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ABSTRACT: Rechargeable Ca-based batteries can potentially achieve higher '
energy capacity than Li-ion batteries. The development of Ca-ion batteries,
however, remains in its infancy, especially due to the challenge of finding cathode
materials with high reversible capacity. We investigate properties of Ca cobaltites as
Ca-ion intercalation cathodes, by means of density functional theory calculations
validated by synthesis and electrochemical measurements. Computationally, we
accessed thermodynamic, diffusion properties, energy capacity, and the voltage
profiles for four Ca cobaltite compounds of different stoichiometry and Co
oxidation states: Ca;Co,0,, CaCo,0,, Ca,Co,0;, and [Ca,Co0;][C00,], ¢ We
found good stability and relatively low migration barriers of some Ca cobaltites
during cycling with the layered CaCo,0, having the lowest Ca migration barrier of
0.7 eV and the highest theoretical capacity. To validate our calculations, we
synthesized Ca;Co,04 CaCo,0, and [Ca,Co0;][Co00,],4 with the Pechini
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method and, subsequently, to test the electrochemical extraction of Ca.

B INTRODUCTION

The Ca-ion battery (CIB) technology offers the promise for
higher energy density than its more studied alternative based
on magnesium.' The standard reduction potential of Ca is
larger than that of Li only by 170 meV; so a higher cell
potential is achievable for a Ca-based cell when compared to a
similar Mg-based cell, which has a reduction potential of 670
meV versus Li/Li*.> Moreover, the lower polarizing character
of Ca®" entails a faster reaction kinetics than Mg2+.‘ However,
the development of CIBs has remained in a very nascent
stage.4

Recent studies on Ca-based system metallic anode materials
have resulted in the isolation of conditions that permit
reversible plating of Ca. As with many metallic anodes, the
performance of a Ca anode is controlled by the passivating
layer on the anode; therefore, the strategies for improving the
performance focus on mitigating the parasitic effect at the
solid-electrolyte interface. Ponrouch et al. reported successful
plating and stripping Ca in 0.45 MM Ca(BF,), ethylene
carbonate (EC): propylene carbonate (PC) electrolytes up to
30 cycles.’ Wang et al. used Ca(BH,), in the tetrahydrofuran
electrolyte and observed a large amount of plating (1 mA h
cm™ at a rate of 1 mA cm™2) and cyclability (50 cycles).’
Recently, alloying type anodes based on Sn were demonstrated
to enable a high voltage (4.45 V) CIB with exceptional
cyclability and 95% capacity retention after 350 cycles at room
temperature.” Also, recent studies reported calcium tetrakis-
(hexafluoroisopropyloxy)borate Ca[B(hfip),],-based electro-
Iytes capable of reversible Ca plating and stripping at room
temperature with an anodic stability up to 4.5 V.*’
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While some successes have been recently reported for Ca-
metal anodes, there have been many efforts to identify Ca-ion
cathode materials. The extraction of Ca from TaN, was
reported, but reinsertion was not successful.'"® The reversible
storage of Ca cations has been reported in the layered 6-V,O;
framework'" and various Prussian blue analogues.'” Recently,
several reports indicate that cobalt oxide materials may be able
to reversibly intercalate Ca.'"'® In parallel, computational
efforts have resulted in predictions of promising Ca-ion
cathode materials with high energy capacity and Ca®*
mobilities. In the literature, sulfide spinel compounds have
been identified to be promising for Ca-ion cathode materials
balancing the cation mobility, thermodynamic stability, and
energy capacity.'*'® Also, the fast Ca ion kinetics in the
layered MoOj; frameworks was predicted from first-principles

but the conversion reaction and the slow
41718

calculations, 16
diffusion at deep discharge still need to be addresse
Recently, a-MnO, and layered TiSe, were computationally
assessed as Ca cathode materials, and they showed fast cation
kinetics with migration barriers of 0.2 and 0.4 eV,
respectively.'””” However, in both studies, the evaluation of
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the stability of Ca-intercalated compounds was not performed,
and the accessible voltages were below 2 V.

