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Modern lithium-ion batteries (LIBs)

How it works?
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Calcium-ion batteries (CIBs): alternative to LIBs

Monovalent, Lower
Charge Capacity

Comparable standard reduction
potential (-2.87 V vs SHE) with

that of Li (-3.04 V)

Leverages similar electrochemical
mechanism as that of LIBs

é

Calcium: multivalent advantage & sustainability

Calcium Anode
Calcium Cathode
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Hosein et al. ACS Energy Lett. 6, 1560—1565 (2021)

Divalent,

Higher Charge Capacity,
Abundance &

Use of Ca Metal Anode

Battery performance metrics:
* Energy density (Wh/g): Voltage x Capacity

Voltage (V): Potential to do work
Capacity (mAh/g): Amount of charge
stored (per electrode)

* Rate: How fast can you charge or discharge!?

Depends on ionic “mobility”



State-of-the-art Ca-cathodes and their challenges

* Oxides: CaV,0,, CaMn,O,, CaV,0O; |deal High-Performance CIBs Cathode
* High voltage (~2.8-3.1 V) and capacity (~240-310 mAhg™)
* Large volume expansion and/or sluggish Ca?* kinetics limit

* Polyanions: NaV,(PO,);, Na, VPO, ¢F, - NaV,(PO,),F;
* Robust 3D open frameworks with structural stability
* Limited reversible Ca content and phase separation effects

Stability
High Capacity
High Mobility

* Sulfides: TiS,, MoSq
e Favorable thermodynamics with multi electron redox
capability
* High Ca migration barriers and low operating voltage

Materials Design Space

Lu et al. Chem. Mater. 33, 5809-5821 (2021) Hosein et al. ACS Energy Lett. 6, 1560-1565 (2021) Sai Gautam et al. Chem. Commun. 51, 13619-13622 (2015) 4
Black et al. Energy Storage Mater. 47, 354-364 (2022) Kim et al. ACS Energy Lett. 5, 3203-3211 (2020) Xu et al. Nat. Commun. 12, 3369 (2021)



The Na-Ca connection: ionic size similarity as a
design principle

Similar ionic radius

Given the comparable ionic radii of Na* and Ca?", established Na-based cathode

frameworks may serve as hosts for reversible Ca?* intercalation

Shannon et al. Acta Crystallogr. B 25, 925-946 (1969)



Ca-cathode design space

DFT-based high- MLIP-accelerated high- Deep dive into
throughput exploration throughput screening

understanding Ca-cathode
NaSICON and Fluoride frameworks

Explore entire Materials Project Post-spinel CaV,0,
structures
NaSICON/Fluorides

Queried MP compounds
52,945

Target Ca—VPV
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DFT == density functional theory ML==machine learning

MLIP == machine learned interatomic potential



Ca-cathode design space

DFT-based high-
throughput exploration

NaSICON and Fluoride frameworks

NaSICON/Fluorides
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MLIP == machine learned interatomic potential



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

* Widely explored as Na-electrode and solid electrolyte
* AM,(ZO,);: A = Na,Li etc.,, M = transition metals (TMs), Z= Si, P, S etc.

NaSICON as Ca-ion battery cathodes

* Motivated by experimental evidence that NaV,(PO,); intercalates Ca-ion
 CaM,(ZO,);:M=TiV, Cr, Mn, Fe, Coor Niand Z=Si, P, or S

* (Ca composition under charge neutrality constraint
Charged: Ca 2*Mn,**(SiO,);* — 2:x+42-43=0, — x=2
* Discharged: Ca 2*Mn,>*(SiO,);* — 2:x+2:2-43=0, — x=4

e Similarly
* 2=<x<4 in Ca,M,(SiO,); } Mt o M2+ Theoretical capacity (mAh/g)
¢ 0.5=5x<2.5 in Ca,M,(PO,); PO, (254-267) > SiO, (227-237)
* 0=<x<I in Ca,M,(SO,); — M3+ & M2+ | >>SO, (132-140)

N Mo, A 20, @ Nal/Cal @ Na2/Ca2 . DFT SCAN+U relaxation of 200 Pymatgen-enumerated structures

NaSICON==sodium superionic conductor *  NayZr,(SiO,)3 structure is used as a starting template from ICSD

SCAN==strongly constrained and appropriately normed * 42 (7x3x2) lowest-energy configurations for further investigation
ICSD==inorganic crystal structure database

Kim et al. ACS Energy Lett. 5,3203-3211 (2020) Ong et al. Comput. Mater. Sci. 68,314-319 (2013) Sun et al. Phys. Rev. Lett. |15,036402 (2015)



