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Abstract

Na-ion batteries are promising devices for smart grids and electric vehicles due to cost
effectiveness arising from the overall abundance of sodium (Na) and its even
geographical distribution. Among other factors, the energy density of Na-ion batteries
is limited by the positive electrode chemistry. NaSICON-based positive electrode
materials are known for their wide range of electrochemical potentials,['}2LE] high ionic
conductivity, and most importantly their structural and thermal stabilities. Using first-
principles calculations, we chart the chemical space of 3d transition metal-based
NaSICON phosphates of formula NaxMM’(POa4)3 (with M and M’=Ti, V, Cr, Mn, Fe, Co
and Ni), to analyze their thermodynamic stabilities and the intercalation voltages for
Na* ions. Specifically, we computed the Na insertion voltages and related properties
of 28 distinct NaSICON compositions. We investigated the thermodynamic stability of
Na-intercalation in previously unreported NaxMn2(POs)s and NaxVCo(POa4)s. The
calculated quaternary phase diagrams of the Na-P-O-Co and Na-P-O-Ni chemical
systems explain the origin of the suspected instability of Ni and Co-based NaSICON
compositions. From our analysis, we are also able to rationalize anomalies in

previously reported experimental data in this diverse and important chemical space.



1. Introduction

The attempt to reduce the consumption of fossil fuel resources has stimulated
enormous interest in the development of the next generation of energy
technologies.l*![®1 Developing new battery systems capable of storing increasing
quantities of energy poses extraordinary scientific and economic challenges. For
several decades, lithium (Li)-ion batteries have supplied the world’s portable devices,
such as mobile phones, cameras, laptops, etc., but the supply chains of Li and the
required transition-metals may soon be at risk due to geopolitical considerations.[6}[7]
In this context, sodium (Na) appears as a viable alternative to Li for battery applications
due to its earth abundance, as well as the possibility of harvesting it directly from sea
water. With Na being ~50 times more affordable compared to Li, Na-ion batteries
(NIBs) are being explored by researchers worldwide, including a number of
commercialization attempts.[8-10 |n addition, inexpensive stainless-steel current
collectors are typically used in NIBs instead of the expensive copper ones found in Li-

ion cells.

Positive electrode materials factor prominently in the overall energy density stored by
NIBs, and the optimization of electrode chemistries to provide high intercalation
voltages and gravimetric (or volumetric) capacities remains a crucial aspect in the
design of competitive NIBs. In theory, transition metal layered oxide-based positive
electrode materials for NIBs would offer the largest theoretical energy densities.[10-12]
However, the dominant two dimensional character of their structures affects strongly
the longevity of the positive electrode material, with the electrochemical cell exhibiting

a shorter-than-desired cycle life.l'>-16] Promising alternatives to layered oxides are



polyanion-based cathode materials with open and diverse anion frameworks.['7]
Polyanion positive electrode materials leverage a combination of multivalent cations
(e.g., P%*, Si** and Sf+) and anions (mostly O%°) arranging into phosphate (PO43%-),
silicate (SiO4%), and sulfate (SO4?-) units, which are thermodynamically stable by

virtue of the strong binding energy of their P-O, Si-O, and S-O covalent bonds.[18-20]

Among the polyanion materials, an important class of phosphate electrodes
discovered by Hong and Goodenough is the Natrium Super lonic CONductors
(NaSICONSs),[211[221 with the general formula NaxMM’(XQO4)3 , where M and M’ are
metals and X = Si, P and/or S. NaSICON electrode materials and electrolytes typically
display significant Na*-mobility.?3] The NaSICON framework is important for the
development of new NIB materials,['823-30] since its structural tunability enables the
exploration of a vast chemical space, including transition (3d, 4d) and p-block metals,
which greatly diversifies the potential, the electrochemical properties and related
structural features. In theory, an “empty” MM’(PO4)s NASICON framework with redox-
active transition metals M and M’ would allow the intercalation of up to 4 Na* ions,['"]
which make these materials promising in terms of maximum achievable energy
density.[3' Notwithstanding the challenges of working with carbon-based anodes in
NIBS,['":32-34] one could benefit from the presence of 4 Na* ions in NaSICON systems
such as NasMn!'V!"(PO4)3.253€ However, reversible extraction / intercalation of 4 Na*
ions is still to be reported in NaSICON frameworks. A reversible intercalation of 3 Na*
ions has been recently claimed in nanostructured materials,®'1871 but more

experimental and theoretical investigations are required to confirm such claims.



As an example of a NaSICON positive electrode, NasV"'V!"'(PQa4)s (NVP) can reversibly
exchange two electrons (via the activation of the VV/V! redox couple) delivering
Na1VVVV(PQs)s at an average voltage of ~3.4 V vs. Na/Na* with a capacity of ~110
mAh/g and corresponding therefore to an energy density of ~370 Wh/kg.[?8:38.39]
Notably, one additional Na* can be inserted (electro)chemically into NVP to achieve
NasV'V"(PQO4)s with a voltage of ~1.63 V vs. Na/Na*. The reversible extraction of 3
Na* ions (i.e., starting from NasV'"V"(PQa4)3 as the pristine material to Na1V'VVV(PQOa4)s)
is feasible but not practical due to the 1.8 V difference between the two processes
(VVVand V"V and to the difficulty in synthesizing NasV2(POa)s. In particular,
Uebou et al.l*9 have demonstrated the extraction of 2.5 Na* ions with partial

reversibility.

The versatility of NVP has been recently shown in all-solid-state NaSICON cells.[*1]
Symmetric Na electrochemical cells entirely made of NaSICON frameworks adopt
NVP as both electrodes; in the charged state of the battery the anode is
NasV'"WI(PQO4)s and the cathode NaiVVVIV(PQOs)s with NasZr2Si2PO12 as the
electrolyte. This could deliver an average voltage of ~1.8 V.[#1-431 Notably, NVP suffers
from poor intrinsic electronic conductivity due to the isolated VOe octahedra, which are
never face-, edge- or corner-sharing with each other,[?644 in contrast to their
arrangement in layered-oxide cathodes where edge-sharing exists between MOs

moieties.[45:46]

The Ti analogue of NVP is the Ti'V-containing NaTiVTi'V(PO4)s composition, which is

stable in air and can reversibly exchange two electrons by benefitting from the Ti'V/Ti"



redox couple but at a lower voltage of ~2.1 V vs. Na/Na+* compared to that of ~3.4 V
for VIV/VI redox in NVP.[26271 NaTiVTiV(PQOa4)s is also commonly used as a negative
electrode material.l?®l The NaSICON NasFe''Fe'l(POa)3 exhibits a voltage-composition
plateau at ~2.5 V vs. Na/Na* with a specific discharge capacity of ~61 mAh/g and
associated to the redox couple Fe''/Fe!.l*”l The FeV/Fe!l redox was claimed to be
observed in NasFe'lFe!'(PO4)3 at ~3.4V vs. Na/Na*, with a limited specific discharge
capacity of ~22 mAh/g.[*8l Nevertheless, the formation of tetravalent iron ions has not

yet been verified by any other research groups.