Calcium cobaltites represent a class of materials that has
been investigated in several studies. The layered CaCo,O,
structure (also described as Ca,C00O,) has been reported as a
cathode material for the CIB, which utilized V,0 as an
anode."" The layered structure was reported to cycle up to 40
times, and the X-ray photoelectron spectra confirmed the
redox reaction of Co>"/Co*". Given that the cation-removed
LiCoO,-layered compound, which is a structural analogue of
the CaCo,0,-layered compound, is stable,””*” we expect that
the layered calcium cobaltites are stable upon charging.
Another calcium cobaltite, Ca;Co0,0,, was reported for the
Ca extraction from this class of material, and it was claimed
that the unique 1D Ca channels between the cobalt oxide
chains facilitate the cation kinetics.'> An observed phase
transformation of Ca;Co,0¢ during Ca extraction is reasonably
well described by the incommensurate modulated structure
with Ca and CoOyj chains having a different periodicity. Other
known calcium cobalt oxide materials with an average
oxidation state of 3+ include a brownmillerite structure,
Ca,C0,0;5, and related oxygen-deficient perovskite stoichio-
metries,”> which have not been evaluated as the intercalation
cathode. The perovskite CaCoOj3, where the oxidation state of
Co is 4+, was investigated previously as a potential cathode
material by density functional theory (DFT) calculations, but
the Ca migration barrier was over 2 eV.**

In addition to materials with Co in the 3+ state described by
a general formula Ca,Co,0,,;, we are interested in
incommensurate layered structures with a general formula
(Ca,C00;)(C00,), ¢, that have alternating hexagonal CoO,
layers and rocksalt-type Ca,CoOj layers. While well known for
its thermoelectric properties, this system was not, to our
knowledge, investigated as a Ca cathode. Several features have
been identified to be potentially interesting from the
fundamental point of view. Electrical conductivity is high
because one of the sublattices is metallic. The incommensurate
structure will keep biaxial distortion primarily confined to the
rocksalt layers during cycling with potentially better mechan-
ical stability provided by the CoO, layers. The incommensu-
rate structure will make ordering of Ca ions less likely, which in
principle could lower diffusion barriers. Additionally, dis-
tortions of the rocksalt layer could be beneficial for the
distribution of activation energies because of the inequivalence
of Ca cations. To the best of our knowledge, no attempt to
electrochemically extract Ca from the misfit structure has been
made and neither the misfit compound with Ca removed has
been reported. A recent computational study addressed the
theoretical energy density and the cation diffusion properties
for Ca;Co,04 Ca3Co,0,, and Ca,Co,04 as Ca-ion cathode
materials.”> In this report, we compare our results for these
properties to the ones calculated in the study™ and assess
crucial factors for cathode materials that include phase stability
upon cycling and the voltage profiles.

Here, we systematically probe the four different structures
and stoichiometries of calcium cobaltites (Ca3;C0,04,
CaCo,0,, Ca,Co0,0;, and [Ca,Co0;][C00,],s) for cal-
cium-ion cathode materials. We used DFT calculations to
evaluate the thermodynamic stabilities, theoretical energy
capacity, voltage behavior, and diffusion properties of calcium
cobaltites. In addition, we successfully synthesized several of
the target calcium cobaltites (Ca;Co,04 CaCo,0, and
[Ca,C04][C00,],6,) and measured their preliminary electro-
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chemical properties and compared them with the calculation
results.

B METHODS

DFT*° calculations as implemented in the Vienna Ab initio
Simulation Package®’ ™ were used for the electronic structure
calculations. The projector-augmented wave’”’" potentials was
used to treat the core—valence electron interactions, and the
cutoff energy was set to 520 eV. The generalized gradient
approximation (GGA) method developed by Perdew—Burke—
Ernzerhof (PBE)* was adopted to describe the exchange—
correlation functionals. The unphysical delocalization of d-
electrons with GGA functional was remedied by adding a
Hubbard U correction®® to the redox active transition metal
species, Co(U = 3.32 eV).”* The I'-point centered k-point
sampling scheme was used in combination with k-point meshes
of 3 X 3 X 1 (CayCo0,04),2 X2 X2 (CaCo,0,), and 4 X 2 X
2 (CayCo0,05) and 3 X 3 X 1 ([Ca,C005][C00,]5/5), 3 X 3 X
1 ([Ca,C00;][C00,]53), and 3 X 1 X 1 ([CaCoOs)-
[Cooz]s/s)-

