3z and Cag sCoFz due to convergence difficulties

Migration energy (meV)

Compounds Charged Discharged
Ca,VF; 2875 1832
Ca,MnF; — 1980
Ca,CoF; 1666 —_

Ca,NiF; 2445 2120

Path1, Path2, and Path3 are within a wide range of 641 to 1929
meV. In particular, the E,, values of the charged Ca,Ti,F; along
Path2 (641 meV) and Path3 (880 meV) are well within the
tolerance limit. However, the E,,, at the discharged limit is above
the 1000 meV tolerance for all three paths in the discharged
Ca,Ti,F; weberite, suggesting limitations with using the
Ti-weberite as a CB anode. Similarly, the Ni-weberite shows
reasonable E,, in its charged state along Path1 (881 meV) and
Path2 (1042 meV), but the E,, is above the 1000 meV tolerance in
the discharged state of the Ni-weberite for all pathways, making
it unsuitable as a CB cathode.

In the case of Cr- and Mn-weberites, we find at least one
pathway within the corresponding structures that can facilitate
Ca?" diffusion. For instance, the E,, in Ca,Cr,F, exceeds the
1000 meV threshold along both Path1 (842-1376 meV) and
Path3 (1238-1992 meV), suggesting the unavailability of these
pathways for Ca®* motion. However, the Ey,, along Path2 is in the
range of 877-1052 meV, which is only marginally above the
1000 meV tolerance, suggesting that Path2 may be open for Ca**
diffusion within the Cr-weberite. Considering the ground-state
Ca-vacancy configuration of Ca,;Cr,F; trigonal weberite
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(Fig. S5dt), the fact that only Path2 remains open for Ca**
diffusion possibly limits the amount of Ca that can be reversibly
exchanged with the weberite structure to 0.83 moles per
formula unit, corresponding to a capacity of ~164 mA h g™,
instead of the full 1.5 moles of Ca (~339 mA h g %).

In the Mn-weberite, the E,, values along both Pathi
(1025-1045 meV) and Path2 (1020-1051 meV) are only
marginally above the threshold, suggesting the feasibility of
Ca®" migration along both paths. However, Path3 is likely closed
for Ca** motion in the Mn-weberite, since the E, in the charged
state (1810 meV) is significantly above the threshold despite the
low Ey, in the discharged state (704 meV). Given that two out of
three pathways are active for Ca** motion in the Mn-weberite,
based on the Ca-vacancy ground state configuration of
Ca; sMn,F; (Fig. S5gt), we conclude that the amount of Ca that
can be reversibly exchanged is 1 mole per formula unit, corre-
sponding to a capacity of ~212 mA h g ' instead of the
maximum of 1.5 moles (~331 mA h g~ *). Thus, we find both Cr-,
and Mn-based weberites to be feasible to use as CB cathodes,
based on our combined set of thermodynamic stability, voltage,
and Ca-mobility calculations.

With respect to perovskites, we find that the calculated E,
values in the V-, Mn-, Co-, and Ni-based fluorides are all
significantly above the 1000 meV threshold, namely 1832-2875
meV, 1980 meV, 1666 meV, and 2120-2455 meV. Therefore,
despite their promising thermodynamic stability, average
voltage, and theoretical capacity, we don't expect any of the
perovskite fluorides to be CB cathode candidates due to their
prohibitive Ca*>" E,,. Note that we are unable to obtain reliable
E,, values for charged Ca,MnF; and discharged Ca,CoF;
compositions, due to convergence difficulties, but we do not
expect any Ey, that is eventually calculated for these composi-
tions to change our conclusions.

This journal is © The Royal Society of Chemistry 2024
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3 Discussion

In this work, we used DFT-based calculations to explore the
chemical space of 3d TM-containing weberite and perovskite
fluoride frameworks as potential intercalation cathodes for CBs.
Specifically, we calculated the ground state Ca-vacancy config-
urations, 0 K thermodynamic stabilities, average intercalation
voltages, theoretical capacities, and Ca>" Ey, in several weberite
and perovskite fluorides. We considered compositions of
Ca,M,F, for weberites (with 0 = x = 1.5) and Ca,MF; for
perovskites (with 0 =< x =< 0.5), where M = Ti, V, Cr, Mn, Fe, Co,
or Ni. Besides obtaining several qualitative trends in stabilities,
voltages, and Ca*>" mobilities, we identify two weberite frame-
works, namely Cr- and Mn-based compositions, to be promising
Ca-cathodes.

