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Ca-ion battery (CIB): as alternative to Li-ion
batteries

Lit — —— ‘
Why Ca?

« Comparable standard reduction potential (-2.87 V vs SHE) with that of Li (-3.04 V)

« Use of Ca metal anodes: offer high volumetric energy density
« Ca?+: exchanges 2e- at a time instead of 1e- for Li* case
« Ca is most abundant (~ 4.15%) than Li (~ 0.002%)1

Challenges in Ca-cathode design:
 Thermodynamic stability
« High energy density

« Enhanced ionic mobility

Calcium Anode
Calcium Cathode

Hosein, ACS Energy Lett. 2021 1. https://en.wikipedia.org/wiki/Abundance_of_elements_in_Earth%27s_crust



NaSICON: polyanionic framework with robust
structural stability and excellent ionic conductivity

* Widely explored as Na-electrode and solid electrolyte

» Usually crystallize in rhombohedral structure
* NayZroP3,SiyO12, (0 =x= 3) NaSICON = sodium superionic conductor
« AM5(ZO,)s: A= Na, Li etc., M = transition metals, Z= Si, P, S etc.

« MOg polyhedra is coordinated via corner sharing with ZO, tetrahedral




NaSICON as Ca-ion battery cathodes

Given the similar ionic radius of Na* (~1.02 A)! and Ca2* (~1.00 A),
NaSICON could be a potential Ca-cathode

* Motivated by experimental evidence that NaV,(PO,); intercalates Ca ion
(Kim et al., ACS Energy Lett. 2020)

Ca,M,(Z20,); : where M =Ti, V, Cr, Mn, Fe, CoorNiand Z=Si, P, or S

« The transition metal choice is motivated by potential 2+, 3+, and 4+ oxidation states

« The compositionis computed considering the charge neutrality constraint
« Ca composition in Ca,Mn,(SiO,); :
Charged: Ca,?*Mn,**(SiO,);* —2:x+4:2-4.3=0, — x=2
Discharged: Ca,2*Mn,2*(SiOy);* — 2:x+2:2-4.3=0, — x=
« Similarly

e 2<x<4 in Ca,M,(SiO i i
<x<4 in CaM,(SiO,); )} Vi s 2+ | Theoretical capacity (mAh/g)
3

. 0.5<x<2.5 in CaMy(PO, PO, (254-267) > SO, (227-237)
. 0=x=1 in CaMy(SO,); —» Mo o M2+ |27 504 (132-140)

1. Shannon et al., Acta Crystallogr. B 1969



Generating Ca-NaSICON compositions
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Inorganic Crystal Structure
Database (ICSD)’
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elemental, binary, ternary
and quaternary compositions

[CaxMz(SiO4)3] Ca,M,(POy)3 [ Ca,M,(SO,)3 ]

Pymatgen-Transmuter?

Ca2M2(SiO4)3= 7X1 0 Cao_5M2(PO4)3= 7X6
Ca4M2(SiO4)3= 7X1 C&2_5M2(P04)3= 7X6

M2(804)3= 7X1
CaMQ(SO4)3= 7X4
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Lowest energy
structures

DFT-SCAN+U [

J

DFT = Density Functional Theory

SCAN+U =Hubbard U corrected strongly constrained and appropriately normed3+#

NEB = Nudged Elastic Band®

42

Average voltage

Thermodynamic stability

Migration Barrier

450 + 18 NEB

5. Henkelmann et al., J. Chem. Phys. 2000

1. M. Hellenbrandt, Crystallogr. Rev. 2004 2. Ping Ong et al., Comput. Mater. Sci. 2013 3. Sun et al., Phys. Rev. Lett. 2015 4. Dudarev et al., Phys. Rev. B 1998



Average voltage: increases monotonically
from Ti to Ni except for SO,

6 — . , , , ! , « Voltage is monotonically
= H- Silicates | | increasing from Ti-Ni for
_ | - &~ Phosphates| f | PO, and SiO,
>5F Sulfates [ b 2 . Consistent with
© ‘ ‘ 5 : 1 ’4- --A | standard reduction
0. 4L e /S m---N potentials
0 A' _A) L, - PO, voltage is
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Q3L "" ------ { SiOs
= L) e * Due to inductive
>° g R — effect
” o . A : ‘ 5 5 : :
5 2F 4t -—-" ------------------------------------------------------ 1° SO voltage increment is
> A L0 . j , . -1 non-monotonic
< D « “Local” minima at Cr
1 '- """ i and Fe, attributed to

_ ‘ * * ‘ - the stability of Cr3+
Ti \'} Cr Mn Fe Co Ni and Fe3+

* Ti-based Ca-NaSICONs are suitable for anode instead of cathode due to their
low voltage 6



Thermodynamic stability: several stable
phosphates and sulfates are discovered
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Both charged and discharged phases should
preferably be thermodynamically stable/metastable

o CaVy(POy,)s, CayMny(PO,)s, CayMns(SO,)5 and CayFes(SO,)s: stable/metastable
« All SiO, are unstable: not a candidate for Ca-cathode



Thermodynamic stability: several stable
phosphates and sulfates are discovered
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* Cags5Vs(PO,)s (~-8 meV/atom); NaV,(PO,)s: experimentally synthesised

« Experimentally synthesised phases (Ti, Cr and Fe-SO,4) exhibit high stability as
predicted



Migration barrier: 3 candidate Ca-NaSICONs

1750 1] C_harged
K72 Discharged

Migration Energy (meV)

N
N
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Ca,V,(PO,); Ca,Mn,(PO,); Ca,Mn,(SO,); Ca,Fe,(SO,);
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Conclusions and acknowledgments

« CIBs offer high energy density and abundant Ca resources
but lack suitable cathodes

» We explored the chemical space of Ca-NaSICON as
potential Ca cathodes

Ca,V5(PO,)s, CayMny(S0O,4); and Ca,Fesx(SO,); identified as
promising Ca-cathodes based on average voltage,
thermodynamic stability, and migration barrier calculations

m ﬁE!\I'MESﬁi{KI?SF D.B. Tekliye et al., Chem. Mater. 2022, 34, 10133-10143
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