The precise representation of the incommensurate structure
for DFT calculations is not possible within the supercell
approach. As in our previous work,” we approximate the
composition ratio of two subsystems by Fibonacci numbers
because the experimental ratio is very close to the golden ratio
@ = (1 + J5)/2 ~ 1.618 which is the limit of the sequence
of the consecutive Fibonacci numbers. Calculated structures
for different x/y in (CoO,) (Ca,Co0s;),,, included 3/2, 5/3,
and 8/5 approximants and are in good agreement with
previous theoretical and experimental studies, for example, 8/5
lattice constants are 0.4 to 1.5% larger than the experimental
values. Electronic and magnetic properties are also well-
reproduced.”

Thermodynamic stabilities are accessed by constructing a
phase diagram of the Ca—Co—O ternary system. The concept
of the convex hull was used to probe the stability of the
ternaries of interest. Pymatgen code was used for the
construction of the phase dia%ram and the calculation of
energies above the convex hull.’® The averaging cell voltage
was calculated from the energy difference between charged and

discharged states.””* The average voltage can be given by'**’

7 = E Echg. + nE(Ca) - Edischg.
nz

AE

nz

~
~

(1)

nz

where AG is the free energy of intercalation reaction. We
approximate the free energy by the internal energy, AE,
because of the small entropic contribution in low temperature.
Egpg and Eggg, are the total energies of charged and
discharged compounds; E(Ca) is the energy of fcc Ca metal
per atom; n is the number of Ca ions involved in the
intercalating reaction; and z is the charge state of Ca (+2).

In a similar vein, the voltage profile was calculated by
evaluating the energy changes with variation of the Ca
concentration between charged and discharged phases. The
internal energies of charged and discharged phase were used as
the relative energy reference to calculate the formation energy
of calcium cobalt oxide with an intermediate Ca content. If we
assume the chemical formula of the charged and discharged
phases to be Ca, Ca,O, and Ca,,Ca,O,, respectively, then the
formation energy of the phase with the intermediate Ca
content of x can be expressed as

https://dx.doi.org/10.1021/acs.jpcc.9b11192
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Table 1. Synthesis Parameters for Ca Cobaltites Including Precursors and Calcination Temperatures

reactants CaCo,0, Ca;Co,0y Ca,Co,04 Ca;3Co,04
mole ratio Ca/Co/C¢H;0,/C,H40, 1:2:3:6 1.5:2:3.5:7 1:1:2:4 3:2:5:10
Ca(NO3), (1.00 M)/mL 10.0 15.0 15.0 30.0
Co(NO,), (1.00 M)/mL 20.0 20.0 15.0 20.0
citric acid (C4HgO,)g 6.30 7.36 6.30 10.50
ethylene glycol (C,H0,)g 372 4.34 3.72 6.25
calcination temperature °C/time h 600/85 (twice) 800/35 900/60 950/85

(b) Ca,C0,05 O Ca (¢) CaCo,0,

e © o P\‘)LOO
17%?*-%:1
*9 o9 o2 oo
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OO’_‘Q(!}:)’)OO

Figure 1. Ball-stick images of considered calcium cobalt oxides (a) Ca;Co,0g, (b) Ca,Co,0s, (c) CaCo,0,, and (d) [Ca,Co0O;][Co0,];s,3. The
green, blue, and red spheres represent the Ca, Co, and O atoms, respectively.

ne—x

E(Ca,Co,0,) = E(Ca,Co,0,) — (
nd — nc

)E(CamCoaOb)

x — nc

(nd _— )E(CandCoaOb) )
where E refers to the internal or DFT total energy and x ranges
from nc to nd. The thermodynamic stability of intermediate
phases is assessed by comparing their formation energies with
the reference phase on the lower convex hull.

