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S1 Convex Hull and Voltage Curves of NaxM2(PO4)3 Systems 
 
Figures S1, S2, S3, S4, S5, S6 and S7 show the computed formation energies from 
DFT at 0 K and respective convex hulls (green solid lines and dots) for Na vacancy 
orderings as well as the corresponding intercalation voltage vs. Na/Na+ as a function 
of Na concentration (x) in NaxM2(PO4)3, NaSICON, where M= Ti, V, Cr, Mn, Fe, Co 
and Ni. Red crosses represent Na vacancies orderings lying above the convex hull. 
Na vacancy orderings at specific compositions lying above the convex hull will always 
phase separate into the nearest stable configurations (lying on the convex hull). 
 
 
 
 
 

 
Figure S1 (upper panel) The computed formation energies and respective convex hulls (green line) for 
Na vacancy orderings as a function of Na concentration (x) in NaxTi2(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S2 (upper panel) The computed formation energies and respective convex hulls (green line) for 
Na vacancy orderings as a function of Na concentration (x) in NaxV2(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S3 (upper panel) The computed formation energies and respective convex hulls (green line) for 
Na vacancy orderings as a function of Na concentration (x) in NaxCr2(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
 
 
 

1 2 3 4
x in NaxCr2(PO4)3

°80
°60
°40
°20

0
20
40
60
80

Fo
rm

at
io

n
E

ne
rg

y
(m

eV
/a

to
m

)

1 2 3 4
x in NaxCr2(PO4)3

0

1

2

3

4

5

Vo
lta

ge
vs

.N
a/

N
a+

(V
ol

ts
)



 
 

S6 

 
Figure S4 (upper panel) The computed formation energies and respective convex hulls (green line) for 
Na vacancy orderings as a function of Na concentration (x) in NaxMn2(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S5 (upper panel) The computed formation energies and respective convex hulls (green line) for 
Na vacancy orderings as a function of Na concentration (x) in NaxFe2(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S6 (upper panel) The computed formation energies and respective convex hulls (green line) for 
Na vacancy orderings as a function of Na concentration (x) in NaxCo2(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S7 (upper panel) The computed formation energies and respective convex hulls (green line) for 
Na vacancy orderings as a function of Na concentration (x) in NaxNi2(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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S2 Comparison of Exchange and Correllation Functionals 
 
Figures S8 shows the convex hull and the voltage curves of NaxV2(PO4)3 as the 

exchange and correlation functional is varied between GGA(PBE)+U 1,2 and the hybrid 

range-separated functional proposed by Heyd, Scuseria and Ernzerhof HSE063. 

 

 
 
Figure S8 (upper panel) The computed formation energies and respective convex hulls with PBE+U 
(green line) and hybrid functional HSE06 (orange line) for Na vacancy orderings as a function of Na 
concentration (1≤ x ≤ 4) in NaxV2(PO4)3. (lower panel) The corresponding intercalation voltage vs. 
Na/Na+ at different Na content are compared to experimental values (violet lines).4  
 
From Figure S8, it can be observed that both GGA+U and HSE06 tend to 
underestimate the experimental voltages.  
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S3 Electronic Configuration of Transition Metals in NaSICON 
 
The primitive unit cell of NaxM2(PO4)3 includes 2 f.u, and hence four transition metals 

(TM) per unit (simulation) cell. To assign the oxidation states of the transition metals, 

we analyzed the computed on-site magnetic moments (Bohr magneton μM), as 

indicated in Tables S1 and S2.  
 

Table S1 The computed magnetic moments (in µB) from DFT and assigned oxidation states for 3d 
transition metals in the octahedral coordination of NaSICON.  
 

TM Oxidation states and Magnetic moment 
Ti II, μ = 1.9 III, μ = 1.0 IV, μ = 0.0 –– 
V II, μ = 2.7 III, μ = 1.9 IV, μ = 1.0 V, μ = 0.0 
Cr II, μ = 3.8 III, μ = 3.0 – 2.9 IV, μ = 2.6 – 2.3 –– 
Mn II, μ = 4.7 – 4.6 III, μ = 4.0 – 3.9 IV, μ = 3.4 – 3.3 –– 
Fe II, μ = 3.8 III, μ = 4.3 –– –– 
Co II, μ = 2.8 III, μ = 3.2 – 3.1 –– –– 
Ni II, μ = 1.8 –– –– –– 

