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Methods 

We performed all spin-polarized density functional theory (DFT) calculations using the Vienna 

ab initio simulation package.1,2 We used the projector augmented-wave method3,4 to describe 

the core electrons and compiled the potentials used in Table S1. To account for the strong 

electronic correlations of the transition metal (TM) d electrons, we employed the Hubbard U 

corrected strongly constrained and appropriately normed (i.e., SCAN+U) functional.5,6 We set 

the effective U values as follows: 3.1 eV for Fe, 2.7 eV for Mn, and 0 eV for Cr, based on prior 

benchmarks (Table S2).7–9 We used rhombohedral Na3V2(PO4)3 as the starting structure for our 

calculations, as obtained from the inorganic crystal structure database (ICSD).10 We truncated 

the plane-wave basis set at a kinetic energy cutoff of 520 eV, sampled the irreducible Brillouin 

zone using Γ-centered Monkhorst-Pack11 k-point meshes with a minimum density of 48 k-

points per Å, and integrated the Fermi surface with Gaussian smearing of width 0.05 eV. We 

fully relaxed the cell volumes, cell shapes, and ionic positions of all structures considered, 

without preserving any underlying symmetry, until the residual forces fell below |0.03| eV/Å 

and the total energies converged within 0.01 meV. We initialized all TMs in high-spin 

ferromagnetic configurations to approximate their ground-state magnetic ordering. We 
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evaluated the electronic structures by calculating the total and projected densities of states 

(DOS) with denser 96 k-point per Å meshes using the tetrahedron method with Blöchl 

corrections.12  

For calculating the average (de)intercalation voltages of Na in the sodium superionic 

conductor (NASICON) frameworks considered, we modeled the electrochemical intercalation 

process as a reversible reaction,  

Na!TM"(PO#)$ + (x − y)Na% + (x − y)e& 		
&∆(!
/⎯1 		Na)TM"(PO#)$                           (1) 

Here, y and x are the charged and discharged Na compositions in the NASICON framework, 

respectively. We approximated the Gibbs free energy change ∆G* using DFT total energies and 

neglected 𝑝𝑉 and entropic terms. Subsequently, we calculated the average intercalation voltage 

as,13  

V = − ∆(!

()&!)-
≈ − .(/0"12#(34$)%)&5.6/0&12#(34$)%7%()&!)8'(9

()&!)-
                                      (2) 

where µ/0 represents the chemical potential of bulk sodium metal in its ground state body 

centered cubic structure, and F is the Faraday's constant.  

We evaluated the phase behavior at 0 K for all intermediate Na-compositions within 

each NASICON framework considered via DFT-calculated formation energies, E:(x), with 1 

≤ x ≤ 4. For calculating E:(x), we used the fully charged (E(Na;TM"(PO#)$)) and fully 

discharged (E(Na#TM"(PO#)$)) compositions as references.  

E:(x) = E(Na)TM"(PO#)$) − <
#&)
$
= E(Na;TM"(PO#)$) − <

)&;
$
= E(Na#TM"(PO#)$)      (3)                                                                          

At each intermediate Na composition, we systematically generated symmetrically distinct 

Na/vacancy orderings using the pymatgen library,14 in Na compositional steps (Δx) of 1 across 

the compositional range 1 ≤ x ≤ 4. We used the primitive cell of the NASICON structure, 

containing 2 f.u., for performing our enumerations. Upon enumeration, we used the Ewald 
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 3 

summation technique15 to rank structures based on electrostatic energies, calculated by 

assigning point charges of +1, +5, and -2 for the Na, P, and O, respectively, while the TM was 

assigned an oxidation state that would render the overall structure charge-neutral. Upon 

electrostatic ranking, we chose the 10 lowest energy structures for further DFT calculations at 

each Na composition. 

For assessing the overall thermodynamic stability of all NASICON compositions 

considered, we constructed the 0 K convex hull of the Na–Mn–Cr–Fe–P–O six component 

chemical space using DFT-calculated energies and computed the associated energy above the 

convex hull (Ehull) for NASICON compositions considered. For constructing the 6D convex 

hull, we incorporated all relevant elemental, binary, ternary, quaternary, and quinary ordered 

structures, as available in the ICSD to ensure a comprehensive stability evaluation.10 Since only 

DFT-calculated total energies at 0 K were used to construct the convex hull, the resulting phase 

diagrams do not explicitly account for entropic or 𝑝𝑉 contributions. 

To estimate the Na⁺ migration barriers (Em), we adopted a two-step procedure using the 

fully sodiated Na4TM2(PO4)3 compositions as the starting point for all nine NASICON systems. 