From the formation energy convex hull, we can evaluate the
piecewise voltage profile by calculating the equilibrium voltage
between neighboring stable intermediate phases. The equili-
brium voltage between two neighboring intermediate phases
with Ca contents of x; and x,, respectively, can be written as

V(x, x,)
E(Ca, Co,0,) — E(Ca, Co0,0,) — (x; — x,)E(Ca)

(51 — )z ’

where x; > x,

(3)

The Ca-ion migration barriers in the cobaltite frameworks
were evaluated by the nudged elastic band (NEB) method with
a climbing image scheme® using GGA—PBE functional
without the U correction, as suggested in previous work."
This is because the metastability of the electronic structure
along the cation migration path causes difficulty in converging
the climbing image NEB calculations.'® Also, there is no clear
evidence that the inclusion of Hubbard correction improves
the accuracy in predicting the cation migration barriers.*' ~**

Experimental Methods. Each material was synthesized
using the Pechini method.”> All starting materials were
purchased from Sigma-Aldrich with purities ranging from 98
to 99.8% (Ca(NO;),-4H,0, 99% Co(NO,),-6H,0, 98% citric

5904

acid anhydrous, 99.5%, ethylene glycol, 99.8%). For each
composition, a stoichiometric mixture of metal nitrates was
dissolved in water and placed in a beaker on a magnetic stirrer
and heated to about 70 °C to remove excess water and
promote esterification of the citric acid with the ethylene
glycol. As water evaporates, the solution became more viscous;
the gel was transferred to a 6 L fused silica beaker. The
temperature was raised to promote the decomposition of the
polymer (see Table 1). The nitrate residue causes partial
oxidation of the organic groups. This highly exothermic
process is self-sustaining, and the polymer transforms into a
highly porous black powder. Calcination of the materials in
high temperature furnaces under air was used to calcine the
samples and crystallize the product. Ratios and temperatures
for each composition are shown in Table 1.

Characterization Studies. Phase purity was determined
by powder X-ray diffraction methods on the dried samples
using a Bruker D8 Diffraction system. Samples were compared
to the ICSD database standards. The materials CaCo,O,,
Ca;Co0,0,, and Ca;Co,04 were found to be single phase to
powder X-ray diffraction. The brownmillerite composition,
Ca,Co0,0,, was found, under the conditions used, to be a
physical mixture of CaO, Ca;C0,0g, and Ca;Co,O,. Literature
studies have indicated that a more oxidizing environment, for
instance, a pure oxygen atmosphere, is required to create the
desired phase.”

As a baseline complete cell for evaluating Ca-ion cathodes is
yet to be standardized, the materials were tested against a Ca-
metal or Sn-metal anode using 0.5 M Ca(TFSI), and EC/PC
solvent mixture. The PC was dried with 4 A molecule sieves
before use, and EC was used directly. The Ca(TFSI), salt was
dried before use. The positive electrode was prepared by first
mixing a slurry containing 80 wt % active material, 10 wt %
carbon black, and 10 wt % polyvinylidene fluoride binder,

https://dx.doi.org/10.1021/acs.jpcc.9b11192
J. Phys. Chem. C 2020, 124, 5902—5909
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previously dissolved in N-methyl-2-pyrrolidinone (NMP), and
a proper amount of NMP as the dispersant. The slurry was
then coated on an aluminum foil using a doctor blade. The
NMP was removed by first drying the electrode at 75 °C for 2
h and then further drying the electrode in a vacuum oven at
100 °C overnight. The active material loading is about 1.6 mg/
cm’. A half-cell was constructed in an argon-filled glove box.
The separator was a Celgard 2325 film. The cells were tested
with a MACCOR electrochemical analyzer at a current density
of 10 mA/g with various voltage windows. Electrochemical
tests were conducted at room temperature and duplicated to

check reproducibility.