Importantly, Yamada et al.l*® reported a voltage of ~4.5 V vs. Na/Na* when Na* is
extracted from NasCr''Cr''(PQa4)s, which corresponds to the highest voltage ever
reported among NaSICON positive electrode materials with a single type of transition
metal; this is enabled by the reversible Cr'V/Cr'' redox couple, with an initial charging
capacity of ~98 mAh/g. Importantly, the Mn, Co and Ni, NaxM2(PO4)s NaSICON

analogues have not yet been reported.

The high voltage delivered by the Cr'V/Cr!!' redox couple offers scope for exploring new
high-voltage and high-capacity materials using more than one transition metal, e.g.,
NasCr'"Mn'/(PQ4)3.311137] Other NaSICON materials, such as NazV"'Cr!'(PQ4)s,50
NazTiVVI(PO4)s3,151152] NasTi'VMn!(POa4)3, 53154l NazTi'VFe!'(PO4)s3,155]
NasV"'"Mn'/(PO4)s3,135136115611571 NazV!Fell(PO4)330361  and NasV'"'Ni'(POa)s,i%¢ have
also been studied to enable high reversible capacity, longevity and as anode and

cathode electrodes.



In order to access three electrons (i.e., 3 Na* ions per 2 transition metals per formula
unit) in any mixed transition-metal NaSICON, two criteria must be met: i) the transition
metal must be in the +2 and +3 oxidation states in the fully discharged state (i.e., 4
Na* ions), and ii) at least one of the transition metals must accommodate multiple
redox active oxidation states. Compounds that meet these criteria are mainly either
Mn or V containing ones, for example NazTiVV(POs4)s, NasTi'VMn'(POa4)s,
NasMn'"V(POa)3, and NasCr'"Mn'(POa)s, which undergo reversible electrochemical
reactions involving up to three electrons with average voltages of ~2.4, ~3.2, ~3.4, and
~4.1 V vs. Na/Na*, respectively. While NasCr'"Mn'(PO4)s exhibits a particularly high
theoretical energy density of ~566 Wh kg-' for a gravimetric capacity of ~160 mAh
g~',Blonly ~40 mAh g-' was reported at voltages below 1.6 V vs. Na/Na+. However,
there remains a wide chemical space yet to be explored, which could yield new
combinations of transition metals enabling improved NaSICON positive electrode
materials. A systematic study, either experimental or theoretical, of trends in voltages
and phase behavior of possible transition-metal combinations within NaSICON

positive electrode materials has not yet been reported.

Here, we present a first-principles study that charts the chemical space of 28 different
NaxMM’(POa4)s-electrode chemistries, where M and M’ can be any of the 3d transition
metals, Ti, V, Cr, Mn, Fe, Co and Ni, with Na content varying in the range 1 < x < 4.
We derive the intercalation voltages for all the 28 NaxMM’(PQa4)3 systems, validate our
predictions with available experimental data, and identify promising NaSICON
compositions to be targeted experimentally. Specifically, we find new promising or not

fully  explored NaxMM’(POs)s  compositions, such as  NaxMn2(POa4)3



(1 =x =4), NaxCo2(PO4)3 (3 = x = 4), NaxTiCo(PO4)3 (2 = x < 4), NaxVCo(POa)3 (1 < x
< 4), NaxCrCo(POa4)3 (2 = x < 4), NaxCoMn(PO4)3 (2 < x < 4) and NaxCrFe(POa)3 (2 <
x =4). We do not comment on the insertion mechanism of Na* ions, i.e. the competition
between solid solution vs. phase separation, but focus on the propensity for Na* ion
to intercalate in each NaSICON host. Also, we analyze the possible origins of the
difficulties in synthesizing specific NaSICON chemistries. Finally, by analyzing the
computed quaternary phase diagrams we reveal why NaxM2(PQOa4)s (M= Mn, Co and

Ni) NaSICON compounds have never been reported experimentally.



2. Results:

2.1 Structural features of NaxMM’(PO4)3 electrodes

Depending on the transition-metal, temperature and/or Na content (x) per formula unit
(f.u.) NaSICON materials adopt typically a rhombohedral (R3c),[?%8] an ordered
monoclinic (C2/c or Cc), [21:2250 or, in the specific case of a-NasTi"'Ti"l(POa)s, a triclinic
structure ( P1).59 For example, NasV'V'"(PO4)s and NasFe'Fe!'(PQa4)3®0 are
rhombohedral, while NazV""WV"(PQ4)3,58] NasFe!'Fe!'(POa4)s3,#7! NasTi"Ti"'(PO4)s and
NasCr''Cr'"(PO4)s form monoclinic®®! structures at room temperature due to
Na/vacancy orderings. Figure 1 shows the archetypal structure of the rhombohedral

NaxMM’(POa4)s.

Figure 1 a The rhombohedral (R3c) structure of NasMM’(PQO,)s with M and M’ = Ti, V, Cr, Mn, Fe, Co
and Ni. The “lantern unit” is made up of two MOs (or M’Os) octahedra (red) sharing corners with PO43-
tetrahedra (blue). The gray box in (a) highlights the arrangement of lantern units. Two distinct Na ions,
i.e. Nal (black) and Na2 (green), are present in the rhombohedral NaSICONs. Panel b lantern
representation of the Na disordering (with partial Na occupancies on Nal and Na2 sites) in the
rhombohedral NasMM’(PO4)s polymorph. Panel ¢ shows one of the lantern representations of the
complete ordering of Na+ ions in the corresponding NasMM’(PO4)s monoclinic (C2/c) phase, whereas
panel d shows the local environment of sites Na1b (violet) and Na2a (yellow) in the same monoclinic
arrangement. Vacancies are represented by open circles.