First, we used the multi atomic cluster expansion (MACE) universal machine learned 

interatomic potential, namely the MACE-MP-0 potential16 as integrated within the atomic 

simulation environment17 to perform nudged elastic band (NEB) calculations.18 We relaxed 

initial and final endpoints with a quasi-Newton optimizer until forces dropped below 

|0.05| eV/Å over a maximum of 1000 steps. We generated seven intermediate images using the 

image dependent pair potential interpolation method19 with a spring constant of 5 eV/Å2, 

similar to our previous work.20 We optimized the minimum energy path with the NEB method21 

until band forces converged below |0.05| eV/Å, using the Broyden–Fletcher–Goldfarb–Shanno 

optimizer.22 All MACE-based NEB calculations employed the "large" MACE-MP-0 model 

with maximal message equivariance (i.e., L_max = 2). Second, we re-optimized the MACE-
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 4 

relaxed endpoints using DFT with fixed lattice parameters and relaxing ionic positions. We 

applied convergence thresholds of 0.01 meV for energy and |0.03| eV/Å for forces. 

Subsequently, we refined the migration path by combining MACE-relaxed intermediate image 

coordinates with DFT-optimized endpoints as inputs for full DFT-NEB calculations. We carried 

out the DFT-NEB simulations using the Perdew-Burke-Ernzerhof version of the generalized 

gradient approximation functional,23 to reduce computational costs while retaining robust 

qualitative trends.24 

 

Table S1: Projector augmented-wave potentials used to describe the core electrons for each atomic species in 
DFT calculations. 

Element Potential 
Na Na_pv 19Sep2006 
Mn Mn_pv 02Aug2007 
Cr Cr_pv 02Aug2007 
Fe Fe_pv 02Aug2007 
P P 06Sep2000 
O O 08Apr2002 

 
Table S2: Hubbard U values used in this study along with the SCAN functional. The U Values are taken from 
literature.  

Element U 
(eV) 

Mn 2.7 
Cr 0 
Fe 3.1 
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Table S3: DFT-computed lattice parameters of all Na ground-state configurations of binary and ternary sodium 
superionic conductor (NASICON) cathodes investigated in this work. Here, NMP, NCP, NFP, NMCP, NCFP, 
NFMP, NMCFP, NCFMP, and NFMCP denote NaxMn2(PO4)3, NaxCr2(PO4)3, NaxFe2(PO4)3, NaxMnCr(PO4)3, 
NaxCrFe(PO4)3, NaxFeMn(PO4)3, NaxMnCr0.5Fe0.5(PO4)3, NaxCrFe0.5Mn0.5(PO4)3, and NaxFeMn0.5Cr0.5(PO4)3, 
respectively, for x = 1-4. 

System 𝐱 Lattice parameters Volume (Å3) a (Å) b (Å) c (Å) α (⁰) β (⁰) γ (⁰) 

NMP 

1 8.29 8.29 8.58 61.10 61.10 60.00 423.64 

2 8.44 8.51 8.53 62.34 62.27 59.77 447.08 

3 8.64 8.64 8.72 60.52 60.52 62.38 471.54 

4 8.93 8.92 8.72 60.59 58.44 61.31 491.56 

NCP 

1 8.39 8.39 8.59 60.79 60.79 60.00 432.51 

2 8.53 8.46 8.65 60.73 60.18 60.30 445.29 

3 8.65 8.65 8.70 59.78 59.78 60.20 459.78 

4 8.93 8.84 8.75 59.85 58.06 60.50 481.89 

NFP 

1 8.52 8.52 8.76 60.90 60.90 59.99 454.96 

2 8.67 8.64 8.79 60.56 59.97 60.12 467.89 

3 8.74 8.72 8.73 60.02 59.60 60.06 469.50 

4 8.94 8.94 8.68 59.00 58.99 60.00 483.66 

NMCP 

1 8.16   8.17   8.60   61.51   61.40   60.09 414.77 

2 8.48 8.44 8.65 60.87 60.32 60.24 442.15 

3 8.82 8.66 8.79 60.29 57.96 59.19 464.96 

4 8.94 8.94 8.71 59.13 59.14 60.00 485.72 

NCFP 

1 8.35 8.35 8.64 61.07 61.09 60.00 432.93 

2 8.54 8.49 8.69 60.39 60.45 60.62 450.50 

3 8.70 8.69 8.71 60.06 59.66 60.08 464.93 

4 8.92 8.91 8.68 59.15 58.76 59.98 479.82 

NFMP 

1 8.45 8.45 8.67 60.82 60.82 59.99 442.77 

2 8.51 8.48 8.68 60.82 60.29 60.24 447.85 

3 8.71 8.84 8.61 61.54 59.95 59.18 470.77 

4 8.98 8.98 8.74 59.09 59.09 60.00 491.02 
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 6 

