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ABSTRACT: The search for sustainable, high-performance cathodes has driven a
growing interest in sodium superionic conductor (NASICON)-type phosphate com-
pounds for sodium-ion batteries (SIBs). To identify promising NASICON composi-
tions containing earth-abundant transition metals (TMs) and to systematically
examine the role of multiple TMs in influencing the various properties of
NASICON cathodes, we employ density functional theory calculations in this work
to investigate nine NASICON compositions containing Mn, Cr, and/or Fe, spanning
unary, binary, and ternary combinations. Our calculations reveal that unary systems, in
terms of their Na intercalation phase behavior, exhibit well-defined stabilization at
intermediate Na contents (x in NaxTM2(PO4)3), while binary and ternary systems
display more complex phase behavior, with some systems showing a shift of thermo-
dynamic minima from x = 3 to x = 2. Intercalation voltages highlight the dominant
role of Fe4+/Fe3+ redox activity in elevating average voltages (∼4.0 V), while Mn
4
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and Cr introduce intermediate-to-low voltage redox activity, respectively. Electron
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ic structure data demonstrate nonsystematic
changes in the band gap, especially in systems containing multiple TMs. Na+ mobility results identify mixed-TM frameworks as favor-
able, achieving Na+ migration barriers in the 0.3–0.4 eV range. Importantly, we identify NaxMnFe0.5Cr0.5(PO4)3 to be a promising
ternary composition for subsequent experimental validation, offering an optimal intersection of phase stability, voltages, thermody-
namic (meta)stability, and Na+ migration barriers. Together, our study provides fundamental insights into the interplay between com-
positional complexity, thermodynamic stability, electronic structure, and ionic transport in NASICON cathodes, and offers actionable
design principles for utilizing multi-TM NASICONs as high performance cathode materials in SIBs.
KEYWORDS: sodium-ion batteries, NASICON cathodes, multi-transition-metal substitution, density functional theory, sustainability
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The global transition toward renewable energy and electrified
transportation has intensified the demand for advanced
rechargeable battery technologies.1,2 Lithium-ion batteries
(LIBs) dominate the market owing to their high energy density,
efficiency, and long cycle life.3,4 However, concerns regarding
the long-term sustainability of LIBs, arising from the uneven
geographical distribution of lithium and key transition metals
(TMs), have created economic, political, and supply chain vul-
nerabilities.5,6 These challenges have accelerated the search for
alternative energy storage systems,7 among which sodium-ion
batteries (SIBs) have emerged as a promising and cost-
effective solution.8,9 SIBs share many similarities with LIBs,
including intercalation-based mechanisms and comparable
design principles, making them attractive as “drop-in” replace-
ment technologies that can utilize existing manufacturing infra-
structure.10,11 Nevertheless, their practical deployment critically
materials, particularly cathodes.12,13

The most widely studied SIB cathode classes are layered TM
oxides (TMOs), Prussian blue analogues (PBAs), and polyanio-
nic compounds.14 Layered TMOs offer high specific capacities
and facile synthesis but suffer from structural instability due
to detrimental phase transitions during cycling.15,16 PBAs
exhibit favorable rate capabilities and moderate capacities but
face intrinsic challenges such as cyanide-group decomposition
and structural water, compromising safety and long-term
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Figure 1. Crystal structure of the rhombohedral NASICON
Na4TM2(PO4)3 (space group: R3 ̅c) with TM = Mn, Cr, or Fe. The
framework is constructed with “lantern units” (highlighted by the
dashed box), each consisting of two TMO6 octahedra (red) bridged
by three PO4 tetrahedra (blue) via corner-sharing. Sodium occupies
two crystallographically distinct sites: Na1 (yellow spheres; six-fold
coordinated; 1 per f.u.) located between TM octahedra, and Na2
(green spheres; eight-fold coordinated; 3 per f.u.) coordinated by adja-
cent phosphate groups.
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stability.17,18 In contrast, polyanionic frameworks,13,19 particu-
larly sodium superionic conductor (NASICON)-type materials,
first reported by Hong and Goodenough,20,21 have gained
significant attention for their three-dimensional Na-ion (Na+)
diffusion pathways, high operating voltages, and robust open
framework structures.22–24 With the general formula
NaxTM2(XO4)3 (1 ≤ x ≤ 4; TM = transition metal; X = Si,
P, or S), NASICONs offer exceptional thermal stability and
compositional flexibility, enabling systematic optimization of
redox activity, voltage, and capacity.25

NASICONs theoretically allow the intercalation of up to four
Na+ per formula unit (f.u.), offering the potential for high
energy densities. In practice, however, achieving fully reversible
(de)intercalation of four Na+ per formula unit remains challeng-
ing due to voltage polarization, limited redox accessibility and
synthesis constraints. For example, Na3V2(PO4)3 (NVP) can
reversibly exchange two Na+ via the V4+/V3+ redox couple,
operating at an average voltage of ∼3.4 V and delivering a prac-
tical cathode-level energy density of ∼370 Wh/kg.26 Although
insertion of a third Na+ is possible electrochemically (to form
Na4V

2+V3+(PO4)3 at ∼1.6 V vs. Na/Na+), the associated large
voltage gap between the V4+/V3+ and V3+/V2+ couples, along
with the synthetic difficulty of Na4V2(PO4)3, limits its practical
use.27 A recent study also reported the extraction of the “last”
Na in NaV2(PO4)3, achieving compositions closer to V2(PO4)3
while retaining the NASICON structure, with possible improve-
ments in reversible capacity.28 Despite these advances, enhancing
the overall capacity and energy density of NASICON cathodes
remains a key challenge.