NaxMM’(POa4)s materials consist of (M, M’)Os octahedral and PO4 tetrahedral units. As



shown in Figure 1, 3 PO4 tetrahedra share all their corners with two (M,M’)Os
octahedra forming the so called “lantern units” —a recurrent motif of NaSICON
structures. The lantern units assemble into a 3-D MM’(POa)s framework producing two
types of available sites for Na in the rhombohedral phase (Figure 1b): Na1 (one per
f.u.) and Na2 (three per f.u.). The six-coordinated Na1 sites are located between two
(M,M")Os octahedra, while the Na2 sites remain eight-coordinated by the O atoms of
the POg4 tetrahedra. At x = 4 in NaxMM’(POa4)s, all the Na positions (i.e. 1 x Na1 and 3
x Na2 per f.u.) are fully occupied and the structure is ordered and rhombohedral. In
several NaSICONs, the Na* ions are fully ordered at x = 3 and the structure adopts
monoclinic (C2/c) symmetry (Figure 1c), where the Na1 site splits into two distinct
sites (i.e., fully occupied Nala and Naib). The Na2 site splits into five sites (3 fully

occupied, Na2a, Na2b and Na2c, and 2 vacancies).

2.2 Na intercalation in NaxM2(POs)3 NaSICONs

The energetics of Na intercalation and the corresponding average voltages (see
methodology in Section 5) for single transition metal (M=M’) NaSICON electrodes are
shown in panels a and b of Figure 2. The computed formation energies for the most
stable orderings in NaxM2(POa4)s are displayed in Figure 2a as a function of Na
concentration, where the lower energy envelopes form the so-called convex hull (solid
lines) for a given NaxM2(POQa4)s system. The convex hull highlights the thermodynamic
phase behavior at 0 K of Na (de)intercalation from/into the NaxM2(PQa4)3 frameworks.

Since the convex hull at 0 K does not include any entropic and pV effects, it informs

10



on the propensity of Na to bond with the M2(PQOs)s frameworks. Among the M =Ti, V,
Cr, Mn, Fe, Co and Ni compounds, NaSICONSs based on Ti, V, Cr and Fe have been
reported experimentally.[291138L[491[147.148] From previous experimental work, the redox
activities of Ti and V provide accessible Na concentrations ranging in 1 < x < 4, while
NaxCr2(POa4)s spans a narrower range of Na concentration (1 < x < 3), being limited by
the Cr'V/Cr'" redox couple. Notably, the Cr'/Cr! redox couple has not been cycled

reversibly in NaSICON frameworks so far.
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Figure 2 Panel a shows the computed formation energies and respective convex hulls for Na vacancy
orderings as a function of Na concentration (x) in NaxMz(POs)s where M = Ti, V, Cr, Mn, Fe, Co and Ni.
Panels b and ¢ show the intercalation voltages vs. Na/Na+ for the experimentally known (M =Ti, V, Cr
and Fe) and predicted (M = Mn, Co and Ni) NaxM2(PQO4)s compounds, respectively. Only the stable
orderings forming the convex hull are displayed in panel a. The energies of unstable configurations for
each convex hull are shown in Figures S1-S7 of the SlI.

The structures represented by specific Na/vacancy orderings falling above the convex
hull are thermodynamically unstable/metastable and are shown in Figures S1-S7 of
the Supporting Information (Sl). Note that the unstable Na/vacancy orderings should
decompose to the closest ground state(s) identified by the convex hulls of Figure 2a.
For example, in Figure S2, Na2V2(POa4)s (C2) is found to be slightly metastable (~1.8
meV/atom above the stability line) and will phase separate into Na1V'VVV(PQa)s and

NasV'"WV!'(PO4)s. Consequently, the stable structures lying on the convex hull (e.g.,

11



NasV!"V'"(PQa4)s3) give rise to a “step” in the calculated Na voltage curve (see Figure

S2). The convexity, that is the depth of the convex hull, is an indication of the

thermodynamic stabilities of the specific Na/vacancy configurations. The calculated

ground states on the convex hull do not necessarily correspond to topotactic structures

since we allow changes to the symmetry (e.g., rhombohedral->monoclinic) of the host

during deintercalation of Na from Na4sMM’(PQa4)3 in our calculations.

Analyzing Figures 2a and 2b, the following general trends can be deduced:

ii)

The end member compositions in NaxM2(POa4)s, i.e. x = 1 and 4, typically adopt
the rhombohedral (R3c or R3) space group. Exceptions to this trend are
NasCr'Cr'"(PO4)z and NasMn!'Mn"'(POas)3, which are predicted to have triclinic
(P1) symmetry due to Jahn-Teller distortions of high-spin Cr2* and Mn3+ @ ions.
These have not yet been-observed experimentally.

A global minimum in the formation energy curves, i.e., the highest magnitude of
formation energy, is present across all transition-metal NaxM2(PO4)s systems at
x = 3 (Figure 2a).l43

Among all the NasM""M"(POas)s compounds investigated, NasCr''Cr'"'(PQa4)3
displays the deepest or lowest (i.e. most favorable) formation energy, followed
by NasFe!'Fell(POas)sz > NasTil'Ti"'(PO4)s =~ NasV'""'V"(POa)s respectively, which
reflects the stability of the M3+ oxidation states of these transition metals. The
stability of NasCr'"Cr'\(PQa)s, in particular, is enhanced by the large ligand field
stabilization energy of the Cr3 (3d3®) cation. The other compounds,

Nas3Co"'Co'"(POa4)3, NasMn'"Mn'"'(POa4)s and NasNi"'Ni"(POa)s, display shallower

12



(i.e. less favorable) formation energies (< 25 meV/atom, Figure 2a). The shallow
convex hulls for NaxMn2(POa)3 and NaxNi2(POa)3 are caused by the Mn3+ and Nis+
ions which are both Jahn-Teller active. The computed magnetic moment of Co3+
NasCo"'Co"(POa)3is ~3.0 us, indicating an intermediate spin state and possible
Jahn-Teller activity.

iv)  Unsurprisingly, the deep minima in the convex hull plot of Figure 2a lead to a
large voltage step as shown in Figures 2b and 2d, following the sequence Cr >
Fe>Ti>V>Co>Mn>Ni.

v)  The M(lII/Il) redox couples that correspond to Na contents from x = 3 to x = 4,
follow the voltage trend Ni > Co > Mn > Fe > Cr > V > Ti, while the M(IV/IIl)
couples (x = 1 to x = 3) follow the sequence Ni > Co >Fe >Cr>Mn >V >Ti.
Thus, Ni and Co (V and Ti) display the highest (lowest) average voltages for both

M redox couples.