B RESULTS AND DISCUSSION

Figure 1 depicts the structure of four different calcium
cobaltite compounds considered in this study. In Figure 1a,
which is the structure of Ca;Co,0, the octahedral and trigonal
prismatic geometries of CoOy are alternatively connected in
the z direction forming unique 1D chains. The Ca atoms are
positioned along the 1D channel surrounded by three
neighboring CoOg chains. The facile diffusion of Ca ion
along these channels is expected.”> The structure of
brownmillerite Ca,Co,0; is plotted in Figure 1b. The Co
atoms are coordinated either octahedrally or tetrahedrally
along the long axis of the unit cell The CaCo,0, and
incommensurate ([Ca,Co0;][C00,]s,3) layered structures
are shown in Figure lc,d, respectively. We tested different
chemical compositions [Ca,Co05][Co0,], (x = 3/2, 5/3, and
8/5), and their lattice parameters are compared with
experimental values in Figure S1 and Table S1. The structures
with « =5/3 and 8/5 reproduce experimental structural
properties within 3.5%, and we selected x = 5/3 composition
balancing the structure representation and affordable simu-
lation cell size.

The charged phase was obtained by removing the Ca atoms
from the discharged state up to the 4+ oxidation state of Co.
For example, the oxidation state of Co in CaCo,0, is 3+;
therefore, the removal of all Ca atoms leads to the oxidation
state of Co of 4+, a layered CoO,. Similarly, the removal of one
Ca atom out of three in Ca;Co,0 (to yield Ca,Co,0;) results
in the change of the oxidation of Co from 3+ to 4+. In the
incommensurate [Ca,CoO;][Co0,];/3 the removal of one Ca
leads to the oxidation state of Co in the rock-salt subsystem to
be 4+. The 50 configurations for distribution of remaining Ca
atoms in the charged state are initially generated by minimizing
the electrostatic energy using pymatgen code,*® and they are
fully relaxed through DFT calculations. The lowest energy
structure was selected as a representative charged structure.

The calculated phase diagram of the Ca—Co—O, ternary
system is given in Figure 2a. Among the calculated calcium
cobaltites, the approximate incommensurate [Ca,CoO;]-
[C00,];,; structure was the most stable ternary compound.
Another approximation to the incommensurate structure with
the rock-salt/layered mixing ratio of 8/5 was close in stability,
with the energy above hull of 0.3 meV/atom, as shown in
Figure 2b. Given that there are many reports that this
compound has been synthesized,” our stability prediction of
incommensurate structures agrees with experimental observa-
tions. The other three calcium cobaltites, CaCo,0, (17 meV/
atom), Ca;Co;04 (S meV/atom), and Ca,Co,05 (9 meV/
atom), have energy above hull less than 18 meV, which
indicates that these compounds are metastable, but they are all
reported to be successfully synthesized.'"'*** Note that the
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Figure 2. (a) Phase diagram of the Ca—O,—Co ternary system
constructed from DFT calculated energies. (b) Energy above hull of
charged and discharged states of calcium cobaltite considered in this
study. Here, the discharged phase refers to the structure with a
stoichiometry corresponding to a chemical formula on the x-axis, and
the charged phase was constructed by removing Ca atoms from the
discharged phase up to the oxidation limit of Co (Co IV). Blue
(squares) and red (circles) represent the charged and discharged
phases.

typical error of the DFT phase stability calculations involving
oxides is approximately 24 meV/atom.”” This could affect
determination of stability for the CaCo,0,, Ca3;Co03;0¢ and
Ca,Co,0; phases, which have energy above hull within the
error threshold.

The stability of charged states that are constructed by
removing the Ca atoms up to the oxidation limit of Co is also
explored because this property is crucial to probe the
cyclability of the cathode. We calculated and plotted the
energy above hull of the charged layered-CaCo,0,, 1D-
Ca;C0,04 brownmillerite Ca,Co,0;, and incommensurate
[Ca,Co0;][C00,]5/5 in Figure 2b. The energy above hull for
Co,0,, the charged phase of CaCo,0,, is 14 meV/atom, which
is within the error (24 meV/atom) of the DFT phase stability
calculations. The spinel CaCo,0, counterpart has energy
above hull of ~60 meV/atom in both charged and discharged
phases,” and thus the layered structure is more suitable for
cathode in terms of stability. For Ca;Co,04 Ca,Co0,0s, and
[Ca,C00;][C00,]s/5; however, the energy above hull for
charged states becomes much larger than discharged phases
(Ca3C0,04: S meV/atom — 70 meV/atom, Ca,Co,O5: 9
meV/atom — 147 meV/atom [Ca,Co0;][C00,]s/3: 0 meV/
atom — 59 meV/atom). This suggests that Ca;Co,0O,
Ca,C0,05, and [Ca,Co05][Co0,];/; become less stable as
extracting Ca, but their chemical decomposition might be
kinetically limited.