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

Avg. Voltage vs. Ca (V)
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Manthiram and Goodenough J. Power Sources 26,403—408 (1989)

Voltage is monotonically increasing from Ti-Ni for PO,
and SiO,
* Consistent with standard reduction potentials

PO, voltage is consistently higher than SiO,
 Due to stronger inductive effect exerted by P>*
compared to Si** on the TM octahedra

SO, voltage increment is non-monotonic

e “Local” minima at Cr and Fe, attributed to the
. 3 3 .2
stability of Cr** (t3,) and Fe’* (t3,€7)

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



Thermodynamic stability: discovered several
stable/metastable phosphates and sulfates

U“s;a,l%': o Ehlis based on DFT calculations of all
available structures (~250) in ICSD

5 [ Ca,My(Si0,),
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g release upon decomposition
o
—Cay sM,(PO,), IS
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>Ca, sM,(PO,), {..
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N
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<0
Ti \ Cr Mn Fe Co Ni Stable
ICSD==inorganic
Ca V,(PO,);, Ca,Mn,(PO,);, Ca,Mn,(SO,); and Ca, Fe,(SO,);: stable/metastable crystal structure

database

Sun et al. Sci. Adv. 2,e1600225 (2016) Senguttuvan et al. Chem. Mater. 25,2391-2393 (2013) Hellenbrandt Crystallogr. Rev. 10, 17-22 (2004) 9



Thermodynamic stability: discovered several
stable/metastable phosphates and sulfates

Unstable
2100
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Ca V,(PO,);, Ca,Mn,(PO,);, Ca,Mn,(SO,); and Ca, Fe,(SO,);: stable/metastable

Ehullis based on DFT calculations of all
available structures (~250) in ICSD

Both charged and discharged phases
should preferably be thermodynamically
stable/metastable

Ca,V,(PO,); (~-8 meV/atom);
NaV,(PO,);: experimentally synthesised

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

All SiO, are unstable: not a candidate

for Ca-cathode
ICSD==inorganic
crystal structure
database

Sun et al. Sci. Adv. 2,e1600225 (2016) Senguttuvan et al. Chem. Mater. 25,2391-2393 (2013) Hellenbrandt Crystallogr. Rev. 10, 17-22 (2004) 9



Migration barrier: 3 candidate Ca-NaSICONs
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Ca,V,(PO,); Ca,Mny,(PO,); Ca,Mn,(SO,); Ca,Fe,(SO,);

not feasible

*Threshold tolerance limit

feasible

E,, is calculated using generalized
gradient approximation (GGA)
based NEB

NEB==nudged elastic band

Tekliye et al. Chem. Mater. 34, 10133—-10143 (2022) Henkelman et al. J. Chem. Phys

. 113,9901-9904 (2000) 10



Migration barrier: 3 candidate Ca-NaSICONs
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Ca,V,(PO,); €a,Mny(PO,); Ca,Mn,(SO,); Ca,Fe,(SO,);

Tekliye et al. Chem. Mater. 34, 10133-10143 (2022) Henkelman et al. J. Chem. Phys

Ca,V,(PO,);, Ca,Mny(PO,);,
ca,Mn,(SO,); and Ca Fe,(SO,);:
stable/metastable and exhibit
reasonable migration barrier (E;;,)

not feasible

*Threshold tolerance limit

Q@

e
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Q2
E,, is calculated using generalized
gradient approximation (GGA)
based NEB

NEB==nudged elastic band
. 113,9901-9904 (2000) 10



Migration barrier: 3 candidate Ca-NaSICONs

I Charged
v//J Discharged

1750 f

Ca,V,(PO,);, Ca,Mn,(PO,)s,
Ca,Mny(SO,); and Ca,Fe,(SO,)s:
stable/metastable and exhibit
reasonable migration barrier (E,;)

ot feasible

* Voltage, thermodynamic stability and migration barrier based investigation of NaSICON
framework identifies 3 promising candidates

* V-phosphate, Mn-sulphates and Fe-sulphates

E,, is calculated using generalized
gradient approximation (GGA)
based NEB

Ca,V,(PO,); €a,Mn,(PO,); Ca Mn,(SO,); Ca,Fe,(SO,); NEB==nudged elastic band

Tekliye et al. Chem. Mater. 34, 10133-10143 (2022) Henkelman et al. J. Chem. Phys. | 13,9901-9904 (2000) 10



Weberite and perovskite fluorides as Ca-cathode!