To validate our methodology, we have benchmarked our results against experimental
observations in NaxVz(POas)s, which has been extensively studied.[58l61]
Experimentally, NasV'"'V"(POs)s adopts monoclinic symmetry (C2/c) at room
temperature, which is in qualitative agreement with our DFT calculations identifying
the monoclinic ordering (Cc) as the stable structure at x = 3. From Figure 2a,
NasV"V!"(PQa4)s is on the convex hull with Na1V'VVIV(PO4) and NasV'"V"(PQs)3, which
adopt the rhombohedral space groups R3c and R3, respectively, in our calculations;
this is consistent with X-ray diffraction experiments.[621[381158] |n Figure 2b, the
extraction of 2 Na atoms from NasV'"'W'"(PQa)s gives rise to an average voltage of

~2.96 V vs. Na/Na+ and corresponds to the V!V/V'!ll redox, while the insertion of Na into

13



NasV"V'"(PQa4)s results in a voltage of 1.54 V (associated with the V'V redox).
Experimentally, both the V redox couples (V'V/V! and V"V are involved in two-phase
reaction mechanisms, yielding average voltages of ~3.40 V and ~1.63 V vs. Na/Na*,
respectively,’8'l which are in reasonable agreement with our computed values.
Notably, both GGA+U and hybrid functionals underestimate the computed voltages of
NaxV2(POas)s (see Section S2 in Sl). Another important assessment to verify the
validity of our simulations is ensuring that changes in oxidation states of the transition
metals upon Na extraction/insertion are captured. We verify that the correct redox
processes do occur in our calculations by tracking the on-site magnetic moments on
the transition metal atoms (Table S1), as well as the transition metal coordination

environments (Table S2), which are discussed in Section S3 of the SI.

Whenever we could not assign the expected oxidation state of the transition metals
directly from the computed magnetic moments (e.g., in cases of Fe, Co and Ni based
NaSICONSs), we inspected the appropriate density of states (DOS). The DOS are
reported in Section S4 of the Sl (Figures S9-S12). As an example, we show in Figure
3, the total and atom-projected DOS in NaxV2(POa)s, for x = 1, 3 and 4, which are the
ground states identified in Figure 2. The DOS are displayed for spin up and spin down
states in the range of interest (—2.5 — 2 eV) around the Fermi energy. Unless a given
structure is metallic, the top of the Fermi energy is arbitrarily set to the top of the

valance band.

14
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Figure 3 The total (gray) and atom projected (V aqua, O orange and Na blue) DOS of NayV2(POa4)s
NaSICON (NVP), where for Na concentrations x = 1, 3 and 4. The vertical line denotes the Fermi energy
level and Eq is the calculated band gap at the GGA+U level of theory.

Panels a and b in Figure 3 show the results for Na1V'VVV(PO4)s and NasV"'V'"(PQa4)s,
respectively. From the projected DOS, the valence bands near the fermi energy are
occupied by 3d electrons of vanadium (aqua line), while the 2p O states (orange line)
lie at lower energies. In general, the vanadium 3d states tend to dominate the valence
band and shift at higher energies as more Na is inserted, closing the band gap (> 1eV
for both compounds). However, the monoclinic distortion of NazV'""WV!"(PQOa4)s is
responsible for an increase in band gap (~1.8 eV) contrary to the Na =1 and Na = 4
trends. As expected, the intercalation of more Na+ ions as in Na4V'""V'(PQa)s (Figure
3 ¢) increases (destabilizes) further the valance band, with this composition becoming
gapless and a Fermi energy dominated by V(3d) states when GGA+U is used. For the
NasV"V''(PQa4)s, the band gap opens to ~0.3 eV when the more accurate HSE06 hybrid

functional is used at the relaxed HSEO6 structure. Very recent hybrid functional
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simulations on NaxTi2(PO4)s have verified these orders of magnitudes, with

NasTi""Ti'"(POa)s showing a small band gap of ~0.59 eV.[63]

In the case of NaxNi2(POa4)s the projected DOS of Figure S12 suggests metallic
behavior at all the Na concentrations explored (i.e., x = 1, 3 and 4). NaxMn2(POa4)s and
NaxCo2(POa4)3 show band gaps >1.0 eV at x = 3 and 4, but become metallic at x =1,
as shown by Figures S9 and S11. NaiFe'VFe'V(POa4)s also appears, surprisingly,
metallic (Figure S10), which introduces difficulties in localizing the Fe'/Fe!V redox
couple. Therefore, due to the apparent metallic behavior of some of these systems
(Fe, Co and Ni-based NaSICONSs), we were unable to assign unique oxidation states
to their transition metals. Notably, DFT is a ground state theory and not adequate in

the prediction of accurate band gaps.[64

2.3 Na* ion intercalation in NaxMM’(PO4)s NaSICON structures

We extend our analysis to the reversible extraction of Na from mixed NasMM'(POa)3
compounds where, for the sake of simplicity, the ratio M:M’ is fixed as 1:1. While all
the M:M’ combinations have been considered, to simplify our discussion we
concentrate on the cases where M = Ti, while M’ = Ti, V, Cr, Mn, Fe, Co and Ni. Other
mixed NasMM'(PQa4)3 are reported in Section S5 of the Sl (Figures $S13-S33). The
main reason behind choosing Ti-based mixed TM NaSICONs is their maximum
experimental electrochemical data availability as compared to other combinations.

Figures 4a and 4b show the calculated convex hulls for experimentally reported and

16



theoretical NaxTiM'(PO4)s compounds, respectively, with Na contents in the range
1 <x < 4. Figure 4c displays the corresponding voltages. NaxTi2(POa)s is also reported

in Figures 4a and 4c as a reference.
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Figure 4 Panels a and b show the computed convex hulls as a function of Na concentrations (x) for
NayTiM’(PO4)s, where M’ = Ti, V, Cr, Mn, Fe in panel a and M’ = Co and Ni in panel b. Panels ¢ and d
show the corresponding Na (de-)intercalation voltages over changes in Na-content. The energies of
unstable configurations for each convex hull, as well as complete voltage curves for each compound,
are given in the Sl (Figure S13 - $33). Symbols in panels a and b, indicate stable ordered phases. To
facilitate the visualization of the voltage curves near ~2.8 V vs. Na/Na+ the Ti-Cr curve in panel ¢ has
been slightly lifted, but it is expected to overlap the Ti-V and Ti-Mn voltage curves.