Table 2 summarizes the average voltage, Ca extraction on-
set voltage, cell volume at charged/discharged phase, volume
change, gravimetric capacity, and specific energy of the
considered calcium cobaltite cathode materials. [Ca,CoO;]-
[Co0,]s/3 has the highest average voltage of 3.81 V, and the

https://dx.doi.org/10.1021/acs.jpcc.9b11192
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Table 2. Calculated Average Voltage, Ca Extraction On-Set Voltage, Gravimetric Capacity, Specific Energy, Cell Volume at
Charged/Discharged States, and Volume Change of CaCo,0,, Ca,Co0,0;, Ca;Co0,04, and [Ca,Co0;][C00,];/5”

CaCo,0,

average voltage (V) 3.26
Ca extraction on-set voltage (V) DFT 2.31
experiment 2.5
gravimetric capacity (mA h/g) 242
specific energy (W h/kg) 788
volume (A3) discharged 914
charged 888
volume change (%) -2.8

Ca,Co,04 Ca;Co,04 [Ca,C005][Co00,]5/3
3.68 3.32 3.81
3.13 3.60
3.0 3.5
193 160 158
710 533 604
884 769 774
863 735 763
-2.3 —4.3 -1.4

“The experimentally observed Ca extraction on-set voltages of Ca,C0,05, Ca;C0,04, and [Ca,CoO;][Co0,]s; are given.
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Figure 3. Calculated formation energy convex hull and the voltage profile of (a) CaCo,0,, (b) Ca;Co,04 and (c) [Ca,CoO4][Co0,]s/5-

other two show values that are lower by ~0.5 V(CaCo,O,,
Ca;C0,04) or ~02 V (CayCo,0;5). The spinel cobaltite
counterpart shows the average voltage of ~3.4 V. The
theoretical gravimetric capacity of CaCo,QO, is ~242 mA h/g,
which is comparable to the spinel CaCo0,0,. For Ca;Co,Oy,
Ca,Co0,05, and [Ca,Co0;][Co0,]s/3, the gravimetric capacity
and the corresponding specific energy are lower than layered
CaCo,0, by 34, 20, and 34%, respectively. This is because the
extractable cations are limited compared to the layered
structure due to the already high oxidation state Co metal in
Ca;C0,04, Ca,Co,0s, and [Ca,Co05][Co0,]s5. The calcu-
lated theoretical gravimetric capacities of Ca;Co,04 and
[Ca,C00;][C00,]s/5 are same with the previous report.25
The maximum volume decrease was approximately 4.3% upon
Ca extraction, and this is much lower than the spinel structure,
which experiences about 20% decrease."”

The first row of Figure 3 shows the DFT formation energies
of partially charged states as a function of Ca content X
between the charged and discharged phases of CaCo,O,,
Ca;Co0,04 and [Ca,CoO;][Co0,]5/5. At this point, we
exclude Ca,Co,05 from the analysis because of the low
stability in the charged state. At least 50 Ca vacancy
configurations are considered at each Ca content except at
the high and low vacancy limits. As elaborated in eq 2, the
formation energies at Ca content of X are referenced to the
internal (or DFT) energies of the charged and discharged
states. The ground state convex hulls (blue lines) are shaped
by connecting the calculated ground state formation energies
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(red mark). The corresponding voltage profiles are described
in the second row of Figure 3. From Figure 3a, three ground
states are identified at X = 0.333, 0.417, and 0.667 for
CaCo,0,. The voltage profile shows that the steep voltage
changes of ~1 V occur at X = 0.333 and 0.667. The voltage
range calculated using DFT at 0 K is between 2.3 and 4.7 V,
which approximately accord with experimental observations.''
In ref 11, the operating voltage in between —0.3 and +1.6 V
versus Ag/AgCl reference electrode was observed during
CaCo,0, charge/discharge. Given the Ca/ Ca** versus Ag/
AgCl is 3.08 V,” the operating voltage of CaCo,0, is in the
range between 2.78 and 4.68 V versus Ca/ Ca*, which is in
agreement with our results.