Orthorhombic (Imma) Trigonal (P3,21)

s < L s

Perovskites-NaMF,

Orthorhombic Cul_)ic Triclinic
(Pm3m) (P1)

TMFs==transition metal fluorides

Tekliye and Sai Gautam Phys. Rev. Mater. 8,093801 (2024)

Ca M,F, & Ca MF;:M =Ti,V, Cr, Mn, Fe, Co, or Ni
* 0<x<I.5in Ca M,F, M2* > M35+
* 0<x<0.5in Ca MF, M2* > M3+

Evaluated accuracy of SCAN and r?SCAN functionals in describing TMFs
* Suffers from residual self interaction error in TMFs
* Optimized a Hubbard U for all the 3d-redox active TMs

“Accuracy of metaGGA Functionals in Describing Transition Metal Fluorides”,
D. B.Tekliye and G. Sai Gautam, Phys. Rev. Materials, 8,093801, 2024

DFT SCAN+U relaxation of 140 Pymatgen-enumerated configurations
* 28 (weberite + perovskite) ground state structures

Several weberites & perovskites are stable/metastable exhibit
reasonable average voltage
 Ti,V, Cr, Mn, Ni-weberites andV, Mn, Co, Ni-perovskites are
identified as candidate

Ca, Cr,F, and Ca Mn,F,-weberites: promising Ca-cathodes due to

their reasonable Ca2* migration barrier
* None of the perovskites are feasible as Ca-cathode: high E,,,

Tekliye and Sai Gautam J. Mater. Chem.A 12, 18993-19007 (2024) 11



Weberite and perovskite fluorides as Ca-cathode!

Weberites—Na,M,F, . Ca,M,F, & Ca MF,:M =Ti,V, Cr, Mn, Fe, Co, or Ni
Orthorhombic (Imma) Trigonal (P3,21) * 0<x<I1.5in Ca M,F, M2t ¢ M35+
sk oo g - @ NolCA » 0<x<0.5 in Ca MF, M2 < M3
. | | o @ Naz/Ca2 * Evaluated accuracy of SCAN and r2SCAN functionals in describing TMFs
q ‘ % A ) | @ Na3/Ca3 « Suffers from residual self interaction error in TMFs

Comprehensive DFT-based screening of NaSICON and fluoride frameworks successfully identified five
promising Ca-cathodes

* 5 promising candidates:V-phosphate, Mn-sulphates, Fe-sulphates, Cr-weberites, and Mn-weberites
I. D.B.Tekliye et al., Exploration of NaSICON Frameworks as Calcium-ion Battery Electrodes, Chem. Mater., 34, 10133—-10143,2022

2. D.B.Tekliye and G. Sai Gautam,Accuracy of metaGGA Functionals in Describing Transition Metal Fluorides, Phys. Rev. Mater., 8,093801,2024
3. D.B.Tekliye and G. Sai Gautam, Fluoride Frameworks as Potential Calcium Battery Cathodes, J. Mater. Chem. A, 12, 18993-19007,2024

‘06 Y

TMFs==transition metal fluorides

Tekliye and Sai Gautam Phys. Rev. Mater. 8,093801 (2024) Tekliye and Sai Gautam J. Mater. Chem.A 12, 18993-19007 (2024) 11

identified as candidate

. and : promising Ca-cathodes due to

their reasonable Ca2* migration barrier
* None of the perovskites are feasible as Ca-cathode: high E,,,



Ca-cathode design space: from DFT to ML

MLIP-accelerated high-
throughput screening

Explore entire Materials Project
structures

Queried MP compounds
52,945

Target Ca—VPV
5946

__,_,..--"""6Harge neutrai_i-f'f/"'""---..,_
1,581

Final candidates

DFT == density functional theory =~ ML==machine learning  MLIP == machine learned interatomic potential



Find cathode frameworks that don’t contain Ca a priori

200,487

Materid sP oject
via MPRester API

* Query MP structure
* Apply geometric and

query Ca-TM-an an
compounds & establish . ..
"y pical® Ca-VPVwindow chemical heuristics

2

[ * Thermodynamic

compute VPV, aply Ca-VPV evaluate charge neutrality stability and practical

window & substitute selected .
at (dis)charged phase
site with Ca Sl voltage

query compounds containing
atleastone TM & anon

v

* Deduplication and
relax geometry with MA CE

\n%AﬁE&asseﬁ stability —»
<100 meV/atom)

apply average voltage data curation
window (2 -4.5V)

exclude compounds corntaning
light/mobile cations

| * Evaluate Ca-mobility

- 4" Y= » DFT-NEB validation
remove dpledes, predia migraton barrier of final candidates
overleps, previcusly explared (MACE/Oib-v3/TL< 1 eV) &
& non-viable Ca pathways validate candidates via DFT
VPV==Voronoi polyhedral volume MP==Materials Project