Among the NaxTiM’(PO4)z systems, only NaxTi2(PO4)s, NaxTiV(POs)s and
NaxTiMn(POa4)s have been experimentally investigated over the entire Na composition
range (1 < x < 4),[291511521531.154] while NaxTiCr(PQa)3l?16% and NaxTiFe(POa)3l%5! have

been studied in limited ranges of 1 = x <3 and 2 < x < 4, respectively. NaxTiCo(POa4)s
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and NaxTiNi(PO4)s are theoretical compounds and have not yet been reported
experimentally. In general, the end member compositions at x = 1 and 4 (Figures 4a
and 4b) of the Ti-M’ NaSICON electrodes adopt rhombohedral symmetry (R3¢ or R3,
or R32) except for NasTi"'Cr'(PO4)s (P1) and NaiTiVFeV(PO4)s (P1), which are
theoretically derived. This could be due to Jahn-Teller effects caused by the high-spin
d* electronic configurations of Cr2* and Fe*, respectively, as well as the low stability
of Fe**. For NaxTiM’(POa4)s with M’=V, Mn, Co and Ni, a global minimum in the convex
hull is located at x = 3, and the magnitudes of the formation energy follow the trend Ni
> Co > Mn > V. On the other hand, the global minima for the M’ = Ti, Cr and Fe
NaSICONs are located at x = 2 (Figure 4a), which is driven by the high stability of
their stable oxidation states Ti**, Cr3+ and Fe3+, respectively. Overall, the depth of the
convex hulls (i.e., maximum magnitude of formation energies) for mixed TM

NaSICONs follows the trend Fe > Cr~Ni>Co>Ti>Mn ~ V.

Figures 4c and 4d present the computed voltages for Na extraction from
NaxTiM’(POa4)s in the composition range 1 <x < 4. Expectedly, the compound exhibiting
the lowest intercalation voltage (~0.96 V) is NaxTi2(POas)s for 3 <= x < 4, which
overestimates the experimental voltage (~0.4 V) reported by Senguttuvan et al.l?® The
DFT data of Figure 4a suggest that an unreported stable phase appears at
Na1.sTiFe(PQOa4)s, but with an oxidation state for Fe of 3.5 (Fe'V + Fe''). Although, the
highest Na intercalation voltage (~4.99 V) is computed for NaxTiFe(POa4)s between
x = 1.5 and x = 1, the oxidation state of Fe would have to be +4, which may not be

experimentally accessible in a reversible manner. Furthermore, we find that
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NaiFe'VFeV(PQOa4)s3, where iron is expected to be Fe*+ appears metallic from the DOS

in Figure S10.

To assess the quality of our computed data, we analyzed in detail the experimentally
reported data for NaxTiV(POa)s. At x = 1, 2 and 4, NaxTiV(POa4)s has rhombohedral
symmetry (R3c), while the structure of NasTiV(PQOa)s is monoclinic (€2/c).5'1521 Qur
calculations reproduce the rhombohedral symmetry (R3c) at x = 1 and 4, and the
monoclinic symmetry (Cc) at x = 3, whereas we find a triclinic structure (P1) for
Na2TiV(POa4)3.521 The NaxTiV(POa)s convex hull (Figure 4a) displays a minimum at
x = 3, analogous to the observed minima in the NaxM2(POa4)s systems (Figure 2a); this
also provides the largest step in the corresponding voltage profile of Figure 4c. In
particular, the Na extraction from NasTi""V!(POa)s takes place through the redox
couples V"/V!' 1,54V (experimentally ~1.6 V B152) TiV/Til 250V (~2.1 V), and
VIVVII2.90 V (~3.4 V) vs. Na/Na+, respectively. The mechanism of Na extraction from
NasTi"V'(POa4)s has been reported to occur through a solid-solution mechanism for
the VWV redox couple, followed by a two-phase reaction for both the TiV/Til and

VIV/VIt redox couples.[?2
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Figure 5 The calculated average voltage per extracted Na+ ion vs. Na/Na+ over the x range [1-4] in
NaxMM’(PO4)s compounds, where M = M’ or M = Ti and M’ = V, Cr, Mn, Fe, Co and Ni.

Due to the existence of multiple voltage steps in NaxMM’(PQOas)s (where M’ = Ti, V, Cr,
Mn, Fe, Co and Ni and M = Ti), we compare directly the computed average voltage
per Na* exchanged over the entire composition range (i.e., 1 < x < 4), as shown in
Figure 5. Importantly, the overall average voltage monotonically increases from Ti to
Ni in cases where M = M’ and M = Ti, which is consistent with trends in standard
reduction potentials of the transition metals. We note that the M#** ions, in particular,
become more oxidizing as one crosses the transition series from Ti to Ni, with the lack
of voltage increase from Mn to Fe reflecting the stability of their 3d® configurations.
Specifically, the calculated voltages increase from ~1.96 V (for Ti) to ~4.40 V vs.
Na/Na* (for Ni) in NaxM2(PQa4)3 (green line in Figure 5), while the maximum voltage is
~3.73 V for Ti-Ni in the case of NaxMM’(PQOa4)s (M = Ti) systems (orange line). Notably,

the voltage values for NaxTiM’(POa)s are consistently lower than in the corresponding
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NaxM’2(POa)s, indicating that replacing Ti with another 3d metal will always lead to an

increased average voltage in both M=M’ and Ti-M’ systems.

2.4 Intercalation voltages of NaxMM’(POa4)3
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Figure 6 A voltage map derived from our calculations of 3d NaSICON electrodes,
NaxMM’(PO4)s, where M and M’ =Ti, V, Cr, Mn, Fe, Co and Ni. The text in each box represents
the redox pair and the corresponding voltage vs. Na/Na* (given by the color bar). The color of
text in the sub-boxes (black or white) does not have any physical significance other than to
enhance the visibility of the plot. The color fill in each sub-box represents the voltage from the
scale given on right. The red-outlined bottom sub-box reflects the average voltage per Na in
the overall range of 1 = x < 4.

Ni
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Figure 6 consolidates the computed voltages of 28 plausible combinations of 3d
transition metals in NaxMM’(PO4)s with M and M’ in a 1:1 ratio. In Figure 6, boxes
outlined in red represent the average voltage per extracted Na in the entire 1 = x <4
concentration range for each combination of transition metals. The NaSICON systems
investigated cover a range of average voltages from ~1.96 to ~4.4 V vs. Na/Na*.
Redox couples are indicated in each box whenever we could identify the appropriate
oxidations states as described in Section 2.2. The diagonal of Figure 6 displays the
single-transition-metal NaSICONs (M = M’), whose average voltages map directly to
Figure 5. Notably, the highest average voltages of ~4.3—-4.4 V are attained by the
theoretical NaxNi2(POa4)3, NaxCoNi(PO4)s and NaxFeNi(PO4)s compounds. In general,
voltages in NaSICONs are set by the redox couples M"/M" and M'V/M'"" but notable
exceptions to this trend are for V and Nb-based NaSICONs, which can also operate
on the VV/VV couple (see mixed NaxVM’(PO4)s systems in Figure 6) and the NbY/Nb'V

couple in NaxNbTi(POa4)s not discussed here.®¢]

2.5 Thermodynamic stabilities of selected NaxM2(PO4)s compounds

The calculated quaternary phase diagrams for the systems Na-P-O-Mn, Na-P-O-Co,
and Na-P-O-Ni (Figures 7 and S34 in Sl) reflect the stabilities of the as-yet-unreported
NaxMz2(POs4)s compounds with these transition metals compared with the stable
elemental, binary, ternary and quaternary phases. While it remains extremely
challenging to characterize quaternary (and beyond) phase diagrams solely based on

sparse experimental data, theory provides a viable alternative for investigating such
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complex systems. We calculated all the elements and binary/ternary/quaternary
compounds available in the inorganic crystal structure database (ICSD)¢7] within the

Na-P-O-Mn, -Co and -Ni quaternary systems.