Fig. 5 summarizes the overall performance of select weber-
ites and fluorides considered in this work, indicated by green
and blue colored symbols, respectively, by plotting their (theo-
retical) energy densities (in W h kg™") versus the computed Ep,.
Green diamonds (blue hexagons) and green triangles (blue
pentagons) indicate charged and discharged compositions,
respectively, of weberites (perovskites). For comparison, we
include experimental and computational data points from
previous studies, as indicated by black empty circles.”*®* The
light blue region in Fig. 5 marks the range of tolerable migra-
tion barriers, i.e., within the ~1000 meV threshold. We averaged
the E,, of discharged and charged weberite compositions (from
Fig. 4) across all three possible pathways for plotting in Fig. 5,
except in V,F; where we averaged E,, over two pathways.

Importantly, the fluoride compositions identified in this
work exhibit superior (theoretical) energy density compared to
previously reported Ca-cathodes, albeit with high E,,. Dis-
charged Cr and Mn-based weberites fall within the range of
tolerable E,, as shown in Fig. 4. Note that we don't consider Ti-

2000 ———————————————————
o 1 -
5 1 -
1750 : NioF7 @3
]
— C 1 b
‘Tm 1500F Cay sMn,F; Ai ¢ wnF, E
X L 1 ]
£ F 1 ]
< 1250F ' VF CaysVoF7AT]
Z [ ! @CoF; ]
> [ Ca, sCryF. Cr,yF
= 1000F 5 74: il Ooaior
OC) X (@) Ti2F7‘ ! 831.5Ti2F7A o h
o [ (@] 1 a
> 7505 o 08 Sk & E
O 500F 00 | O .
G - O o '8 o 8 ]
250: © i ]
3 o ! E
0: PR | Q 1L on 1 i 1 P | |O| L1 ]
0 500 1000 1500 2000

Migration Barrier (meV)

Fig. 5 Calculated (theoretical) energy density versus migration
barriers of select weberite and perovskite fluorides identified in this
work. Black circles represent data from previous reports.*28
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based weberite to be a feasible candidate since the combination
of charged and discharged E,, is not below the tolerance limit
for any pathway within the weberite. While TMFs can exhibit
promising energy densities, it is important to further mitigate
the E,, exhibited by the fluorides to make them practically
deployable. One strategy to reduce the E,, of TMFs, especially
weberites, is to utilise multiple TMs, which can possibly intro-
duce favorable distortions or bonding environments within the
fluoride structures to reduce the Ca E,,.

Given that volume change during (de)intercalation is an
important measure of cyclability of a given electrode, we
computed the volume change between the fully charged and the
fully discharged TMFs considered in this work and have pre-
sented the data in Fig. S11 of the ESI.{ Except for V, we note that
all TM-based weberites have lower volume change upon Ca
exchange than the corresponding perovskites, further high-
lighting the utility of weberite frameworks. Furthermore, we
computed the voltage-composition profiles for Ca,Cr,F,, Ca,
Mn,F-, and Ca,Fe,F-, across x = 0, 0.5, 1, and 1.5, and have
compiled the profiles in Fig. $12.1 The E™! values of the
intermediate Ca-containing Cr, Mn, and Fe-weberites are
included in Table S3.f

While we employed the SCAN + U functional for average
voltage and thermodynamic stability calculations, we chose GGA
for E,, calculations, due to lower computational costs, better
numerical convergence, and reliability in providing qualitative
trends compared to SCAN.* For calculating the E,, in Ca; 5V,F;
along Path3 and Cr,F; along Path2, we initialized our NEB with
five instead of the typical seven images since we experienced
convergence difficulties with seven images. Furthermore, in
Mn,F, (along Path2), Ni,F, (all paths), Ca,;VF; and MnF; we
used a higher spring force constant of 10 eV A~* between images
than the usual value of 5 eV A™" to mitigate convergence diffi-
culties. Note that the E,,, usually does not change significantly
with varying the spring force constant, as demonstrated by our
calculations in the discharged Ca,Ni,F; system, which displays
a near-identical E,, of 2190 and 2189 meV (along Path3) using
force constants of 5 and 10 eV A", respectively.