13



Geometry-based Ca-cathode design: VPV as a metric
for Ca-site compatibility

* lonic radii: not transferable across large * Set an ‘ideal’ Ca-VPV by calculating VPV of Ca in Ca-compounds
chemical/structural space * Query MP for Ca=TM-anion(s) compounds: 4,350
, , e Ca-VPV median: 13.86 A3; window:[13.17 - 14.56 A3]
* VPV:local free volume surrounding an atom in a o .
(5% around the median)
crystal
* Captures the true local coordination environment : :
and robust than ionic radii ' -~ Median
c 500 l Tolerance window
Vi : > : Ca-VPV distribution
oronoi polyhedral ®) ‘
© 400 F i
4 = :
/ > - ]
o | 8_ 300 :
v E 200F ;
: > \ 4 :
| X O ‘ 4] " i
v \_/) i\ | » O - [ T B M. (O II L e L g L |
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Mathew et al., Nat. Mater. 24, 1522-1532 (2025) 14



Query MP structures don’t contain Ca a priori

* Query compounds containing at least one transition metals

and one anion from MP (no Ca)
e TMs: Ti, V, Cr, Mn, Fe, Co, Ni, Nb, or/and Mo
e p-block: O,FClI,S,PB,C, N, etc.

* Example compounds: LiV,0, LiMnV(P,0;),, Na;Mn,(TeOy),,
Na;Ti,Mn,Si,(OgF),, MgVP,0O,, V,O,, etc.

* Using pymatgen's locate interstitial/vacancy sites (“X”)
*  Compute VPV of a potential Ca substitution species (non-TMs MP compounds
& non-anions) and interstitial/vacancy sites (“X”) 52 945

Mathew et al., Nat. Mater. 24, 1522—1532 (2025) 15



Query MP structures don’t contain Ca a priori

* Query compounds containing at least one transition metals ., . 2. Vioronoi polyhedral 3 Ca? insertion
and one anion from MP (no Ca) (X sites identified) analysis (within tolerance?) (within tolerance)

e TMs: Ti, V, Cr, Mn, Fe, Co, Ni, Nb, or/and Mo ] '

e p-block: O,FCI|,S,P B, C, N, etc. VPV < Tol.

Reject

* Example compounds: LiV,0, LiMnV(P,0,),,
Na;Mn,(TeO,),, Na;Ti,Mn;Si,(OgF),, MgVP,O,, VO, etc.

* Using pymatgen's locate interstitial/vacancy sites (“X”) § : : | ;
*  Compute VPV of a potential Ca substitution species (non- | ! VPV € Tol Range :
TMs & non-anions) and interstitial/vacancy sites (“X”) E ! m

,,,,,,,,,,,,,,,,,,,,,,

' VPV > Tol.
X —_—
: Reject

Mathew et al., Nat. Mater. 24, 1522—1532 (2025) 15



Apply Ca-VPV tolerance window: 52,945 — 5,946
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* Yielded a set of 5,946 Ca-substituted structures with Ca-based formulas for subsequent evaluation

Li, X, Na,and Mg
dominate both VPV-
filtered and full dataset

Substitute Ca at

potential substitution
sites (Li, X, Na, Mg, etc.)
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Filtering on charge neutrality: 5,946 — |,581

Fully charged and discharged cathode states are considered

* The charged state is obtained by removing all Ca from the discharged structure

For TMs: allowed oxidation-state ranges of +2 to +4 except
forV (+2 to +5)

* Fractional oxidation state is allowed for redox-active TMs

s- and p-block elements are restricted to integer values

Discharged
Non-neutral

Discharged

Neutral

1.0
1864 873 0.8 §
(31 .30/0) (1 4.70/0) 'E
()]
0.6
ke)
-
104 8
1628 1581 §
(27.4%) (26.6%) loo &
: ' — 0.0
Charged Charged
Non-neutral Neutral

17



Filtering of mobile-cation compounds: |,581 — 1,136

Li

Na

Zn

84
@ 78
3
@ 80
3
&t (3 53
5 8
H e 157
e o 19
H Li Na K Mg Zn

Excluded 445/1,58| compounds containing additional
mobile cations

Filtered H*, Li*, Na*, K¥, Mg?*, and Zn?" to ensure Ca-
only electrochemistry

Mg-containing compounds account for the largest
exclusion

* Some compounds contain multiple mobile cations (e.g.,
Na* and K*)—off diagonal bubbles