To address these limitations, binary and multi-transition-
metal (multi-TM) NASICON systems have been investigated
as a strategy to activate multiple redox centers and improve
electrochemical performance. Compounds such as
Na3MnTi(PO4)3

29,30 and Fe-Mn-V variants31,32 demonstrate
improved cycling stability, wider voltage windows due to
multi-redox activity, and enhanced rate capability compared to
unary systems. For instance, Na4MnV(PO4)3 delivers high
Coulombic efficiency and long-term durability over 1000
cycles.31 Nevertheless, practical limitations persist, including
incomplete utilization of available redox couples and residual
structural distortions, such as the Jahn–Teller (J–T) effects in
Mn-rich compositions. Additionally, Nb-based NASICONs
have demonstrated the ability to achieve higher capacities via
the removal of the last Na, albeit at low (de)intercalation volt-
ages, making them more suitable for anode applications.33

The shortcomings of the unary and binary TM NASICONs
highlight the need for systematic multi-TM substitution as a
versatile approach to simultaneously activate multiple redox
reactions, enhance structural robustness, and enable higher
energy densities.

In this study, we employ density functional theory (DFT)-based
computations to systematically investigate a series of nine
NASICON compositions spanning unary, binary, and ternary sys-
tems with Mn, Cr, and Fe substitutions. Specifically, we consider
unary systems including NaxMn2(PO4)3 (NMP), NaxCr2(PO4)3
(NCP), NaxFe2(PO4)3 (NFP), binary systems comprising
NaxMnCr(PO4)3 (NMCP), NaxCrFe(PO4)3 (NCFP),
NaxFeMn(PO4)3 (NFMP) and ternary systems spanning
NaxMn1.0Cr0.5Fe0.5(PO4)3 (NMCFP), NaxCr1.0Fe0.5Mn0.5(PO4)3
(NCFMP), NaxFe1.0Mn0.5Cr0.5(PO4)3 (NFMCP). We choose
Mn, Cr, and Fe as the TMs in the NASICON framework based
on their earth abundance, complementary redox properties, and
B

possible roles in structural stabilization. Through our DFT calcula-
tions, we establish systematic trends in the structural features,
phase stability and thermodynamic behavior, intercalation voltages
across the full Na composition range (1 ≤ x ≤ 4), electronic struc-
ture, redox activity, and Na+ migration barriers, and validate with
available experimental data, where possible. Notably, we identify
NMCFP as a promising ternary NASICON SIB cathode material,
offering an optimal balance across thermodynamic stability, phase
behavior, intercalation voltages, electronic structure, and Na+

mobility. Our study establishes a comprehensive computational
mapping of electrochemical and structural trends across Mn-,
Cr-, and Fe-containing NASICONs, thus providing fundamental
insights that enable the rational design of high-performance, sus-
tainable NASICON cathodes for next-generation SIBs. All the
computational methods used in this work, including enumeration
of structures, formation energy (Ef(x)), energy above the convex
hull (Ehull) and voltage estimations, electronic density of states
(DOS) and nudged elastic band (NEB) calculations, are detailed
in the supporting information (SI), with a few important parame-
ters compiled in Tables S1 and S2.
2. RESULTS

2.1. Structure

Generally, NASICON frameworks crystallize in a rhombohedral
structure (with R3 ̅c space group),24 although monoclinic (C2/c
or Cc)34 and, more rarely, triclinic (P1̅)34 forms have also been
reported. The archetypal rhombohedral NASICON structure as
displayed in Figure 1, comprises corner-sharing TMO6 octahe-
dra and PO4 tetrahedra, arranged into characteristic “lantern
units” (inset of Figure 1). Each lantern unit consists of two
TMO6 octahedra bridged by three PO4 groups, and these
motifs assemble into a three-dimensional framework with
well-defined Na+ diffusion channels. Na resides in two distinct
crystallographic sites: the six-fold coordinated Na1 site located
between two TM octahedra, and the eight-fold coordinated
Na2 site that lie amidst PO4 groups. At full sodiation (x = 4),
one Na1 and all three Na2 sites per f.u. are occupied, and the
https://doi.org/10.1021/acsami.6c11510
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framework stabilizes in the high-symmetry rhombohedral
phase.35 At x = 1, typically only the Na1 site is occupied and
all Na2 sites are vacant.36 Note that the rhombohedral symme-
try of the NASICON structure can be broken, resulting in a
monoclinic structure, by the ordering of Na+ and vacancies
among the Na2 sites, as typically observed in NaxV2(PO4)3 sys-
tem at x = 3.37 Upon DFT relaxation, we observe the optimized
lattice parameters of all binary and ternary NASICONs to pre-
dominantly preserve the rhombohedral framework with minor
distortions, specifically, ∼0.07 Å deviations along the a and
the b, ∼0.06 Å deviation along the c lattice parameters, and
angular deviations being < 0.4°. Schematics of all ground state
Na-vacancy configurations and the associated lattice parameters
among binaries and ternaries are compiled in the Supporting
Information (see Table S3, Figures S1, and S2).