Recently, Long et al. demonstrated that SCAN + U exhibits
good qualitative trends in average voltages, but tends to over-
estimate the absolute voltage values and also the thermody-
namic instabilities in Li-ion cathodes.” We expect similar
overestimation of voltages and instabilities to extend to fluoride
Ca-cathodes as well, which is why we used a slightly higher E™""
stabilization threshold (~50 meV per atom) compared to
previous studies (~25 meV per atom). Nevertheless, the
majority of the fluorides considered here (~54%) exhibit E™"
lower than 25 meV per atom, suggesting that these fluorides
should be synthesizable experimentally.

In terms of structures considered for the fluorides, we included
orthorhombic and trigonal polymorphs for weberites and cubic,
orthorhombic, and triclinic polymorphs for perovskites. The
choice of the polymorphs for both weberites and perovskites was
largely motivated by experimental and/or electrochemical obser-
vations in the Na-systems. Another constraint influencing the
choice of polymorphs is the computational cost of considering
different combinations of TMs and Ca-vacancy arrangements in

J. Mater. Chem. A, 2024, 12,18993-19007 | 19001


https://doi.org/10.1039/d4ta02426e

Published on 13 June 2024. Downloaded by Indian Institute of Science on 8/9/2024 9:43:03 AM.

Journal of Materials Chemistry A

each structure. For instance, perovskites in general can exist in
tetragonal, rhombohedral, hexagonal, and monoclinic poly-
morphs as well,* which were not considered as possible struc-
tures here. While we hope to extend our Ca-cathode search space
to other possible polymorphs in the fluoride chemical space in the
future, we are optimistic that our search strategy and identifica-
tion of candidates in this work are quite useful.

Although Fe-based fluoride weberite exhibits attractive elec-
trochemical performance as a NIB cathode,®” we do not find the
Fe-based weberite to be a feasible candidate for CBs, largely due
to the instability of the charged (Fe,F;) phase, which exhibits
a high E™" of 114 meV per atom. The instability of the Fe,F,
composition can be rationalised based on the instability of the 4+
oxidation state of Fe. Hence, we explored the stability of the
charged Fe-weberite state with Ca already present in it such that
the 4+ oxidation state is not accessed, i.e., a charged composition
of Ca, sFe,F;. Although the EM reduces to 71 meV per atom
with increasing Ca content in the charged state, the Ca, sFe,F;
phase remains above the stability threshold of ~50 meV per
atom, highlighting the instability of Fe-weberite even with
introduction of significant residual Ca content in the structure.

Given the electrochemical accessibility of the charged phase,
NaFe,F; in NIBs, and the stability of the discharged phase,
Ca, sFe,F5, in the Ca-Fe-F ternary space, insertion of Na within
the Fe-weberite as a ‘stuffing’ cation may stabilize Ca-deficient
compositions and enable electrochemical exchange of Ca. This
is similar to the role that Na plays in the exchange of Ca in V-
based NaSICON electrodes.** Also, we predict a drop in average
Ca (de)intercalation voltage from 4.5 V in the Fe,F, <
Ca, sFe,F; range to 3.4 V in the Ca, sFe,F; < Ca, sFe,F; range,
which should be in line with stability windows of existing Ca
electrolytes. Thus, systems containing residual Na and/or Ca in
the weberite structure may be worth exploring both computa-
tionally and experimentally.

One strategy to further explore for designing CB cathodes
utilising fluoride frameworks is to explore oxyfluoride compo-
sitions, i.e., substitution of 0>~ on F~ sites. Introducing a mixed
anion system unlocks the potential for voltage modulation and
fine-tuning other properties (such as phase behavior). Also,
substituting O at F sites will likely increase the theoretical
concentration of Ca®* that can be accommodated in a weberite
structure and potentially lower the E,, due to slightly weaker
Ca-O ionic bonds than Ca-F. Another strategy is to utilise
weberite structures with multiple TMs present, similar to prior
studies on Na-based weberites.®**% For instance, Ni addition to
the Cr-weberite, which is a candidate identified in this work,
could enhance the voltage and mitigate E, of Ca>" since the Ni-
weberite exhibits high voltage and reasonable E,, along Path1
and Path2 at the charged limit.