Final dataset: |,136 Ca-only candidate compounds

18



Thermodynamic (meta)stability: |,136 — 48|

* Relax the geometry using large-scale MACE-MP-0 (MACE) foundational model via ASE
* Equivariant graph model understood as a MPNN that uses the ACE as the convolution in each layer
* pymatgen is used to calculate energy above convex hull (E™") against competing phases from the MP

(meta)stable in both (481)

100 meV/atom — Discharged

— Charged
=2 Median

O 52,
GJ N
=3 ) IS
wn — D
()] i - o
A2 ®) (4]
2 c
) O

_—

0 200 400 600 800
EM! (meV/atom) unstable in both (244)

ACE==atomic cluster expansion; MACE==multi-atomic cluster expansion; MPNN==message passing neural network; ASE = Atomistic Simulation Environment

Drautz, Phys. Rev. B, 99,014104 (2019) Batatia et al., Nat. Mach. Intell. 7, 56-67 (2025) Sun et al. Sci. Adv. 2, e1600225 (2016) 19



Thermodynamic (meta)stability: |,136 — 48|

* Relax the geometry using large-scale MACE-MP-0 (MACE) foundational model via ASE
* Equivariant graph model understood as a MPNN that uses the ACE as the convolution in each layer
* pymatgen is used to calculate energy above convex hull (E™") against competing phases from the MP

(meta)stable in both (481)
(meta)stable: 481

713

Discharged
Charged

unstable in both (244)

ACE==atomic cluster expansion; MACE==multi-atomic cluster expansion; MPNN==message passing neural network; ASE = Atomistic Simulation Environment

Drautz, Phys. Rev. B, 99,014104 (2019) Batatia et al., Nat. Mach. Intell. 7, 56-67 (2025) Sun et al. Sci. Adv. 2, e1600225 (2016) 19



Average voltage & data curation: 48| — 433 — 22|

* Average intercalation voltage calculated via Nernst  Data curation before Ca-mobility analysis
equation using calculated MACE energy « Structural duplicates,
¢ 2.04.5V a practical operating voltage window * Previously explored compositions, and
criterion * Structures with non-viable Ca migration pathways
. 433 |
i i [ Before [ After [ Removed
I . (90%) : 500 '
: : | c 433
i ! O 400 390 390 374 371
i i i [} e
> | I S 300t
- 1 1 —— ®)
‘N I | ) 221
c - | I = © 200}
) ! ! = 150
O ! L - @
i : : ) 100
l l S ik 19
I | = . | L/ .
i ] O Structural MP overlap Explored/non-viable
i ; : duplicates Ca pathway
0 1 2 3 4 5

5 Distilled to 221 candidates for further Ca-mobility evaluation
Average voltage (V vs. Ca/Ca<*)

20



Ca mobility via ‘ensemble’ of ML: 221 — 37/

« Ca?" migration barriers were evaluated using NEB calculations with:
MACE, and ALIGNN based transfer learning property predictor model (TL)

* Ensemble agreement used to identify robust low-barrier candidates

MACE

Orb-v3
Total = 221
0 1 1 1 1
1 2 3 4
No. of pathways

W

&)

N

\®)

Migration barrier (eV)
— w

Benjamin et al., arXiv:2504.06231, (2025) Devi et al.,, npj Comput. Mater. 12, 88 (2026) 21



DFT-NEB validation: all results are within eV tolerance

2000 mmm DFT Orb-v3 —_—

MACE =—— TL
1750

— MAE in meV:
1500 _ - —_— e MACE: |61

1250 .+ TL:67
1000 =========== === === TEE e

750

Migration barrier (meV)
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Thermodynamically stable in their charged state: EM' = 0
* With discharged phase being metastable MAE==mean absolute error
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mp-759232

CaMnV(P,07)
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Final candidate structures: 37 promlsmg Ca-cathodes

* Accelerated the search using a geometry-based design strategy and foundational ML models across ~52,946
MP structures

* Found 37 new promising Ca-cathodes: validated with DFT-NEB calculation

 CaSc,V,0;4 and CaVSO F; exhibiting lowest DFT E_

D. B.Tekliye,A. K. Bheemaguli and G. Sai Gautam, “Geometry-based Discovery of Calcium Battery Cathodes Accelerated by
Foundational Machine-Learned Models,” arXiv:2605.29029v| (under review, npj Computational Materials), 2026
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CaMnV(P,0,), CaMnV(P,0;), CaMnV(P;05), CaVFe(P,07), CaVFe(P,0;), CaVFe(ony)z CaViFe,CuOy, CaVCr(PzO7)z Casznas 4(of,F )2
mp-764481 mp-764622 mp-764488 mp-1235847 mp-765981 mp-1235226 mp-766078 mp-766000 mp-1210891