Na3Mng(PO4)3 ”NaMnO, Na,Co,(PO,); - NaCoO,

Figure 7 Panels a and b show portions of the computed phase diagrams of Na-P-O-Mn and Na-P-O-
Co at 0 K. Two stable NaSICON structures with formulae NaMn3(PO.)s and NasMnz(PO.)s are observed
in the phase diagram of Na-P-O-Mn, which are in equilibrium with the highly stable binary (P20s and
MnO.) and ternary (NaMnO. and NaPQOs) compounds. In panel b, a stable NaSICON structure of
formula NazCoz(PQ.)s is observed in the phase diagram of Na-P-O-Co, which is in equilibrium with the
highly stable binary (P20s and Co3z04) and ternary (NaCoO; and NaPQO3) compounds.

Figure 7a shows the computed phase diagram of the Na-P-O-Mn system, where the
open circles correspond to stable phases in the global phase diagrams and the black
lines show the equilibria among various compounds. The computed phase diagram of
Na-Mn-P-O shows that NasMn'"'Mn'"(POs)s and NaiMnVMnV(PQO4)s are stable
compounds. NasMn""Mn!"(PO4)3 has the structure of the monoclinic (Cc) polymorph,
whereas NaiMn'VMn'V(POs)s has a rhombohedral ( R3) structure. From our
computations, we observed a Jahn-Teller distortion driven by the Mn3+ 3d* ions and

highlighted by four longer equatorial bonds ~2.10 A and two shorter axial bonds of
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~1.96 A, respectively. No Ni-containing NaSICON phases appear stable in the Na-Ni-
P-O system (Figure S34). In the Na-Co-P-O phase diagram (Figure 7b), only
NasCo'"'Co"'(PO4)3 appears stable and exhibits rhombohedral symmetry (R3). From
this analysis, it is predicted that NasMn'"'Mn'(PQOa4)s, NaiMnVMnV(PQa)s, and
NasCo"'Co"(POa)3 have potential for successful experimental synthesis, given their

thermodynamic stabilities.

3. Discussion

Using first-principles calculations, we investigated the electrochemical properties of 28
distinct transition-metal-based NaSICONs as positive electrode materials for NIBs.
The NaSICONSs considered included both single-transition-metal NaxM2(POa)s as well
as mixed-transition-metal, NaxMM’(PQa4)3, with M, M’ = Ti, V, Cr, Mn, Fe, Co and Ni.
To guide our discussion, we summarize the reported experimental voltages and
experimental gravimetric as well as theoretical gravimetric capacities of some
NaxMM’(POa4)s systems in Table I. For a transparent and fair comparison between
theoretical and experimentally reported capacities in Table |, the reported capacities
are renormalized from the reported composition (pristine) to the molecular weight of
the NasMM’(PO3)4. The theoretical capacities are also computed with respect to the

NasMM’(POs)s compounds.
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Table | Experimentally observed Na,MM’(POs)s phases along with the corresponding Na
concentrations, structures, Na+ reversible intercalation voltages, redox couples, mechanism of Nat
intercalation, and gravimetric capacities. The intercalation voltages (in V) and theoretical (Theo.)
capacities (in mAh/g) are shown. Rev. and Irrev. indicate experimentally reversible and irreversible
processes. ? is used whenever the space group of a specific phase is unknown or not reported.
Intercalation voltages account for the number of Na+ ions exchanged. Whenever available, the space
group of each phase is reported. For a transparent comparison between theoretical and experimentally
reported capacities, the reported capacities are renormalized to the molecular weight of NasMM’(PO3)a.
The theoretical capacities (Theo.) are also computed with respect to the NasMM’(POs)4 compound.

S (M—M? _ Reported Theo.
M-M’ (M=M") x=1 2 3 & Capacity  Capacity
- ? P-1 R-3c
- [29]
Ti-Ti | 2.1V, TiV/TIN, Rev. | 0.4V, Ti/TIN Irrev. | 142.7 170.1
R-3c C2/lc R-3c
-\ [38,39,41,61]
v-v | 3.4V, VYV, Rev. | 1.6V, VI, Irrev. | 156.7 167.9
R-3c R-3c
- [49]
Cr-Cr | 4.5V, GG, ev. : 93.3 1115
? C2/lc R-3c
-Fe [47.48]
Fe-Fe | 3.4 V, FelV/Fel, Rev. | 2.5V, FelFell, Rev. | 85.8 164.6
M-M’ x=1 2 3 4 Report.ed Theo_.
Capacity Capacity
. R-3c R-3c C2/c R-3c
-\ [51.52]
Ti-v 13.4V, VWML Rev. | 2.1V, TiVTIM, Rev. | 1.6V, VIV, Rev. | 1328 169.0
. R-3c R-3c R-3c
- [55] —-
Ti-Cr | 4.5V, CrV/Crit, Rev. 1 2.1 V, TiV/TIN, Rev. | 1124
. R-3c R-3c R-3c ?
- [53,54]
Ti-Mn | 4.V, MnV/Mn'", Rev.l 3.5 V, Mn/Mn, Rev. | 2.1 V, Tiv/TI", Rev. | 1523 1676
. R-3c R-3c R-3c
- [55] —-
Ti-Fe | 2.4V, FellFel, Rev. | 2.1V, TiV/TI" Rev. | 115
2 2 R-3c
- [50]
V-Cr | 4.1V, VNV, Rev. 13.4V, VWA Rev. | 85.7 7
R-3c R-3c R-3c R-3c
- 35,68]
V-Mn | 3.9V, VWVV, Irrev. 13.6 V, Mn/Mnl, Rev. | 3.4V, VIV, Rev. | 156.0 166.6
? ca/ ?
¢ C
-Fe [30,36]
V-Fe 133V, VWVl Rev. 125V, FellFel, Rev. | 98.1 1108
. ? 2 R-3c
- [36]
V-Ni 3.9 V,VY/VV:Nil/Nil, Rev. | 3.5 V, VV/VII, Rev. | 80.0 1102
R-3c R-3c R-3c R-3c
Cr-Mn (3137 | 4.4V, CrV/Cril, Rev. | 4.2 V, MnV/Mnl, Rev. | 3.6 VV, Mn!/Mn!!, Rev. | 160.5 166.2