2.2. Phase Behavior

We compile the Ef(x) and the resultant pseudo-binary convex
hulls at 0 K, for all the NASICON systems considered in
Figure 2, with the top, middle, and bottom panels consisting
of data for the unary, binary, and ternary TM cases. Convex hull
displaying the metastable configurations are compiled in
Figures S3–S5 for all systems considered. Notably, all convex
hulls represent a lack of phase separating behavior upon Na
(de)intercalation across the entire range of x considered, given
the stability of at least one intermediate Na composition with
respect to the end member compositions at x = 1 and x = 4.
Also, in all the NASICON compositions considered, the x =
3 phase is always stable with respect to the end-member
Figure 2. DFT-computed Ef(x) and corresponding 0 K convex hulls
for Na-vacancy orderings as a function of sodium content (x) in
NaxTM2(PO4)3 NASICONs. Each panel represents a compositional
class: (top) unary (NMP, NCP, NFP), (middle) binary (NMCP,
NCFP, NFMP), and (bottom) ternary (NMCFP, NCFMP,
NFMCP). Ef(x) are referenced to the fully discharged
(Na4TM2(PO4)3) and the fully charged (Na1TM2(PO4)3) states and
are normalized per TM2(PO4)3 f.u. to enable direct comparison across
different compositions. At each sodium content, the Ef(x) of only the
most stable Na-vacancy ordering is shown.
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compositions, which can be attributed to the stability of the
3+ oxidation states of the TMs considered and the specific Na-
vacancy ordering that forms at these compositions. Indeed,
Cr3+ (t2g

3eg
0) and high-spin Fe3+ (t2g

3eg
2) are stable oxidation

states for Cr and Fe, respectively, which is reflected in the large
negative Ef(x) values for Cr-rich and Fe-rich NASICON compo-
sitions. On the other hand, Mn3+ is J–T active and is not a par-
ticularly favored oxidation state for Mn, which is reflected in fairly
small negative values in Mn-rich NASICONs. Thus, in Mn-rich
compounds, the stability of the x = 3 composition is primarily
attributable to the electrostatic stabilization arising from the
Na-vacancy ordering among the Na1 and Na2 sites.
Among the unary systems (top panel of Figure 2), NCP

exhibits the deepest Ef(x) minimum at x = 3, followed by NFP
and NMP, indicating qualitatively greater stabilization upon par-
tial (de)sodiation. The steep profile of Ef(x) in NCP suggests a
strong thermodynamic preference for phase separation across
the x = 1–3 and x = 3–4 compositional ranges. However, the
minimum at x = 3 may induce voltage hysteresis upon cycling
and increase the difficulty to electrochemically exchange Na
across the entire x = 1 to x = 4 range, due to increased overpo-
tential (and underpotential) requirements to move away from
the stable x = 3 composition during charging (discharging).
NFP shows a similar profile to NCP, whereas NMP exhibits a
shallow hull with weak intermediate-phase stabilization, possibly
indicating the potential to have a solid-solution behavior across
the entire x = 1 to x = 4 range. However, the ‘shallow’ convex
hull of NMP can indicate potential structural instability associ-
ated with Mn3+ J–T distortions.38,39

Among the binaries (middle panel of Figure 2), NMCP
retains a shallow convex hull similar to NMP, implying limited
stabilization through Na ordering and the dominant role played
by J–T distortions of Mn3+. The NCFP profile shows a large
degree of similarity with the NCP profile, but with an overall
shallower convex hull, indicating the dominant role of Cr-
redox in the structure. Interestingly, NFMP shows a ground
state configuration at x = 2, which is qualitatively different from
NFP, indicating the mixed redox-activity of both Fe and Mn in
the structure influencing the extent of stabilization at intermedi-
ate sodium compositions.
The ternary systems (bottom panel of Figure 2) display some

interesting trends. NMCFP resembles NMP and NMCP, sug-
gesting that Cr and Fe substitution in a Mn framework does
not significantly enhance phase stability, and the electrostatic
stabilization offered by Na-vacancy ordering is offset to an
extent by the J–T distortions of Mn3+. Thus, we do not expect
NMCFP to exhibit a significantly strong phase separation
behavior compared to unary and binary systems. Similar to
NCP and NCFP, NCFMP shows the deepest pseudo-binary
convex hull among the ternaries but with the important differ-
ence of having the minimum at x = 2 instead of x = 3. This
highlights unique redox and structural interactions, likely dom-
inated by Cr’s redox activity, but also modified by the presence
of Mn and Fe, similar to thermodynamic trends observed in
high-entropy systems.40,41 NFMCP exhibits a Ef(x) profile that
is intermediate to the other ternaries, similar to trends observed
in Fe-rich compositions among the unary and binary composi-
tions. Overall, our calculated convex hulls demonstrate how
specific TM combinations govern pseudo-binary phase stability
across the Na intercalation range which critically affects voltage
profiles, hysteresis, and long-term cycling stability in NASICON
cathodes.
https://doi.org/10.1021/acsami.6c11510
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2.3. Intercalation Voltage