< e

CaCoP,0; CazVOF CaScMn,0g CayVg0z CaMn(FeO), “ Cavsoh CaMnO, CaMnCSO; CaMn (PO, CaF:aZag:(g:);
mp-1569230 mp-757416 mp-770412 mp-849581 mp-769550° - mp-769603 mp-971647 mp-754499 mp-1176722 mp-
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Ca-cathode design space: from DFT to ML

Deep dive into
understanding Ca-cathode

Post-spinel CaV,0,

—~
X
=
o
et
=}
=
©
as
[0]
Q.
5
[As

DFT == density functional theory =~ ML==machine learning  MLIP == machine learned interatomic potential



Post-spinel CaV,0O, as calcium battery cathodes

Potential (V vs Ag QRE)

(1) 210,000+ (1) Compounds in ICSD

e Reversible Ca?" extraction demonstrated in CaV,0,

* Full Ca extraction corresponds to capacity of ~288 mAh/g

(2) 365 (2) Ternary CaiM;Zk
(3)181 (3) CaTMiZi without undesired * Discrepancy between operando XRD (~0.3 Ca) and
elements & polyanions electrochemical (~0.6 Ca at 50 °C) observations
(4) 66 (4) CaiTM;Zk polymorph
matched by charged TM;Z
(5) 10 (5) Stable CaTM,Zi selected
2
60
CaV,0,, CaNb,O,
50 - :— g
Calculated x in Ca, V,0, (mols) 66 OC?/cu/a(()eg xinCa, Vzgﬁ ( mo/g)5 i : =
10.000 005 040 045 020 025 N R A el 40 - = -+
I 25 °C /’,’47’;# o 1_0.. 50 °C ’“‘M 230- == o= =
0.5- R ey o \ ' E S== =
| A € o)\ =
! > { ™\ g
001~ \ 2 00 =
. 3 W Ly TR
-0.5- e 8§ -05]7¢ N § : 5is
8 ] o A | ¥ e e wmne m ‘lHl mll?lwx.-umln:l
T LN A, A S A SN AN S B e T T e S e S S i ‘
0 10 20 30 40 50 60 70 0 20 40 _60 .80 10?120140160 S Tl il S G LA | | —
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Potential (V vs AC) 20 . 0526384 (°)

Lu et al. Chem. Mater. 33,5809-5821 (2021)

Black et al. Energy Storage Mater. 47, 354-364 (2022) 25



Post-spinel CaV,0O, as calcium battery cathodes

Potential (V vs Ag QRE)

(1) 210,000+

(2) 365
(3)181
(4) 66
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2 01 O 1) d C ) d
. Cl :
05] |
0.0 /4
A//
05 [
0 10 20 30 40 50 60 70

Capacity (mAh/g)

(1) Compounds in ICSD

(2) Ternary CaiM;Zx
(8) CaiTM;Zx without undesired
elements & polyanions

(4) CaTM;Zk polymorph
matched by charged TM;Z«

e Reversible Ca?" extraction demonstrated in CaV,0,
* Full Ca extraction corresponds to capacity of

* Discrepancy between operando XRD (~0.3 Ca) and
electrochemical (~0.6 Ca at 50 °C) observations

erved ele O C A3 % Q, 0 s de 00C
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Potential (V vs AC) 20, 0526384 (°)

Lu et al. Chem. Mater. 33, 5809-5821 (2021)

Black et al. Energy Storage Mater. 47, 354-364 (2022) 25



Cluster expansion + Monte Carlo: understanding the
capacity limit in CaV,0,

* DFT alone misses high temperature entropic behaviour

* Grand Canonical Monte Carlo (GCMC) simulation samples configuration via statistical mechanics

E(o) —
F=—k,Tin(Z), Z = Zexp(— (9) xu)
- k,T

o

* Cluster expansion(CE) approximates the energetics with fast ML-fitted effective Hamiltonian

F@) = Vot ) e Vel ®a(@)e

O e 1x1x1, 1x1x2, 1x1x 3supercell of

VOq the conventional cell (4 f.u.) is used to generate

0 training sets

VO, 287 configurations across |7 composition
were enumerated with pymatgen

O * Geometry is relaxed using DFT (SCAN+U)
Ca

Sanchez, Phys. Rev. B, 81,224202 (2010) 26



Cluster expansion fit to 265 DFT training data

® ® Pair
200 .
A Triplet .
- B Quadruplet
2 180} -
E ,;
> 7
o
= 20} | .
o
c ®
ST S A - 2 __________ S
A
-20+ 4
0) 2 4 6 8 10 12

CASM==cluster approach to statistical mechanics

Cluster Size (A)