4 Conclusion

As an alternative to state-of-the-art LIBs, Ca-based electro-
chemical systems are a promising pathway to develop batteries
with high energy density, safety, and lower cost. However, the
development of practical CBs so far has been limited by the lack
of suitable cathodes. Hence, we have used DFT-based
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calculations to systematically explore TMFs exhibiting weberite
and perovskite structures, as potential CB cathodes. Specifi-
cally, we evaluated key metrics, such as thermodynamic stabil-
ities, average Ca-intercalation voltages, theoretical capacities,
and Ca®" migration barriers, across weberites of composition
Ca,M,F; and perovskites of composition Ca,MF;, where M = Ti,
V, Cr, Mn, Fe, Co, or Ni. Notably, we predict a majority of the
TMFs to be stable/metastable at 0 K, indicating the potential
synthesizability of the TMFs considered. Our calculated average
voltages exhibit higher values in weberites than in perovskites,
since we access higher TM oxidation states in the weberite (up
to 4+) compared to perovskites (3+). Combining our stability
and voltage data, we shortlisted Ti, V, Cr, Mn, and Ni weberites
and V, Mn, Co, and Ni perovskites for Ca-mobility evaluation.
Subsequently, our E,, calculations indicate potential for
trigonal weberites, Ca,Cr,F; and Ca,Mn,F;, to be candidate CB
cathodes, while none of the perovskites can facilitate Ca diffu-
sion under reasonable electrochemical conditions. We hope
that our work will inspire further computational and experi-
mental efforts into the usage of TMFs for CB cathodes, even-
tually resulting in the practical deployment of CBs.

5 Methods

5.1 First principles calculations

We used spin-polarized (DFT***') and projector augmented
wave (PAW®*”7) potentials, as implemented in the Vienna ab
initio Simulation Package (VASP®*°) in all our calculations. The
list of PAW potentials used in our calculations is compiled in
Table S1 of the ESI.{ We described the valence electrons using
a plane-wave basis, expanded up to a kinetic energy cutoff of 520
eV. We employed I'-point-centered, Monkhorst-Pack'™ k-point
meshes with a minimum of 48 subdivisions along each unit
reciprocal lattice vector for geometry relaxations and a Gaussian
smearing (of 0.05 eV) to integrate the Fermi surface. We used
a Hubbard U corrected strongly constrained and appropriately
normed (i.e., SCAN + U'*'%) functional to describe the elec-
tronic exchange and correlation. We used U values of (in eV) 4.5
(Ti), 4.2 (V), 1.5 (Cr), 3.8 (Mn), 5.6 (Fe), and 4.0 (Co), as derived in
our previous work.*” We utilised total energy and force conver-
gence criteria of 107> eV and |0.03| eV A™". For all structure
relaxations, we relaxed the cell shape, volume, and ionic posi-
tions, without preserving any underlying symmetry.

5.2 Structure generation

We have generated crystal structures for weberites and perov-
skites considered in this work by including the constraint of
charge neutrality. Note that stable ionic crystals are typically
charge neutral. In intercalation systems that contain 3d TMs,
the oxidation state of the TM sets limits on the content of the
intercalant ion within the structure. Given that 3d TMs can
reversibly change their oxidation states from +4 to +2 during
(de)intercalation, the Ca content corresponding to a +4 (+2)
oxidation state represents the charged (discharged) composi-
tion of the structure. For example, the highest oxidation state
that a TM can acquire in a weberite is +3.5, corresponding to
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a composition of CayM,F;, which in turn represents the charged
state. Similarly, the lowest (+2) oxidation state that a TM can
exhibit in a weberite is at a composition of Ca; sM,F,, which
represents the discharged state. In the case of perovskites, MF;
(M*") and Ca, sMF3 (M*") represent the charged and discharged
compositions, respectively. Thus, the maximum amount of Ca
that can be exchanged per formula unit of weberite and
perovskite is 1.5 and 0.5 moles, which is the value we have used
in our theoretical capacity calculations in Table 2.