Figure 3 presents a comprehensive DFT-calculated voltage map
(versus Na/Na+) of the NaxTM2(PO4)3 NASICON systems
considered across the Mn-Cr-Fe compositional space. The
unary NASICONs (NMP, NCP, NFP) form the vertices of
the triangle, the binaries (NMCP, NCFP, and NFMP) consti-
tute the edge-centers, and the ternaries (NMCFP, NCFMP,
NFMCP) corresponds to the interior circles. Each box indicates
the calculated voltage across specific Na concentration ranges
that typically correspond to specific TM redox activity, namely,
3 ≤ x ≤ 4 (top), 2 ≤ x ≤ 3 (middle), and 1 ≤ x ≤ 2 (bottom),
with the green highlighted bottom box indicating the average
voltage across the entire Na composition range (1 ≤ x ≤ 4).
Note that the redox activity of the TM is inferred from either
the computed on-site magnetic moment changes or based on
typical oxidation state trends that are observed. A comparison
between DFT-calculated intercalation voltages and available
experimentally reported values for the NASICON chemistries
considered in this work is provided in Table S4.
Figure 3. DFT-calculated intercalation voltage map of unary (NMP,
NCP, NFP), binary (NMCP, NCFP, NFMP), and ternary (NMCFP,
NCFMP, NFMCP) NASICON compositions, over the sodium con-
tent range 1 ≤ x ≤ 4. Each composition is positioned within the ter-
nary compositional triangle, with the vertices, edge midpoints, and
interior points representing unaries, binaries, and ternaries, respec-
tively. Each box displays the voltages over specific Na (de)intercalation
content ranges, i.e., 3 ≤ x ≤ 4, 2 ≤ x ≤ 3, and 1 ≤ x ≤ 2, with the aver-
age (de)intercalation voltage across the 1 ≤ x ≤ 4 range highlighted in
the green boxes. Voltage values are associated with redox couples, as
inferred from computed on-site magnetic moments or known oxida-
tion state trends.
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The calculated average voltage spans from a low 2.97 V
(NCP) to a high 4.07 V (NFP) vs. Na/Na+, with other
NASICON compositions exhibiting average voltages that are
intermediate to these extreme values. Fe-rich compositions
(NFP, NFMP) consistently deliver the highest average voltages
(∼4.01–4.07 V), reflecting the high voltages at which Fe4+/
Fe3+ redox occurs. Cr-rich compositions, such as NCP and
NCFP show lower average voltages (2.97 and 3.65 V), as gov-
erned primarily by Cr3+/Cr2+ and Cr4+/Cr3+ redox activities,42

while Mn-based compositions exhibit intermediate voltages
(3.43 V for NMP and 3.70 V for NMCP), involving mainly
Mn3+/Mn2+ and Mn4+/Mn3+ transitions. Given that the Fe-
rich NASICONs (NFP, NFMP, and NFMCP) exhibit voltage
plateaus that occur at voltages higher than 4.5 V vs. Na at low
levels of Na, which may be beyond the electrolyte stability win-
dows of Na-based electrolytes,43 we do not expect large degrees
of electrochemical Na deintercalation to be viable in Fe-rich
unary and binary NASICONs considered.
The trends in average voltages among ternaries are different

from the trends observed among unaries and binaries. For
example, the Fe-rich ternary (NFMCP) exhibits the lowest
average voltage (∼3.55 V), which is dominated by the Mn4+/
Mn3+ and Cr4+/Cr3+ redox couples instead of the high-
voltage Fe4+/Fe3+ couple, with the low-voltage Fe3+/Fe2+

redox couple participating at high degrees of sodiation in
NFMCP. The Mn-rich NMCFP yields the highest average volt-
age (∼3.79 V), with the redox transitions comprising exclusively
of Mn/Cr and Fe largely being inert. The Cr-rich NCFMP
exhibits an intermediate average voltage (∼3.67 V), which is
also dominated by Mn and Cr redox transitions, with Fe partic-
ipating at high concentrations of Na. Notably, the NMCFP
NASICON yields the highest average voltage among all systems
considered where the individual voltage plateaus (from 1 ≤ x ≤
2 to 3 ≤ x ≤ 4) lie below the oxidative stability limit of most Na
electrolytes (∼4.5 V vs. Na),43 thus representing the most
promising NASICON cathode among the compositions consid-
ered, in terms of average voltages.
In general, redox transitions in multi-TM NASICON systems

display remarkable consistencies, i.e., a given redox couple
occurs over a small voltage range, with electrostatics and local
chemical environments playing a minor role.39 Indeed, we do
observe redox couples occurring at similar voltages in our
NASICON systems as well. For example, the Mn3+/Mn2+

and Mn4+/Mn3+ redox couple occur within narrow 3.30–
3.34 V and 3.88–3.95 V ranges, respectively, across binary and
ternary NASICONs containing Mn. Similarly, Cr4+/Cr3+ redox
occurs across a 4.09–4.18 V window across all Cr-containing
NASICONs, except NMCP (at 3.88 V). The exceptions to
redox couples occurring over narrow intercalation voltages pre-
dominantly occur in Fe-containing systems, which can be attrib-
uted to a lack of clear signature of Fe redox couples (especially
associated with the Fe4+/Fe3+ redox) and possible contribu-
tions from the anion in the redox process itself. Thus, our work
highlights the trends, the role of TM redox couples, and other
factors such as electrostatics that influence the voltages at which
Na can (de)intercalate in the multi-TM NASICON
frameworks.

2.4. Electronic Structure

Figure 4 presents the atom-projected electronic DOS
for NaxTM2(PO4)3 NASICON systems in the fully charged
https://doi.org/10.1021/acsami.6c11510
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Figure 4. Atom-projected electronic DOS for select NaxTM2(PO4)3 NASICON systems, where TM = Mn, Cr, and/or Fe. Panels on the left and
right columns correspond to charged (x = 1) and discharged (x = 4) Na-compositions, respectively. We compile the DOS for four NASICONs,
namely, NMP (top row), NMCP (second), NFMP (third), and NMCFP (bottom row). The projected DOS contributions from Na s, Mn d, Cr
d, Fe d, P p, and O p orbitals are shown using distinct colors, as indicated in the legend. The vertical dotted lines mark the valence (set to 0 eV)
and conduction band edges in non-metallic systems, and the Fermi energy (set to 0 eV) in metallic systems. For non-metallic systems, the numerical
annotations correspond to the calculated Eg.
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(x = 1, left column) and fully discharged (x = 4, right column)
states across four representative compositions, namely, NMP,
NMCP, NFMP, and NMCFP. We plot the DOS over an energy
range of –5 to + 5 eV relative to either the Fermi level (set at
0 eV in metallic systems) or the valence band edge (set to
E

0 eV in non-metallic systems), with the spin-up and spin-
down states shown as positive and negative DOS values, respec-
tively. The number adjacent to Na in the NASICON notation
(for example 4 in ‘N4MCP’) indicates that x = 4 within the
NASICON (i.e., the composition is Na4MnCr(PO4)3). The
https://doi.org/10.1021/acsami.6c11510
ACS Appl. Mater. Interfaces XXXX, XXX, XXX–XXX
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DOS of the all NASICON compositions considered are com-
piled in the Supporting Information, see Figures S6–S14.