Training DFT data: 265 symmetry-constrainec
configurations selected via CASM

CE fit settings:
* Cluster radii: Pairs (10.6 A), Triplets (7.0 A),
Quadruplets (6.0 A)
* Basis functions: Chebyshev polynomials
* Regression: LASSO (a = 10%)
* Validation: LOOCYV score

Fitted CE model: 29 effective cluster interactions
(ECI) fitted to DFT datasets

Pair clusters predominantly contributed to ECls
* The ECI strength should decrease with the order
of the cluster

Accuracy of the CE fit against DFT dataset:
* RMSE = 13.4 meV/f.u
* CVscore = 15.7 meV/f.u

LOOCV==leave one out cross-validation

LASSO==least absolute shrinkage and selection operator RMSE==root mean square error

Puchala et al., Comput. Mater. Sci. 217, 111897 (2023) 27



CE convex hull is in good agreement with DFT

* Validation: ensured accurate ground state predictions on the convex hull
e CE accurately predicted five 0 K DFT ground state structures, at x = 0,0.25,0.5,0.67, 1.0 in Ca V,0O,

. 100 i DFT hull DFT CE hull CE
é Ofp===—=rF=——— e ————— 1
= n
O
€ —100F
S -
o —200
C -
LLl
5 —300_—
£ 400}
IE "
_500 1 | 1 | 1 | 1 | 1
0.0 0.2 04 0.6 0.8 1.0

500
400 |-

-~ |
— | e __ 0% +30 meV/i.u.
S 300F :

) - : !
Y] M et +20 meVitu
2 cre '

100 ° iged o d
O — :____i-___l___-l____l___-i___—: |

|
—40 -20 O 20 40
Error of CE (meV/f.u.)
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Finite-temperature phase behavior explains the
electrochemical performance of CaV,0,

Temperature (K)

1000 ~
Solid solution
800 H
0+
600 -
v
g
d+¢ g+ C
400 —/
200 -
o+ P B+ v+90 0+C
0 0.2 04 0.6 0.8 1
xin CaV.0O
X 2 4

* Resolved six stable phases governing
finite-temperature Ca (de)intercalation
in CaXVZO4

* Improved high-temperature
electrochemical performance through
enhanced Ca/vacancy solubility

* l|dentified strong Ca—vacancy ordering in
the y (x=0.5) phase as a key

thermodynamic driving force
* High-temperature € phase stabilized at

x = 0.83

GCMC: 12 x 12 X 12 supercells(241,472 atoms);
T:5-1005 K(AT = 5 K); pu: =77 eV(Ap = 0.01 eV)
free-energy integration for hysteresis correction
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Voltage profile from GCMC compared to 0 K DFT

Voltage vs. Ca/Ca?* (V)

1NN

w

N

—

- 1 1 1 I 1 1 I 1 1 1 I 1 1 1 I i

R 0.650 fm == — = — ] |

C 0625 = ==== \ N

_ A T R B

- 0.600 | s -

= r 0832  0.834 —

L —— DFT (0K) 500 K .

| == 300K 700 K

L == 400K 1000 K

- L : T

0 0.2 04 0.6 0.8 1
X in CaXV204

0 K DFT and 300 K GCMC profile
exhibit three distinct voltage steps at x
= 0.25 (B), x = 0.5(y), and x = 0.67 (d)

Four well-defined voltage plateaus are
observed, representing the two-phase
coexistence regions

Additional voltage step is observed at
400 K and 500 K, corresponding to the
new single-phase x = 0.83 (g)

At 1000 K the voltage profile evolves

from sharp, discrete steps into a
of plateau
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Voltage profile from GCMC compared to 0 K DFT

Voltage vs. Ca/Ca?* (V)

1NN

w

N

—

Calculated x in Ca, V,0, (mols)
0.0 0.1 0.2 03" ‘04 0.5 0.6
15 1 A L A 1 A L A L A 1 A L

1.0 |
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- 1 I 1 I 1 1 1 I I i
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X in CaXV204

Potential (V v¢ Ag QRE)

-0.54

-1.0

0.04

0 20 40 120 140 160

60 80 105)
Capacity (mAh/g)

Additional voltage step is observed at
400 K and 500 K, corresponding to the
new single-phase x = 0.83 (g)

At 1000 K the voltage profile evolves

from sharp, discrete steps into a
smoother series of plateau
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Migration barrier at single phase compositions