Among the NaxM2(PQO4)s compounds, NaxCrz(PQOa4)s delivers the highest measured

voltage of ~4.5 V (~4 V calculated theoretically) vs. Na/Na*,[*9 albeit with a limited
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capacity of just ~98 mAh/g, and corresponding to the extraction of 2 Na from
NasCr''Cr''(POa4)s to form Na:1Cr'VCr'"(PQa4)s. Indeed, NasCrz2(PO4)3 has not yet been
obtained by either a chemical or an electrochemical process. Na4Cr''Cr'(POa4)3 would
require Cr to exist in a mixed, Cr''/Cr" oxidation state, with Cr2+ (high-spin d*) being
typically an unstable oxidation state for Cr and easily prone to Jahn-Teller distortions

in octahedral environments, such as in NaSICON.[69]

NaxV2(POa4)s (NVP) exhibits the second highest measured voltage among the single
transition metal NaSICONSs, with a computed average voltage of ~2.48 V vs. Na/Na*
(Figure 5). With the same number of maximum electrons exchanged in NaxM2(POa)s
(where M= Ti or V), and Ti being lighter than V, NaxTi2(POa4)s is expected to show the
largest gravimetric capacity (see Table I). NaxTi2(POas)s and NVP provide the largest
theoretical gravimetric capacities (~170.1 mAh/g and ~167.9 mAh/g for NasMz(POa4)s,
see Table I) reported in single transition metal NaSICONSs. In theory, additional
capacity and an increased voltage could be achieved by exploiting the VV/VV redox
couple in the reaction Na1VVVV(PQO4)s > Na*+ 1e~ VVVV(PQOa4)s. While the seminal
report by Gopalakrishnan et al. suggested the possibility of chemically extracting the
last Na+ ion to form VVVV(PQOa)3,[7% subsequent attempts to do so have proven
unsuccessful. Note that thermodynamically, VVV'V(PQa)s is not a stable compound(”'!

and is predicted to decompose into VPOs + VP207.

We assessed the existence of uncharted single-transition-metal NaSICONSs, which are
Ni, Co and Mn. Except for NaiMnVMnV(POs)s, NasMn"'Mn"(POs)s and

NasCo"'Co"(POa4)s which appear stable according to our computed convex hulls but
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have not been reported experimentally, our analysis of the phase diagrams indicates
that Ni-, and Co- NaSICONs are generally unstable. However, Mn has been mixed
effectively with Ti, V and Cr, while Ni-V mixed NaSICONSs have also been made (Table
1).1351 In particular, Zhou et al.l3®! and later Chen and collaborators(®! have synthesized
Mn'-containing NasMn'"V"(PQa)s, which upon Na extraction exploits the Mn!'/Mn!

redox couple, where Mn3+ 3d* is Jahn-Teller active.

In the case of mixed NasMM'(POa4)s NaSICONS, we kept the M:M’ ratio to 1:1
(otherwise too many number of cases). From an extensive assessment of polyanion-
based electrodes, Masquelier and Croguennec!'® observed that the redox potentials
of specific transition metals remain nearly independentl('! from those of other transition
metals that may be present. This general rule is also well supported by the simulations
that are summarized in Figure 6. Based on this general principle, one can envision
selected combinations of transition metals delivering reversible high voltages vs.
Na/Na*. For example, the Ti'V/Ti! redox couple showed a similar voltagel'8! (~2.1 V
vs. Na/Na*) in three related NaSICONs systems: NaxTi2(PO4)3, NaxTiNb(POa4)s and
NaxTiFe(POa4)s, respectively. Notably, in experiments, there is a consistent shift of
0.3 V between the voltages measured vs. Na/Na+* compared to those measured vs.

Li/Li+).

The NaxTiV(POa4)s system has been shown to provide the largest gravimetric capacity
(~187.1 mAh/g, Table 1) among NaSICONs as a result of the accessibility of
VNIV and TilV/Ti" redox couples. Nevertheless, the computed average voltage

(~2.3 V, Figure 6) of NaxTiV(POas)s highlights the low energy density of the
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system.[®11152] More promising in terms of overall capacities and voltages, and thus
energy density, are NaxTiCr(PQO4)3,55165] NaxTiMn(PO4)s3,1531541 NaxCrMn(PQa4)3,31137]
NaxVCr(PQOa4)3,159 and NaxVMn(PQa4)s,13%! but the reversible extraction/insertion of Na
from some of these systems remains to be verified. Excluding some specific
exceptions, especially Fe, Co and Ni based NaSICONSs since they appear metallic,
our simulations are also able to capture the mechanism of Na intercalation in mixed
NaSICON electrodes. For example, NasVFe(POa4)s has been reported to reversibly
insert Na with the activation of the Fe'/Fe'' and V"/V'!' redox couples, respectively (see
Table 1),136] and this behavior is reproduced by our calculations (Figure 6 and Figure
S$21 of Sl). Similar conclusions can be advanced for mixed TiV, TiCr, VCr and CrMn

NaSICON materials.

From our analysis (Figure 6), specific unexplored combinations of transition metals
appear to be worthy of future study. Our calculations suggest promising NaSICON
compositions in terms of average voltages, such as TiCo, VCo, CrFe and CrCo
NaSICONs as reported in Figure 5 and Table 1. Both CrFe and CrCo NaSICONs are
predicted to exploit the high voltage Cr'V/Cr!!' redox couple, which has been proven
effective into other mixed NaSICONs, e.g. TiCr, VCr and MnCr.163.1501 Although the
addition of Co into Ti, V and Cr appears interesting, our analysis of the NaxCo2(POa4)s
system suggests that only NasCo"Co"(PO4)s with Co3+ 3d® (low spin) is
thermodynamically stable, but this compound has not been yet synthesized. While one
would target compounds with Co?* to ensure high voltages, it appears possible to
introduce Co in smaller proportions[”?l than a 1:1 ratio, but more experimental and

theoretical work is required.
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We do not anticipate Ni to be of importance in mixed NaSICON systems due to the
high instability of quaternary NaxNi2(POa4)s. Notably, Manoun et all’®l have briefly
reported the synthesis of NasCr'INi'(PQa4)s. Indeed, a recent report by Zhou et al.[3¢l
claims the extraction of Na from NaxVNi(PQOa4)s (Table 1) involving the redox couples
VvV WiV and Ni'/Ni'. Nevertheless, we speculate that the Ni content of the
materials is not in a 1:1 ratio but appears to be significantly lower. Furthermore, the
highest voltage accessed (<4.3 V vs. Na/Na*) during the electrochemical cycling is
lower than that of the expected Ni redox couple. While our DFT calculations seem to
verify the activity of the VV/V! and VV/VV redox couples in NaxVNi(PQOa4)s (Figure 6),
we are unable to verify the oxidation states involved in the Ni"/Ni' reaction from the
computed magnetic moments as the material becomes metallic in our simulations
(Figure S12). Our findings also cast doubt on the activity of Ni in this compound as

reflected by the limited gravimetric capacity reported experimentally (~ 80 mAh/g).I36l