Across all compositions in Figure 4, the valence band edge or
the Fermi level predominantly comprises O 2p states, with the
TM 3d states contributing significantly in several systems, such
as N4MP, N1CP, N4CP, N4FMP, and N4MCFP, similar to
observations in other NASICON compositions.39 The conduc-
tion band mainly consists of unoccupied TM d states, which is
typically consistent with their redox activity during sodium
(de)intercalation.44 In general, as sodium content increases
(from charged to discharged state), the TM d states shift toward
the valence band/Fermi level, progressively filling the electronic
states, and thus narrowing the band gap (Eg) in several
unaries.45 For example, the Eg in NMP reduces from the
charged (N1MP, ∼1.16 eV) to the discharged (N4MP,
∼1.05 eV) along with a shift of Mn d states from the conduction
band to the valence band. Note that phase transitions within the
unary NASICONs, such as the rhombohedral to monoclinic
transition in NaxV2(PO4)3 at x = 3, can cause non-monotonic
variations in the band gap with sodiation.37

However, such progressive filling of TM d states does not
cause a drop in Eg in the binary and ternary systems. For
instance, the charged state in NMCP exhibits a low Eg
(∼0.32 eV), which can be attributed to sharp, localized Cr d
at both the valence and conduction band edges (i.e., the Eg falls
among the Cr d bands). Upon full sodiation, the Eg widens to
∼2.01 eV, with the DOS indicating the valence and conduction
band edges being dominated by Mn d and Cr d states, respec-
tively (i.e., the Eg falls between the Mn and Cr d states). The
shift of the Mn and Cr d states with increasing Na content in
NMCP is also consistent with the sequence of redox couples
that are activated (see Figure 3) with Na insertion, i.e., the
Cr4+/Cr3+ redox couple activates first (leading to a shift in
the Cr d states to the valence band) followed by Mn4+/Mn3+

and Mn3+/Mn2+ couples (resulting in the shift of Mn d states).
We observe similar increases in Eg in NFMP (0 to 1.80 eV) and
NMCFP (0.46 to 1.93 eV) systems, which are accompanied by
a change in the d/p states surrounding the Fermi level with
increasing Na content that are consistent with the sequence of
redox reactions occurring in these systems. Thus, the presence
of multiple TMs may not reduce the Eg of NASICON systems
with increasing sodiation, at least at the fully discharged compo-
sitions, and hence may not necessarily contribute to any
improvement in electronic conductivity with sodiation.

2.5. Thermodynamic Stability

To quantify the thermodynamic stability of the various
NASICON systems considered, we calculate the Ehull based
on the Na-Mn-Cr-Fe-P-O 6D system and visualize the data as
ternary projections at different Na compositions in Figure 5.
Specifically, we consider the unary NASICONs, namely,
NMP, NCP, and NFP, as end compositions and plot the Ehull
values for Na contents of x = 1 (panel a), x = 2 (panel b),
x = 3 (panel c), and x = 4 (panel d). Note that all stable phases
lie on the hull (Ehull = 0, dark blue circles in Figure 5), metasta-
ble phases are considered to exhibit an Ehull within a threshold
of 50 meV/atom (blue to orange circles), and unstable phases
exhibit Ehull > 50 meV/atom (red circles). The Ehull threshold
of 50 meV/atom is a rule-of-thumb and reflects the fact that
compounds slightly above the convex hull can often be realized
experimentally under high temperature or non-equilibrium
synthesis conditions.46–48 For all metastable and unstable
F

NASICONs in Figure 5, the arrows and associated chemical for-
mula indicate the stable decomposition products that the
NASICONs are expected to form under equilibrium. A heat-
map summarizing all Ehull values across all compositions is com-
piled in Figure S15.
The unary NMP and NCP remain stable or metastable (Ehull

≤ 25 meV/atom) across the entire Na composition range (1 ≤
x ≤ 4), with the x = 1 and x = 3 compositions being thermody-
namically stable, consistent with experimental reports of synthesis
and Na-cycling across these compositions.49 In contrast, NFP
exhibits high instability, particularly at low Na content (x = 1
and 2), with Ehull exceeding 100 meV/atom at x = 1. The (in)sta-
bility of unary NASICONs can largely be attributed to the stabil-
ity of the underlying TM in its oxidation state. For example, Mn
is known to form stable compounds in its +4 oxidation state
whereas Fe’s +4 oxidation state is known to be unfavorable.50