NMCFP 

1 8.21 8.21 8.60 61.52 61.51 60.00 418.90 

2 8.47 8.52 8.65 60.21 60.71 60.20 444.77 

3 8.81 8.64 8.90 58.92 58.01 60.10 467.77 

4 8.96 8.96 8.73 59.12 59.11 60.00 488.50 

NCFMP 

1 8.26 8.28 8.59 61.35 61.26 59.89 423.20 

2 8.47 8.53 8.65 60.35 60.75 60.19 446.39 

3 8.68 8.69 8.77 59.85 59.12 60.36 465.04 

4 8.93 8.93 8.68 59.07 59.08 60.00 482.58 

NFMCP 

1 8.32 8.32 8.63 61.17 61.18 60.02 429.58 

2 8.49 8.54 8.68 60.31 60.54 60.33 448.85 

3 8.71 8.66 8.78 59.17 59.72 60.59 466.96 

4 8.94 8.96 8.67 59.04 59.00 59.97 483.94 
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Table S4: Comparison of DFT-calculated intercalation voltages with experimentally reported values for 
representative NASICON cathodes. 

Composition 
DFT 

Voltage 
(V vs. Na/Na⁺) 

Experimental 
Voltage 

(V vs. Na/Na⁺) 
Remarks 

NMP 3.43 (average) - 

Computational prediction. The 
calculated average voltage agrees 
well with previous DFT studies of 
NMP.25 

NCP ~4.09 (Cr4+/Cr3+) ~4.50 (Cr4+/Cr3+) 
Good agreement with the 
experimentally observed high-
voltage Cr⁴⁺/Cr³⁺ redox couple.26 

NFP 4.07 (average) ~3.30-3.60 
Experimental studies confirm 
reversible Fe-based redox 
activity.27 

NMCP 
~3.34 (Mn3+/Mn2+), 
~3.88 (Mn4+/Mn3+), 

~3.88 (Cr4+/Cr3+) 

~3.40 (Mn3+/Mn2+), 
~4.10 (Mn4+/Mn3+), 

~4.30 (Cr4+/Cr3+) 

Good agreement with the 
experimentally identified Mn- and 
Cr-redox processes.28 

NCFP ~2.42 V 
(Fe3+/Fe2+) 

~2.6–3.2 V 
(Fe3+/Fe2+) 

Experimental Mössbauer 
spectroscopy confirms Fe³⁺/Fe²⁺ as 
the dominant electrochemically 
active redox couple. No distinct Cr 
redox activity has been 
experimentally observed.29 

NFMP 4.01 (average) - Complete absence of redox pairs.30 

NMCFP ~3.33 (Mn3+/Mn2+), 
~3.88 (Mn4+/Mn3+) 

~3.50 (Mn3+/Mn2+), 
~4.20 (Mn4+/Mn3+) 

The calculated Mn redox voltages 
agree well with experiment.31 

NCFMP ~2.88 (Mn/Fe), 
~3.95 (Mn4+/Mn3+) 

~2.70 (Fe3+/Fe2+), 
~3.50 (Mn3+/Mn2+), 
~4.20 (Mn4+/Mn3+) 

Experimental studies on related 
Mn–Fe–Cr NASICONs confirm 
Fe²⁺/Fe³⁺ and Mn redox activity.31 

NFMCP 3.55 (average) Not yet reported Computational prediction awaiting 
experimental validation. 
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 8 

 

Figure S1: Schematic of all ground-state Na-vacancy configurations of binary NASICON systems considered. 
All schematics correspond to the primitive cell (2 formula units) of the NASICON structure. The oxygen atoms 
are not shown for visual clarity. 
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 9 

 

Figure S2: Schematic of all ground-state Na-vacancy configurations of ternary NASICON systems considered. 
Notations used are identical to Figure S1. 
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 10 

 
Figure S3: DFT calculated 0 K convex hull of unary NASICON cathodes considered in this work. 
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 11 

 
Figure S4: DFT calculated 0 K convex hull of binary NASICON cathodes considered in this work. 
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 12 

 
Figure S5: DFT calculated 0 K convex hull of ternary NASICON cathodes considered in this work. 
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 13 

 
Figure S6: Atom-projected electronic DOS for different Na contents in the NMP cathode. Brown, blue, pink, and 
orange lines refer to Na s, Mn d, P p, and O p states, respectively. Black dotted vertical lines indicate valence and 
conduction band edges, with the corresponding band gap given as text notations. In case of metallic systems, the 
dotted vertical line refers to the Fermi energy. N1MP, N2MP, N3MP, and N4MP correspond to NaMn2(PO4)3, 
Na2Mn2(PO4)3, Na3Mn2(PO4)3, and Na4Mn2(PO4)3 compositions. 
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 14 