4. Conclusions

Using ab initio density functional theory and thermodynamics, we explored the full
chemical map of 3d transition metal-based NaSICON phosphates NaxMM’(POa4)s (M,
M’=Ti, V, Cr, Mn, Fe, Co and Ni) positive electrode materials for high-energy density
and safe sodium-ion batteries. We calculated the ground state structures at various
Na contents as well as the corresponding Na-intercalation voltages and redox
processes for 28 distinct NaSICON compositions of which only 13 have been reported

experimentally.
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Further, we investigated the Na-intercalation properties of previously unreported
NaxMn2(PO4)s and NaxVCo(POa4)s3 (1 =< x <4), among others. The calculated quaternary
phase diagrams of the Na-P-O-M (M= Mn, Co and Ni) chemical systems indicate the
instability of Ni and most Co-based NaSICONs, though the NaiMn'VMn'V(PQa4)s,
NasMn'""Mn''(PO4)s and NasCo"'Co'(POs)s compounds are identified as stable
compositions. We performed a complete analysis of the wide-ranging chemical space
of NaSICON phosphate cathode materials for Na-ion batteries, and our work can be
used to guide further experimental synthesis of the new and promising compositions

identified here.

5. Methodology

We used the Vienna ab initio simulation package(VASP)"4173 for ab initio density
functional theory (DFT) total energy calculations. The projector augmented wave
(PAW) potentials were used for the core wave-functions. The Perdew—Burke—
Ernzerhof (PBE) parameterized spin-polarized generalized gradient approximation
(GGA) was used for the exchange and correlation energy.[’81 The strong on-site
coulomb correlation of 3d electrons of the transition metals (Ti, V, Cr, Mn, Fe, Co and
Ni) is addressed with Hubbard’s U correctionl’”l according to the Dudarev method.[78!
The effective U parameters used are 4.0 eV for Ti, 3.1 for V, 3.5 for Cr, 3.9 for Mn, 4.0
for Fe, 3.4 for Co, and 6.0 for Ni.[”®1 We also introduced an empirical correction of 1.36
eV/O:80 to remedy the spurious error originating from the well-known overbinding of

O2while using GGA.
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The periodic wave functions were expanded in terms of plane waves up to a kinetic
energy cut-off of 520 eV. The PAW potentials used to describe the core electrons were
Na 08Apr2002 3s', P 17Jan2003 2s23p3, O 08Apr2002 2s22p*, Ti 08Apr2002 3d34s’,
V_pv 07Sep2000 3p®3d+4s’, Cr 06Sep2000 3d°4s', Mn 06Sep2000 3d®4s', Fe
06Sep2000 3d74s', Co 06Sep2000 3d84s', and Ni 06Sep2000 3d°4s'. Additionally, a
I'-centred Monkhorst-Packl®'l k-point mesh with 25 subdivisions along each reciprocal
lattice vector was applied to all structures. Using these settings, the total energy of
each structure was converged to within 10-% eV/cell, atomic forces within 102 eV/A and

the stress within 0.29 GPa.

An intercalation battery based on the NaSICON positive electrodes implies the
reversible insertion/extraction of Nat*-ions into/from the NayMM’(POas)s framework

according to the redox reaction of Equation 1.

AGO
Nay,MM'®%)s + (x — y)Na* + (x —y)e™ — < Na,MM'(PO,); M

where y and x are the initial and final Na concentration in NaSICON framework and
AGO is the change of Gibbs energy at OK for the reaction of Equation 1. Here, we
approximated the Gibbs energy of each component by the DFT total energies (i.e.,
G =~ E), thus neglecting the pV and entropic contributions. The average voltage across

an intercalation extent (x — y) can be calculated from the AGP, as in Equation 2.
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o 46
~ (x-YF
_ E(Na,MM'(P0,)3) — [E(NayMM’(P04)3) + (x—Y)inal
(x = y)F

(2)

where uy, is the Na chemical potential (set to bulk Na metal here) and F is the

Faraday constant.

To establish the general phase behavior of Na (de)intercalation into the NayMM’(PQOa4)3
structure, we monitored, using Equation 3, the formation energies (E;(x)) of various
orderings at different Na concentrations, x (1 = x < 4), with respect to the DFT energies
of the fully discharged (i.e., E[NasMM’(PQa4)3]), and fully charged (E[NaMM’(POa)s])
configurations.

Er(x) = E[Na,MM'(P0,);] — (%) E[Na; MM’ (PO,)5] -

("T‘l) E[Na,MM’(P0,);]

Different NaSICON structures were studied according to specific Na concentrations in
NaxMM’(POa4)s with M and M’= Ti, V, Cr, Mn, Fe, Co, and Ni. In choosing the amount
of mixing of TM in these NaSICON structures, we have considered only two distinct

situations: i) M= M’, which leads to NaxM2(POa)s, and ii) M and M’ in the ratio 1:1.

When fully sodiated, the fully ordered rhombohedral symmetry (R3c) of the high
temperature NaSICON structure is typically observed (e.g., NasFe''Fe'(PQa4)3!¢%) and
is therefore our starting model to study Na removal and TM mixing. Na vacancies are

created in the fully sodiated structure (NasMM’(PQOa)s), resulting in NaxMM’(PQOa4)3,
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where the Na content varies in the range 1 <x < 4 in steps of Ax = 0.5. The possible
configurations originating from the various orderings of Na and vacancies (Va) in the
NaSICON are obtained using the pymatgen library.l82l A ranking according to the
classical Ewald energy!®3l based on integer charges (i.e., Na=+1, P=+5, O=-2) and
variable charge on the transition metal (+2, +3, +4) is applied to limit the number of
possible structures to a computationally tractable level. For mixed transition metal
NaSICONs, the ordering of M and M’ is simultaneously performed with that of Na and
Va. DFT calculations are performed on the primitive cell and supercells (2x1x1) of
these orderings. A formula unit of the fully discharged NaSICON (NasMM’(POa)s)

contains 21 atoms.
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