Interestingly, our calculations indicate Na3Fe2(PO4)3, a
NASICON that has been synthesized and electrochemically
cycled, to be metastable (Ehull = 14.6 meV/atom), highlighting
the fact that metastable compounds can indeed be synthesized
and used under room temperature conditions.
Similar to unary systems, binaries show better (meta)stability

at higher Na contents (x = 3–4), with Ehull values in the range
of ∼6–20 meV/atom, indicating potential synthesizability and
electrochemical use. Indeed, Mn-Cr,51 Cr-Fe,52 Fe-Mn53 binary
NASICONs have been experimentally synthesized and electro-
chemically cycled, in agreement with our data. While NMCP
continues to be metastable at lower Na compositions (Ehull
22–28 meV/atom), both Fe-containing binaries (NFMP and
NCFP) become unstable at x = 1 (Ehull > 90 meV/atom), sug-
gesting the continued role of the unfavorable +4 oxidation state
of Fe in determining the thermodynamic (in)stability of the
NASICON. Thus, among binary NASIONs considered,
NMCP is the only candidate favorable for reversible Na (de)in-
tercalation across the entire Na composition range.
Ternary systems generally exhibit higher Ehull values across

all Na compositions than their binary and unary counterparts,
reflecting stronger thermodynamic competition among multiple
possible unary and binary NASICON phases, with this effect
being especially pronounced at low Na content.54 At x = 3,
the ternaries exhibit Ehull in the range of 18.6–29.1 meV/atom,
while binaries and unaries exhibit Ehull values in the ranges of
15.9–19.1 meV/atom and 0–14.6 meV/atom, respectively.
Thus, experimental synthesis and (meta)stability of the ter-
naries under electrochemical conditions may have to arise from
possible configurational entropic contributions due to the pres-
ence of multiple types of TMs. For example, the ternary
NMCFP is predicted to decompose to NaMn2(PO4)3 and
Na3Cr2(PO4)3 at low and high Na contents, respectively, indi-
cating that any experimental synthesis needs to avoid the forma-
tion of unary (or binary) NASICONs that can act as
thermodynamic sinks.
While NMCFP and NCFMP ternaries approach or exceed

the metastability threshold at x = 1, the Fe-rich NFMCP ter-
nary exceeds the threshold at x = 2 and reaches a high Ehull
value of 93.6 meV/atom at x = 1, highlighting the continued
contribution of the Fe4+ state in causing instability even in
higher-component NASICONs. Nevertheless, the overall meta-
stable nature of NMCFP (Ehull 23–50.4 meV/atom), the lack of
a strong tendency for phase separating behavior with Na (de)in-
tercalation (Figure 2), and the high average Na (de)intercala-
tion voltage exhibited by NMCFP (3.79 V; Figure 3)
https://doi.org/10.1021/acsami.6c11510
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Figure 5. Stability of the NASICON systems considered, as calculated based on the 0 K Na-Mn-Cr-Fe-P-O 6D convex hull, are visualized as ternary
projections for different Na compositions of NaxTM2(PO4)3, namely, (a) x = 1, (b) x = 2, (c) x = 3, and (d) x = 4. Stable (Ehull = 0 meV/atom),
metastable (Ehull ≤ 50 meV/atom), and unstable (Ehull > 50 meV/atom) NASICONs are displayed as dark blue, blue to orange, and red circles,
respectively. Arrows surrounding metastable and unstable compositions indicate the stable decomposition products at the corresponding
compositions.
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indicates the promising nature of NMCFP as a high-
performance cathode for SIBs among the NASICONs consid-
ered in this work. Notably, NMCFP exhibits its lowest Ehull of
23 meV/atom at x = 4 with possible decomposition to the
unary Na3Cr2(PO4)3, while it exhibits a slightly higher Ehull of
26.3 meV/atom at x = 3 without the formation of any
NASICON decomposition products, indicating that x = 3 is a
better Na content to target in the experimental synthesis of
the NMCFP ternary NASICON than x = 4.

2.6. Na+ Migration Pathways and Barriers

Na migration in a given NASICON framework can occur via
three principal channels: Na1–Na1, Na2–Na2, and Na1–Na2.
Previous studies55 have indicated that Na1–Na2 hops exhibit
the lowest migration barrier (Em, typically in the 0.25–0.35 eV
range) due to favorable migration geometry and minimal lattice
strain, whereas direct Na1–Na1 and Na2–Na2 hops often exceed
0.6–1.0 eV due to structural bottlenecks. Hence, we exclusively
focus on the symmetrically distinct Na1–Na2 hops across all
NASICON compositions considered, at the discharged Na con-
tent (x = 4), and compiled the DFT-NEB calculated Em in
Figure 6. Note that we did not consider intermediate or charged
G

Na content in the NASICON compositions primarily to reduce
computational costs, while the calculated data at x = 4 should
provide qualitative guidance and trends across all NASICON sys-
tems considered.
Blue, orange, and green symbols in Figure 6 correspond to

unary, binary, and ternary NASICONs considered respectively.
In binary and ternary systems, due to the arrangement of differ-
ent TM ions in the NASICON structure, the number of distinct
Na1-Na2 hops increases in comparison to unary system.
For example, in NMCP, we identify Na1(1)–Na2(3) and
Na1(1)–Na2(6) as distinct migration channels, validated via
pymatgen’s StructureMatcher module,56 where the numerical
label in bracket indicates the specific index of the Na site within
the structure. Thus, the difference between the solid circles and
hollow diamonds among binary and ternary NASICONs in
Figure 6 reflect the range of Em for the possible and distinct
Na1-Na2 hops within the NASICON structure. The numerical
annotations in Figure 6 correspond to the Em values (in meV),
with both the lower and upper limiting values of Em indicated
for the binary and ternary systems. The minimum energy path-
way profiles associated with all DFT-NEB Em calculations are
compiled in Figures S16–S18.
https://doi.org/10.1021/acsami.6c11510
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Figure 6. Calculated Na+ Em for unary (blue symbols), binary (orange), and ternary (green) NASICON systems. For binaries and ternaries, the
solid circles and hollow diamonds indicate the lower and upper limits, respectively of symmetrically distinct Na1–Na2 hop pairs identified in each
structure.
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Among the unary NASICONs, NMP and NCP exhibit low
Em of 295 and 322 meV, respectively, consistent with fast
Na+ transport in these cathodes. Interestingly, NFP showed a
much higher Em of 564 meV, likely arising from lattice distor-
tions and electrostatic pinning of Na+ within the structure, con-
sistent with impedance evidence for limited ionic transport in
Fe-based NASICONs.57 Note that a Em of 564 meV does not
preclude a material from being used as a cathode, with the range
of 525–650 meV often used in identifying cathode materials
with good ionic mobility.58 Thus, all the NASICONs consid-
ered in this study exhibit Em lower than 650 meV, indicating
that all compositions can be considered for SIB cathode applica-
tion, in terms of ionic mobility.