 

Figure S7: Atom-projected electronic DOS for different Na contents in the NCP cathode. Red lines correspond 
to Cr d states, with the remaining notations used identical to Figure S4. N1CP, N2CP, N3CP, and N4CP correspond 
to NaCr2(PO4)3, Na2Cr2(PO4)3, Na3Cr2(PO4)3, and Na4Cr2(PO4)3 compositions. 
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 15 

 
Figure S8: Atom-projected electronic DOS for different Na contents in the NFP cathode. Green lines correspond 
to Fe d states, with the remaining notations used identical to Figure S4. N1FP, N2FP, N3FP, and N4FP correspond 
to NaFe2(PO4)3, Na2Fe2(PO4)3, Na3Fe2(PO4)3, and Na4Fe2(PO4)3 compositions. 
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Figure S9: Atom-projected electronic DOS for different Na contents in the NMCP cathode. Notations used are 
identical to Figure S4-S6. N1MCP, N2MCP, N3MCP, and N4MCP correspond to NaMnCr(PO4)3, 
Na2MnCr(PO4)3, Na3MnCr(PO4)3, and Na4MnCr(PO4)3 compositions. 
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Figure S10: Atom-projected electronic DOS for different Na contents in the NCFP cathode. Notations used are 
identical to Figure S4-S6. N1CFP, N2CFP, N3CFP, and N4CFP correspond to NaCrFe(PO4)3, Na2CrFe(PO4)3, 
Na3CrFe(PO4)3, and Na4CrFe(PO4)3 compositions. 
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Figure S11: Atom-projected electronic DOS for different Na contents in the NFMP cathode. Notations used are 
identical to Figure S4-S6. N1FMP, N2FMP, N3FMP, and N4FMP correspond to NaFeMn(PO4)3, Na2FeMn(PO4)3, 
Na3FeMn(PO4)3, and Na4FeMn(PO4)3 compositions. 
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Figure S12: Atom-projected electronic DOS for different Na contents in the NMCFP cathode. Notations used are 
identical to Figure S4-S6. N1MCFP, N2MCFP, N3MCFP, and N4MCFP correspond to NaMnCr0.5Fe0.5(PO4)3, 
Na2MnCr0.5Fe0.5(PO4)3, Na3MnCr0.5Fe0.5(PO4)3, and Na4MnCr0.5Fe0.5(PO4)3 compositions. 
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Figure S13: Atom-projected electronic DOS for different Na contents in the NCFMP cathode. Notations used are 
identical to Figure S4-S6. N1CFMP, N2CFMP, N3CFMP, and N4CFMP correspond to NaCrFe0.5Mn0.5(PO4)3, 
Na2CrFe0.5Mn0.5(PO4)3, Na3CrFe0.5Mn0.5(PO4)3, and Na4CrFe0.5Mn0.5(PO4)3 compositions. 
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Figure S14: Atom-projected electronic DOS for different Na contents in the NFMCP cathode. Notations used are 
identical to Figure S4-S6. N1FMCP, N2FMCP, N3FMCP, and N4FMCP correspond to NaFeMn0.5Cr0.5(PO4)3, 
Na2FeMn0.5Cr0.5(PO4)3, Na3FeMn0.5Cr0.5(PO4)3, and Na4FeMn0.5Cr0.5(PO4)3 compositions. 
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Figure S15: Heat map of Ehull (in meV/atom) for all unary, binary, and ternary NASICON compositions across 
sodium contents 1 ≤ x ≤ 4. Stable phases (Eₕᵤₗₗ = 0) are shown in dark blue, metastable compositions (Ehull ≤ 50 
meV/atom) appear in lighter shades of blue to red, and unstable phases (Ehull > 50 meV atom⁻¹) are in saturated 
red. Numerical values in each cell denote the computed Ehull for the most stable Na/vacancy ordering at the given 
composition. 
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Figure S16: The minimum energy pathways (MEP), as calculated by DFT-based NEB for unary NASICON 
systems considered. 
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Figure S17: DFT-NEB calculated MEPs of binary NASICON cathodes for symmetrically distinct Na1–Na2 hops 
identified in each structure. The numerical annotations across each composition indicate the Na site indices across 
which a hop was simulated. 
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Figure S18: DFT-NEB calculated MEPs of ternary NASICON cathodes for symmetrically distinct Na1–Na2 hops 
identified in each structure. The numerical annotations across each composition indicate the Na site index across 
which a hop was simulated. 
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