To generate structures for our DFT calculations, we obtained
starting configurations from the international crystal structure
database (ICSD'*). Specifically, we used the conventional cell of
Na,Fe,F; (ref. 67) as a template for trigonal weberites, while we
employed the primitive cell of Na,NiFeF; (ref. 107) as a template
for orthorhombic weberites. We substituted Fe/Ni cites in our
template structures with the relevant 3d TM, while Na sites were
substituted with Ca. After performing elemental substitutions,
we scaled the lattice parameters of the theoretically generated
structures using the “RLSVolumePredictor”'®® class of the
pymatgen package.'” Subsequently, we used the “enumlib”
library"®*** to generate symmetrically distinct Ca-vacancy
arrangements within each structure. In total, we generated 70
trigonal-Ca; sM,F; (10 per TM), 7 trigonal-M,F, (one per TM), 14
orthorhombic-Ca; sM,F; (2 per TM), and 7 orthorhombic-M,F,
(one per TM) Ca-vacancy weberite configurations.

Similar to weberites, we followed elemental substitution,
lattice parameter scaling, and Ca-vacancy ordering enumeration
to generate Ca-containing fluoride perovskites. In total, we
generated 35 configurations for Ca,sMF; compositions,
including 13 for Ti, 6 for V, 4 for Cr, and 3 each for Mn, Fe, Co,
and Ni and 7 MF; (one per TM) configurations. Note that the
discharged phases of perovskites exhibit a different number of
distinct Ca-vacancy configurations depending on the crystal
structure. For instance, the orthorhombic Ca,sMF; perovskite
with (M = Ti, Mn, Fe, Co, or Ni) exhibits three possible Ca-vacancy
configurations, while the cubic and triclinic versions exhibit six
and four distinct configurations, respectively. We obtained a total
of 13 Ca,sTiF; configurations since we considered all three
polymorphs (i.e., cubic, orthorhombic, and triclinic) for identi-
fying the ground state configuration of the Ti-perovskite.

5.3 Average voltage calculations

In a reversible intercalation battery, where Ca®" is inserted/
extracted into/from a cathode material of composition CayM,F;
(in a weberite structure) or CayMF; (in a perovskite structure),
the overall redox reaction can be expressed as eqn (1) and (2),
respectively.

Ca,M,F; + (x — y)Ca®" + 2(x — y)e” = Ca,M,F; (1)
Ca,MF; + (x — y)Ca® + 2(x — y)e~ = Ca,MF; (2)

y and x are the concentrations of Ca in the charged and dis-
charged weberite or perovskite fluorides, respectively. The
average intercalation voltage for a given cathode material upon
intercalation of (y—x) moles of Ca can be calculated using the
Nernst equation (eqn (3)), as below."**

This journal is © The Royal Society of Chemistry 2024
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AG
W= E T
_ E(Ca,M,F;/Ca,MF;)—[E(Ca,M,F; /Ca,MF3) + (x — y)uc,]

2(x—y)F
(3)

AG is the Gibbs energy change of the redox reaction, which is
approximated as the total energy calculated using DFT (AG =
AE), ignoring the p — Vand entropic contributions. Fin eqn (3) is
the Faraday constant and u, is the Ca chemical potential in pure
Ca metal (i.e., in its ground state face-centered-cubic structure).

5.4 ADb initio thermodynamics

The 0 K thermodynamic stabilities of the weberite and perov-
skite fluorides considered were evaluated with respect to the
corresponding elemental, binary, and ternary compounds, as
obtained from the ICSD, followed by DFT total energy calcula-
tions. For estimating stability, we exclusively considered only
ordered structures that are available in the ICSD, to reduce
computational complexity. In addition to the ICSD compounds,
we included the theoretically obtained weberite (perovskite)
compositions for estimating the stability of perovskite (weber-
ite) compositions, since both weberites and perovskites occupy
the same Ca-TM-F ternary chemical space. We used the
pymatgen'® package to construct the 0 K convex hull and
calculate the E™" for all Ca-TM-F ternary systems. Note that we
used the SCAN functional without any U corrections for total
energy calculations of all unary systems (i.e., Ca, TMs, and F,).