All binary NASICONs considered display low-to-moderate
Em values, highlighting swift motion of Na+ within these struc-
tures irrespective of the specific TM combination present.
Indeed, NMCP, NCFP, and NFMP show Em values in the
ranges of 296–300 meV, 312–360 meV, and 331–352 meV,
respectively. Both Fe-containing binary NASICONs, namely
NCFP and NFMP exhibit Em that are significantly below the
Em of NFP (564 meV), highlighting the reduced influence of
any Fe3+-based pinning effect on the Na+ motion, and under-
scoring the beneficial role of mixed TM environments in reduc-
ing Em.

Ternary NASICONs display broader Em distributions, com-
pared to the binary systems, reflecting more complex interplay
of multiple TMs occupying distinct sites and larger sensitivity
of Na+ transport to local TM arrangements. For example,
NFMCP exhibits the broadest Em distribution of 91 meV
(308–399 meV), substantially larger than the 21 meV and
H

48 meV ranges observed for the corresponding binary systems
NFMP and NCFP, respectively. Similarly, NMCFP displays
an Em range of 27 meV (328–355 meV), compared to 4 meV
for NMCP and 21 meV for NFMP. The only exception is
NCFMP, which exhibits a relatively narrow Em range of
23 meV (331–354 meV), slightly smaller than the 48 meV
observed for NCFP, suggesting that the local Mn–Cr–Fe
arrangement in NCFMP results in a more uniform Na diffusion
landscape despite the increased compositional complexity.
Nevertheless, all ternaries exhibit both high and low Em values
that are within the 650 meV threshold, suggesting that all ter-
naries should display sufficiently facile Na+ motion.
Importantly, we find the ternary NMCFP NASICON, which
was identified as promising based on phase behavior, intercala-
tion voltage, and thermodynamic stability, to be promising in
terms of Na+ Em as well.

3. DISCUSSION

Our study systematically explores the structural, thermody-
namic, electronic, and transport properties of nine Na-based
Mn–Cr–Fe NASICON frameworks (Figure 1) across
unary, binary, and ternary compositions using DFT-based com-
putations. We identify clear Na and TM composition-
dependent trends linking TM chemistry to phase behavior
(Figure 2), intercalation voltage (Figure 3), electronic structure
and Eg (Figure 4), 0 K thermodynamic stability (Figure 5),
and Na+ Em (Figure 6). Among the nine NASICON composi-
tions investigated, NMCFP exhibits the most balanced combi-
nation of thermodynamic stability, high intercalation voltage,
https://doi.org/10.1021/acsami.6c11510
ACS Appl. Mater. Interfaces XXXX, XXX, XXX–XXX
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low Na+ Em, and favourable phase behaviour, making it
the most promising composition identified in our study.
Recent experimental studies on related Mn–Fe–Cr NASICON
compositions, including Na4.2MnFe0.3Cr0.8(PO4)3,
Na4Mn0.8Fe0.2Cr(PO4)3, and Na4Mn0.5Fe0.5Cr(PO4)3, have
demonstrated reversible Mn- and Fe-based redox activity
together with encouraging electrochemical performance, lend-
ing strong experimental support to the design principles estab-
lished in this work.59 Similarly, the binary NMCP has been
investigated experimentally and has demonstrated high operat-
ing voltage, excellent energy density, and favorable cycling per-
formance, in good agreement with our computational
predictions,51,60 indicating an additional promising chemical
space for further optimization. Additionally, NCFMP shows
balanced operating voltage, robust phase behaviour, favourable
thermodynamic stability, and consistently low-to-moderate Em
values, making it an attractive candidate as well. On the other
hand, low operating voltages may limit the attainable energy
density in binary NCFP despite its good Na+ mobility,52 while
NFMCP and NFMP exhibit poor thermodynamic stability,
broader Em distributions, and high-voltage plateaus that may
exceed the stability window of conventional Na+ electrolytes,
making them less attractive for practical applications. Overall,
our findings establish clear materials-design guidelines, indicat-
ing that Mn-rich NASICONs offer the most favorable balance
of stability, voltage, and Na+ transport, with Cr-rich composi-
tions suggesting a pathway of promising alternatives.

One of the approximations involved in our work is the use of
a hybrid MACE-MP-0 and DFT-based NEB workflow to calcu-
late to calculate Na+ Em that we adopted to balance accuracy
and computational efficiency. While this strategy captures
trends in Em values, results may vary if alternative universal
machine learned interatomic potentials,61,62 different interpola-
tion schemes,63 or direct full-DFT NEB calculations are
employed. Additionally, we have only calculated Em values at
the discharged composition (x = 4, Figure 6), with several
NASICONs exhibiting non-monotonic trends in Em values with
Na-content and associated bottlenecks for Na (de)intercalation
at low Na contents (x ∼ 1).64,65 Nevertheless, given that multi-
TM substitution has mostly a marginal effect on the calculated
Em values, we expect qualitative trends at lower Na-contents
to be similar among the NASICON chemistries considered.