1200F
— * Migration barrier(E_) is calculated via DFT-based
= 1000 NEB using GGA
GEJ * Ca-rich end exhibits lower E_: x =0.67 and 1.0
- * Ca-poor end exhibit higher E_: x =0 and 0.5
800
@
=
] 600 * High E_, at 0.5 mole of Ca, acting as bottleneck by
o0 restricting further extraction
8 * Facile Ca deintercalation is limited at x= 0.5
= 400 (v phase)
| -
D
= 200 e This directly explains the limited electrochemical
capacity observed in experiments
0
0 0.5 0.67 1

- N



Migration barrier at single phase compositions

1200

— Y * Migration barrier(E_) is calculated via DFT-based
= 1000 0 NIFR ysing A

Elucidated the experimentally observed performance limitations of CaV,0O, by combining finite-temperature phase stability
and voltage (cluster expansion/Monte Carlo simulation) with Ca-ion transport (DFT-NEB)

* Revealed six stable Ca,V,0, phases governing finite-temperature Ca (de)intercalation
* ldentified sluggish Ca diffusion and Ca—vacancy ordering as the dominant kinetic bottlenecks to reversible Ca
extraction

D. B.Tekliye, J. A. Dar and G. S. Gautam, “Phase Stability and lon Transport in Post-spinel CaV,0, Cathodes” arXiv:2607.08224, (submitted),
2026

Is directly explains the limited electrochemical
capacity observed in experiments

0 0.5 0.67 1
X In CaXV204
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Conclusions

W -

NaSICON/

Calcium-ion batteries offer high energy density using earth-abundant calcium Fluorides

* But lack thermodynamically stable cathodes with high Ca?* mobility

w
Explored NaSICON and fluorides (weberite, perovskite) frameworks using DFT %
* (CalV,(PO,); CaMn,(SO,);, Ca Fe,(SO,); Ca,Cr,F;, and Ca Mn,F, Q Voltage
Queried MP compounds 5
Expand the search across MP structures using MLIP-accelerated high-throughput Targ:fi:fvpv @ Mobility
screening and identified 37 promising Ca-cathodes 28l
* VPV:a transferable geometry-based descriptor for Ca-site compatibility I ey Candidates

* Ensemble ML: robust migration-barrier screening followed by DFT validation

Elucidated the thermodynamics and kinetics limitations in CaV,0,

e Ca-extraction is limited due to phase separation during (de)intercalation and
composition dependent sluggish Ca diffusion

Current limitations and future opportunities

* Evaluation of intermediate compositions and automated ion transport analysis
Generative Al-driven inverse design with closed-loop experimental validation

Final candidates
[ )

D. B.Tekliye et al., Chem. Mater., 34, 10133-10143, (2022)
D. B.Tekliye and G. Sai. Gautam, J. Mater. Chem. A, 12, 18993-19007, (2024)
D. B.Tekliye and G. Sai Gautam, Phys. Rev. Materials, 8,093801, (2024)

Temperature (K)

D. B.Tekliye et al.,“Geometry-based Discovery of Calcium Battery Cathodes Accelerated by Foundational Machine-Learned Models,” T e P o o
arXiv:2605.29029v| (under review, npj Computational Materials), 2026 : , : :
D. B.Tekliye, et al.,“Phase Stability and lon Transport in Post-spinel CaV,0O, Cathodes” arXiv:2607.08224, (submitted), 2026 ' xin Ca,V,0, '

“a scalable framework for accelerated Ca-cathode discovery” 32
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effects in ferroelectric, relaxors, and related materials,” (submitted), 2026.
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Based NaSICON as Calcium Cathodes,” (under preparation), 2026.
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Presentations and workshop

Presentation

* Fluoride Frameworks as Potential Calcium Battery Cathodes, SSI24, London (oral, Jul 15—19,2024)

* NaSICON Frameworks as Calcium-ion Battery Cathodes, FOMAD-2023, Chikmagalur (oral, Apr 29, 2024)
* NaSICON Frameworks as Calcium-ion Battery Cathodes,” ACSSI-2024, Chennai (poster, Feb 19-22,2024)
* NaSICON Frameworks as Calcium-ion Battery Cathodes, [ISc Annual Students’ Symposium, Bengaluru

(Oral, Apr 12-13,2022)

Wor'kshop conducted

Hands-on session (2-hr), “Introduction to DFT and MD” (DFT calculations and Molecular Dynamics

simulations), IMBRS, Bengaluru (Dec 6,2025)
* Hands-on session (1.5-hr),“Al/ML for Materials Science” (ANN, CGCNN), IISc, Bengaluru (Jan 8-9, 2025)

* Hands-on session (0.5-hr), “Applications of ML to Materials Science” (cluster expansion), JNCASR/IISc,
Bengaluru (Jul 24-28,2023)
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