Figure 3b plots the convex hull of Ca;Co0,04 and the
corresponding voltage profile. One ground state was observed
at the Ca content of 2.833. The voltage profile of Ca;Co,0g is
relatively flat compared with that of CaCo,0,, and there was
no steep voltage change at the ground state which is the
vertices of the convex hull. This is because the voltage change
loosely corresponds to the depth of the convex hull.*® The
depth of the convex hull of Ca;Co,04 is approximately an
order of magnitude smaller than that of CaCo,0, and
[Ca,C00;][C00,];/3, which entails a moderate voltage shift.
The experimental electrochemical chargem of Ca;Co,04
occurs in the voltage range between 3.2 and 3.5 V, which is
similar to our calculated voltage range (3.1-3.4 V). The
convex hull plot of [Ca,CoO;][C00,]s/; shows two ground
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Figure 4. Calculated MEPs for migration (first row) and the schematics of the corresponding migration pathways (second row) of Ca cations in (a)
CaCo,0,, (b) Ca;Co,0, and (c) [Ca,Co0;][Co0,]5/;. Solid and dashed lines represent the low and high vacancy limits, respectively. The blue
and red color scheme in Ca;Co,0j represent the two different Ca pathways which are the intra- and interchannel diffusion. Green, red, and blue
spheres in the second row represent Ca, O, and Co atoms, respectively. The slashed green sphere signifies the Ca vacancy site.

states at X = 1.333 and 1.5. The sharp voltage shift takes place
only at the Ca content of 1.333, and it drops from 4.6 to 3.8 V.

Single phase samples were synthesized by the Pechini
method and annealed in air to crystallize the desired materials,
and their X-ray diffraction patterns are given in Figure S2.
Three of the samples (CaCo,0,, Ca;C0,04, and [Ca,CoO;]-
[Co0,],4) were found to be single phase, while the
perovskite-related Ca,Co,05 was found to be a mixture of
other ternary phases and calcium oxide. Preliminary electro-
chemical evaluation was performed using two different
reported anodes (Ca, Sn) and a Ca(TFSI),-based electrolyte
in an EC/PC solvent mixture.” Initial charging tests showed
low activity up to 4.2 V (vs Sn) with approximately 2% of the
Ca removed for each composition (Table S2). As shown in
Figure S3, data collected showed small initial plateaus
consistent with charging of the materials from the cathode
surface sites. The open circuit voltage data from these surface
charging reactions are consistent with the calculations noted in
Figure 3. The on-set voltage calculations well-reproduce not
only the absolute values (~0.1 V deviation) but also the
tendency that [Ca,C00;][C00,];/; and CaCo,0, exhibit the
highest and lowest voltages, respectively. Experimentally,
however, complete cell discharge was not achievable using
present cell designs. Various studies in the literature have
highlighted the difficulty in identifying and evaluating CIB cells
due to issues associated with calcium stripping and plating and
issues arising from poor calcium diffusion through the anode
passivation layer.’ The limited Ca extraction noted exper-
imentally from the cathode can be attributed to the poor
kinetics at the anode and the inaccessibility of a low impedance
pathway with the current cell design. Attempts to use
discharged tin as an anode gave similar results. So we probe
the Ca diffusion properties in the tested compound frame-
works by means of NEB.

The diffusivity of the working cation is a critical factor to
enable the reversible intercalation into the cathode and the
diffusion of multivalent cations, which are expected to be more
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challenging due to the stronger interaction with the anion than
that of the single-valent Li ion. So, accessing the kinetic
properties of Ca ions in the cobaltite frameworks is critical to
finding promising cathode materials. The way to gauge the
diffusivity of Ca ions within the cobaltite frameworks is to
calculate the minimum energy pathway (MEP) for migration
of Ca cations to the nearest vacancy site. The MEPs for
CaCo,0,, Ca3C0,04, and [Ca,Co0;][Co0,]; 5 are plotted in
Figure 4.