Comparisons with experimental studies provide context to
our calculated results. For instance, our high Em for Fe-based
NASICONs (Figure 6) aligns with the poor ionic conductivity
observed experimentally for Na3Fe2(PO4)3.

66 Similarly, the
predicted low Em for Mn- and Cr-rich (unary) systems are con-
sistent with their relatively higher conductivities.66 However,
our convex-hull results suggest that ternary Mn–Cr–Fe
NASICONs are metastable (Ehull > 50 meV/atom, Figure 5),
in partial alignment with experimental reports of synthesis in
V-containing ternary NASICONs (such as V-Mn-Fe31,32).
This discrepancy may arise from kinetic stabilization, non-
equilibrium synthesis routes, or entropic contributions not cap-
tured in our 0 K analysis. Voltage predictions (Figure 3) also
agree qualitatively with reported redox activity (Fe3+/Fe2+

and Cr3+/Cr2+ at low voltages, Mn3+/Mn2+ at intermediate,
Cr4+/Cr3+ at high), though the exact voltage values are not
always in agreement, possibly due to the approximations
involved with DFT-based 0 K calculations.

Some of the observed trends in our work are non-intuitive.
For example, unary and binary NASICONs show the global
I

minimum with Na content (Figure 2) at x = 3, which is consis-
tent with favorable Na/vacancy ordering within the Na sublat-
tice and stabilization of TM3+ oxidation states, often
associated with symmetry lowering from rhombohedral to
monoclinic structures.37 On the other hand, the global mini-
mum with Na content in ternaries shifts toward x = 2. One pos-
sible explanation is that mixed-TM compositions redistribute
redox activity across multiple TM species, altering the relative
stability of Na-vacancy configurations at intermediate composi-
tions due to competing local environments and electrostatic
interactions. Similarly, the electronic structure results
(Figure 4) show TM composition-dependent evolution,
namely, Mn- and Cr-based unaries exhibit a gradual shift of
TM d states toward the valence band with sodiation, while
multi-TM systems display a redistribution of d-state contribu-
tions across different TM species, leading to non-monotonic
Eg behavior. These trends suggest that orbital hybridization,
charge localization, and local structural asymmetry play impor-
tant roles and warrant further investigation to decouple their
influences.
Further extension of our work can incorporate finite-

temperature effects via phonon calculations or via constructing
cluster expansion Hamiltonians to capture configurational
entropy effects, which may be important to determine TM mix-
ing behavior.37,67 More accurate electronic-structure methods,
such as hybrid functionals45,68 or many-body GW calculations
can yield better predictions of Eg.

69 On modelling the Na trans-
port, ab initio molecular dynamics simulations70 can be used to
include effects of ionic correlation, which can aid in assessing
Na+ diffusivities directly. Finally, more systematic experimental
data, on phase behavior, voltages, and Na-mobilities, will aid in
further refining of calculations and targeting chemistries that
have the most promise.

4. CONCLUSIONS

We systematically investigated nine NASICON compositions
containing earth-abundant Mn, Cr, and/or Fe using DFT calcu-
lations as potential SIB cathodes. Specifically, we examined their
structural stability, phase behavior, intercalation voltages, elec-
tronic structures, and Na+ Em across unary, binary, and ternary
systems. In terms of phase behavior, all systems exhibit stable
intermediate compositions, with a strong thermodynamic pref-
erence for x = 3 among unaries, while NFMP and NCFMP
show a shift in stability toward x = 2, indicating altered Na/
vacancy ordering alongside redistribution of redox activity. Fe-
rich systems (e.g., NFP, NFMP) deliver the highest average
voltages (∼4.0 V, due to Fe4+/Fe3+ redox), Cr-rich systems
show the lowest (∼3.0 V), and Mn-containing systems provide
intermediate voltages, with multi-TM compositions providing
an additional handle to tune voltages. Multi-TM substitution
also leads to redistribution of TM d states and non-trivial Eg
evolution rather than simple band filling as observed in unaries.
In terms of thermodynamic stability, all unaries and several
binaries remain stable or metastable (0–50 meV/atom), while
ternaries mostly lie in the metastable regime particularly at
low Na content. With respect to Na+ mobility, Mn- and Cr
unaries exhibit low Em (∼0.3 eV), while Fe-unary shows signif-
icantly higher Em (>0.5 eV). Mixed-TM systems do exhibit Na+

Em that are in a similar vicinity as the NMP and NCP systems,
indicating possibly facile Na+ transport. The computational pre-
dictions are further supported by recent experimental studies on
https://doi.org/10.1021/acsami.6c11510
ACS Appl. Mater. Interfaces XXXX, XXX, XXX–XXX

http://www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c11510


ACS Applied Materials & Interfaces www.acsami.org Research Article

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
a
a
m
i
c
k
/
a

Mn–Cr–Fe NASICON compositions and the binary NMCP
system, which exhibit electrochemical behavior and redox activ-
ity consistent with the trends predicted in this work. Overall, we
identify the ternary NMCFP as a viable candidate offering a bal-
ance between voltage, stability, phase behavior, and mobility. In
addition, our work provides detailed insights into the role of
compositional complexity, phase behavior, and Na+ transport
in NASICON frameworks, and offers guidance for the rational
design of energy-dense high-performance cathodes for SIBs.
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