 
 
Our data demonstrates that the removal of the first Na from the formula 

Na4MIIIMII(PO4)3 occurs via an oxidation of M2+ to M3+ to give Na3MIIIMIII(PO4)3. Further 

Na extraction give rise to Na2MIIIMIV(PO4)3 and then to Na1M4+M4+(PO4)3. Each of 

these Na extraction (like Na4MIIIMII(PO4)3 to Na3MIIIMIII(PO4)3 etc.) actually involves the 

oxidation of two TM atoms (among four) per simulation cell. The intermediate minima 

at x= 3.5, 2.5 and 1.5 correspond to the reduction of only one transition metal (among 

four) sites M. For example, when Na is extracted from Na4VIIIVII(PO4)3 (μM = ~1.9 on 

V3+ and 2.7 on V2+), we obtain magnetic moments of 1.9 on all V3+ in Na3V2(PO4)3. 

Upon further deintercalation to Na2V2(PO4)3, the magnetic moments change to ~1.9 

on V3+ and 1.0  on V4+, respectively. However, assigning the exact oxidation state from 

magnetic moments become difficult especially for Ni, Co and Fe as they behave as 

metallic and electronic density is thus delocalized. For this purpose, their coordination 

environments are analyzed, as given in Table S2. 
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Table S2 The calculated site magnetic moment (first value) and corresponding average M-O octahedral 
bond length (second value) for various Na concentrations lying on the convex hull for Ni, Co, Fe and 
Mn based NaSICON.  
 

NaSICON Na Conc. (x) Transition Metal Sites 
M1 M2 M3 M4 

NaxNi2(PO4)3 
1 1.88, 2.03 1.88, 2.03 1.88, 2.03 1.88, 2.03 
3 1.74, 2.05 1.76, 2.05 1.74, 2.05 1.76, 2.05 

3.5 1.78, 2.05 1.75, 2.06 1.78, 2.05 1.75, 2.06 
4 1.78, 2.06 1.78, 2.06 1.78, 2.06 1.78, 2.06 

NaxCo2(PO4)3 

1 3.20, 1.97 3.16, 1.99 3.20, 1.97 3.16, 1.99 
1.5 3.17, 1.99 3.16, 2.00 3.16, 2.00 3.17, 1.99 
2 3.16, 2.01 3.16, 2.01 3.16, 2.01 3.16, 2.01 

2.5 3.16, 2.01 3.15, 2.02 3.15, 2.02 3.16, 2.01 
3 3.15, 2.02 3.15, 2.02 3.15, 2.02 3.15, 2.02 
4 3.12, 2.02 2.78, 2.11 3.12, 2.02 2.79, 2.12 

NaxFe2(PO4)3 

1 4.26, 1.99 4.26, 1.99 4.26, 1.99 4.26, 1.99 
2 4.33, 2.02 4.33, 2.02 4.33, 2.02 4.33, 2.02 

2.5 4.33, 2.03 4.33, 2.03 4.32, 2.03 4.33, 2.02 
3 4.33, 2.03 4.33, 2.03 4.33, 2.03 4.33, 2.03 
4 3.78, 2.15 4.31, 2.03 3.78, 2.15 4.31, 2.03 

NaxMn2(PO4)3 
1 3.31, 1.94 3.31, 1.94 3.16, 1.92 3.16, 1.92 
3 3.93, 2.06 3.93, 2.07 3.93, 2.07 3.93, 2.06 
4 4.59, 2.17 4.59, 2.17 4.07, 2.09 4.07, 2.08 
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S4 Density of States of Selected NaSICON Structures 
 
The desity of states (DOSs) of selected mono-transition metal (TM) NaxM2(PO4)3 

configurations, where M= Mn, Fe, Co and Ni are plotted in Figure S9, S10, S11 and 

S12 to investigate the electronic band gap. The elecronic density of states are 

calculated for the computed ground state configurations of NaxM2(PO4)3 at appropriate 

Na concentrations (x = 1, 3, 4). A dense 𝚪-centred Monkhorst-Pack k-point mesh with 

75 divisions along each reciprocal lattice vector was applied to all the configurations, 

and the total energy was converged to within 10–5 eV/cell. The partial occupancies for 

each orbital are obtained with a smearing (of 0.05 eV width) scheme based on the 

tetrahedron method with Blöchl corrections. The calculated total and atom projected 