5.5 Migration barrier calculations

We used the DFT-based NEB®*** to evaluate the Ca®* E,,, in select
weberite and perovskite fluorides. We used the GGA exchange-
correlation functional instead of SCAN/SCAN + U to calculate E,,,
to minimize computational costs and mitigate convergence
difficulties.®® For all structures, we calculated E,, at both the
charged (low Ca concentration) and the discharged (high Ca
concentration) states. We considered a vacancy-mediated Ca**
migration mechanism in all structures. We converged the atomic
forces to |0.03| eV A~! within the endpoint structures of each
NEB. Subsequently, we initialized the minimum energy path
(MEP) of the NEB calculation by linearly interpolating the lattice
vectors and atomic positions to create seven intermediate images
between the endpoints, with a spring constant of 5 eV A"
between images. For select structures, we used five intermediate
images and/or a spring constant of 10 eV A" (see Section 3). We
sampled the irreducible Brillouin zone of all endpoint and NEB
calculations with I'-centered Monkhorst-Pack'® k-point meshes
with a minimum of 32 sub-divisions across each unit reciprocal
lattice vector. The NEB calculations were converged until the
perpendicular component of the band force between images was
reduced to <|0.05| eV A7,

For identifying potential Ca-cathode candidates with
reasonable rate performance, we consider a fairly liberal
maximum allowed E,, of ~1000 meV, corresponding to a Ca
(de)intercalation across cathode particles of size ~5 nm, at
333 K (60 °C) and C/10 rate.”® Within the trigonal weberite, we
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Fig.6 Ca’" migration pathways in trigonal weberite, including Pathl, Path2 (panel a), and Path3 (panels b and c). Purple polyhedra indicate MFg
octahedra and F atoms are represented by grey spheres. Orange, and light blue spheres in panels (a)—(c) indicate Cal and Caz2 sites, respectively,

while maroon spheres in panels (b) and (c) indicate Ca3 sites.

identified three possible Ca®" migration pathways with distinct
local environments, namely Pathl (Cal-Cal), Path2
(Ca2-Ca1), and Path3 (Ca3-Cal), as depicted in Fig. 6. The
same pathways for Na" migration were explored by Lu et al.** in
a recent study. Note that the Na arrangement along the B-type
slab (within the ABCABC stacking sequence) is equivalent to
the Na arrangement in the A- and C-type slabs, but along
different directions. Therefore, the type of path considered
changes its direction depending on the type of slab consid-
ered. For example, Path1 is along the a-axis or [100] direction
in the A;M layer of the B-type slab, which is analogous to Path1
along the [110] direction in the A-type and [010] direction in
the C-type slabs.

Notably, Path1 and Path2 migration pathways lie on the a -
b plane (across all A-, B-, and C-type slabs) allowing accessibility
of Ca®" at the Cal and Ca2 sites (within the A;M layers), as
shown in Fig. 6a. Specifically, all the Cal sites can be accessed
through Path1, while the Ca at Ca2 sites can be accessed
through Path2. The Ca®" at Ca3 sites on the AM; layer can
migrate along Path3, if both E,, from Ca3 to Cal and Ca3 to Ca2
are reasonable. Note that the Ca1-Ca3-Ca2 chains along the c-
axis are connected via Path3, which is independent of Path1 and
Path2. In cases where only one E,,, i.e., Ca3-Cal or Ca3-Caz2, is
reasonable, Ca®" at Ca3 sites can migrate to available Ca1 or Ca2
sites on the A;M layer and subsequently use Path1 or Path2 for
macroscopic diffusion. However, Lu et al.** showed that the
MEP and E,,, for a Na hop from Na3 to Na1 sites are similar to
a Na hop from Na3 to Na2 sites. Given the similarity between the
migration paths from Na3 (Ca3) to Nal (Cal) and Na2 (Ca2)
sites, we evaluated the E,, for Ca** migration from Ca3 to Cal
sites along Path3 (see panels b and c of Fig. 6). Thus, depending
upon the magnitude of E,,, we can conclude that either Path3
will be fully open or fully closed to Ca-diffusion.

Data availability

All the computational data presented in this work are openly
available at our GitHub repository.
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