In Figure 4a, the MEPs of Ca in CaCo,0, are drawn at the
high and low Ca vacancy limits. The migration path of Ca ions
between sites is depicted in the second row of Figure 4a.
Because of the nature of the layered structure, Ca cations are
expected to be mobile in the xy plane which is parallel to the
CoO, layers. Both vacancy concentration limits show a
migration barrier of about 0.75 eV, which is the lowest
among the tested cobaltites.

In the Ca;Co,04 structure, there can be two Ca migration
pathways, and both showed the migration barrier higher than
1.2 eV, as shown in Figure 4b. As discussed in the previous
section, the CoOg chains build up the 1D channel expanding in
the z-direction, and Ca cations are located within the channel.
So, a Ca cation can hop to the neighboring vacancy site within
the 1D channel (intrachannel diffusion) or in the adjacent
channels (interchannel diffusion). Both migration pathways
require very similar activation energies (intrachannel: 1.36 eV
and interchannel: 1.30 eV), as depicted in the first row of
Figure 4b, but these energies are much larger than that in the
layered CaCo,0,. The shape of MEP of intrachannel exhibits a
small plateau at the saddle point which signifies the diffusion of
Ca through the intermediate polyhedral, and this is in
agreement with the previous report.”> However, the migration
barriers calculated in this work are approximately 0.4 eV higher
than in ref 25, and the discrepancy might occur because the
climbing image NEB was not used in the previous study to
calculate migration barriers in Ca3;Co0,04 A recent report
suggests that the concerted migration of cations is the origin of
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low energy barriers in various Li-ion conducting solids.”’ In
order not to overlook lower energy pathway, we considered the
concerted migration of Ca cations along the 1D channel in the
z-direction, but the energy barrier was greater than 3 eV.

The diffusion pathway and the corresponding MEP of the
Ca cations in the [Ca,Co0;][C00,];/; structure is given in
Figure 4c. We only considered the diffusion of the Ca cations
within the xy plane formed by the Ca,CoO; rock-salt and the
Co0, layers. The diffusion exhibits the energy barrier of about
1.00 eV which is still very sluggish, and it is in accordance with
the previous report.”®

B CONCLUSIONS

The thermodynamic stability analysis accessed by phase
diagram construction confirmed that the discharged phases
of Ca;Co0,04, CaCo,0,, and [Ca,Co0;][Co00,]; 4, are in the
thermodynamically stable range (E above hull <50 meV).
However, in case of Ca,Co,0s, while it is thermodynamically
stable in the discharged state (E above hull = 9 meV), the
energy above hull rises to 147 meV in the charged state
equivalent to full calcium extraction, and the structure becomes
unstable. The voltage behaviors of Ca;Co,04 CaCo,0,, and
[Ca,Co0;3][C00,] 4, are calculated by varying the Ca
concentration between charged and discharged states. The
calculated Ca extraction on-set voltages are well-matched to
the experimental observations. The initial electrochemical
measurements did not show cycling behavior, which can be
attributed to the reactions between the electrolyte and
cathode/anode forming undesirable blocking layers, which
impedes the electrochemical extraction or insertion of the
working cations. Finally, we explored the Ca diffusion in
cobaltite frameworks and find that layered CaCo,0, exhibit
the lowest Ca migration barriers of 0.75 eV, while Ca diffusion
in Ca;Co0,04 and [Ca,Co0;][Co00,] ¢, is expected to be
much more sluggish with calculated hopping barriers greater
than 1.00 eV. Based on these results, the layered Ca cobaltite is
the most promising candidate Ca-ion cathode material of the
studied compounds in terms of stability, capacity, and mobility.
Given that the layered structure is one of the most common
structure types of materials for Li, Na, and Mg-ion cathodes,
further investigations for the layered materials are required to
unlock their intrinsic electrochemical properties as a Ca-ion
intercalation cathode.
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