DOS are displayed for spin up and spin down states in the range of interest (–2.5 –– 

2 eV) around the Fermi energy. Unless for NaSICON configurations behaving as 

metals, the top of the Fermi energy is set at the top of the valance band. For all these 

NaSICON systems, the valence band near the fermi energy are dominantly occupied 

by 3d electron of TM, while the 2p O states lay at lower energies. Moreover, the TM 

states tend to dominate the conduction band. 
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Figure S9 The total (gray) and atom projected (Mn aqua, O orange and Na blue) DOSs of NaxMn2(PO4)3 
NaSICON, where Na concentration, x = 1, 3 and 4. The vertical line denotes the Fermi energy level and 
Eg is the calculated Band gap. 
 

 
Figure S10 The total (gray) and atom projected (Fe aqua, O orange and Na blue) DOSs of 
NaxFe2(PO4)3 NaSICON, where Na concentration, x = 1, 3 and 4. The vertical line denotes the Fermi 
energy level and Eg is the calculated Band gap. 
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Figure S11 The total (gray) and atom projected (Co aqua, O orange and Na blue) DOSs of 
NaxCo2(PO4)3 NaSICON, where Na concentration, x = 1, 3 and 4. The vertical line denotes the Fermi 
energy level and Eg is the calculated Band gap. 
 
 

 
Figure S12 The total (gray) and atom projected (Ni aqua, O orange and Na blue) DOSs of NaxNi2(PO4)3 
NaSICON, where Na concentration, x = 1, 3 and 4. The vertical line denotes the Fermi energy level and 
Eg is the calculated band gap. 
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S5 Convex Hull and Voltage Curves of Mixed NaxMM’(PO4)3 Systems 
 
Figures S13, S14, S15, S16, S17, S18, S19, S20, S21, S22, S23, S24, S25, S26, 
S27, S28, S29, S30, S31, S32 and S33 show the computed formation energies from 
DFT at 0 K and respective convex hulls (green solid lines and dots) for Na vacancy 
orderings, as well as the corresponding intercalation voltage vs. Na/Na+ as a function 
of Na concentration (x) in mixed NaxMM’(PO4)3 NaSICON, where M, M’ = Ti, V, Cr, 
Mn, Fe, Co and Ni. Red crosses represent Na vacancies orderings lying above the 
convex hull. 
 

 
Figure S13 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxTiV(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S14  (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxTiCr(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S15 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxTiMn(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S16 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxTiFe(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S17 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxTiCo(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S18  (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxTiNi(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S19  (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxVCr(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S20 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxVMn(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S21 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxVFe(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S22 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxVCo(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S23 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxVNi(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S24 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxCrMn(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S25 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxCrFe(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S26 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxCrCo(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S27 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxCrNi(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S28 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxMnFe(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S29 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxMnCo(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S30 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxMnNi(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S31 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxFeCo(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S32 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxFeNi(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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Figure S33 (upper panel) The computed formation energies and respective convex hulls (green line) 
for Na vacancy orderings as a function of Na concentration (x) in NaxCoNi(PO4)3. (lower panel) The 
corresponding intercalation voltage vs. Na/Na+ at different Na content. Note that x varies in the range 
1≤ x ≤ 4. The stable orderings forming the convex hull are displayed as green dots while the unstable 
orderings are given as red symbols. 
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S6 Computed Phase Diagrams of the Ni-Na-P-O system 
 
Figure S34 shows the thermodynamics stability of various compounds in the Ni-Na-

P-O phase diagram. For the sake of clarity, a reduced version of the phase diagram 

was plotted, also known as compound phase diagram. The red filled circles 

corresponds to stable phases in the global phase diagrams. The blue lines show the 

equilibrium among various connected compounds. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S34 The computed phase diagram of chemical system Ni-Na-P-O at 0K. No stable NaSICON 
structures with formula NaxNi2(PO4)3 was observed in the global phase diagram. The compounds with 
compositions close to NaSICON are plotted which is in equilibrium with highly stable binaries (P2O5, 
NiO and NaO3) and ternaries (Na3PO4). 
 
 
In Figure S34, we cannot identify any stable Ni-based NaxNi2(PO4)3 NaSICON 
composition in the Ni-Na-P-O  computed phase diagram. 
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