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ABSTRACT: The replacement of the presently used liquid electrolytes by a
nonﬂammable solid electrolytes is an important avenue to create safer
batteries. The natrium superionic CONductor (NaSiCON)
Na1+xZr2SixP3−xO12 (0 ≤ x ≤ 3) that displays high bulk ionic conductivity
and good stability toward other NaSiCON-based electrodes is a good solid
electrolyte in NaSiCON-based batteries. Despite the sizeable share of
research on Na1+xZr2SixP3−xO12, the structural and thermodynamic properties
of NaSiCON require better understanding for more eﬃcient synthesis and
optimization as a solid electrolyte, which often follows chemical intuition.
Here, we analyze the thermodynamic properties of the rhombohedral
NaSiCON electrolyte by constructing the Na1+xZr2SixP3−xO12 phase diagram,
based on density functional theory calculations, a cluster expansion framework, and Monte Carlo simulations. Speciﬁcally, we build
the phase diagram as a function of temperature and composition (0 ≤ x ≤ 3) for the high-temperature rhombohedral structure,
which has been also observed in several positive electrode materials, such as Na3Ti2(PO4)3, Na3V2(PO4)3, Na3Cr2(PO4)3, and
Na3Fe2(PO4)3. Through the phase diagram, we identify the concentration domains providing the highest Na+-ion conductivity and
previously unreported phase-separation behavior across three diﬀerent single-phase regions. Furthermore, we note the similarities in
the phase behavior between Na1+xZr2SixP3−xO12 and other NaSiCON-based monotransition metal electrodes and discuss the
potential competition between thermodynamics and kinetics in experimentally observed phase separation. Our work is an important
addition in understanding the thermodynamics of NaSiCON-based materials and in the development of inexpensive Na-ion
batteries. From our results, we propose that the addition of SiO4−
4 moieties to single-transition metal NaSiCON-phosphate-based
electrodes will signiﬁcantly slow the kinetics toward phase separation.
ature,25−27,27 rivaling those of commercial liquid electrolytes
(e.g., 1 M LiPF6 in dimethyl/ethylene carbonates ∼10−2 S·
cm−1).28 More than 40 years ago, Hong and Goodenough
studied the “Natrium Superionic CONductor” (NaSiCON),
Na1+xZr2SixP3−xO12 (0 ≤ x ≤ 3),29,30 which can achieve
exceptional bulk ionic Na+ conductivity (∼15 mS·cm−1 at 298
K) for x ∼2.0−2.4.31 The NaSiCON structure provides a
versatile framework, incorporating both cationic (Na+ and
32,33
Zr4+) and anionic (SiO4−
and PO3−
which
4
4 ) moieties,
+
enable the number of Na ions to vary between 1 and 4 per
formula unit with the corresponding changes in the P/Si ratio
and Na+-ion conductivity.
Figure 1 depicts the structure of the high-temperature (>450
K) rhombohedral (space group: R3̅ c) phase of

1. INTRODUCTION
The development of green energy technologies, such as
photovoltaics, wind turbines, and rechargeable batteries, is
essential in meeting the sustainable needs of a society to limit
its fossil fuel usage. Lithium (Li)-ion batteries power the
world’s mobile devices, and they are increasingly seen in
vehicular transportation. When life-cycle analysis is examined
in the design of batteries, however, sodium (Na) appears
attractive because it can be “harvested” directly from seawater,
making Na ∼50 times lower in cost than Li.1−3 Na-ion
batteries also use inexpensive, stainless-steel current collectors.2 However, commercial Li-ion batteries and the state-ofthe-art Na-ion batteries employ highly ﬂammable organic
liquid electrolytes,4,5 which pose a tangible safety concern in
their widespread deployment.
A pathway to create a battery with a high energy density and
safety is to replace the liquid with a nonﬂammable solid
electrolyte,6 leading to all-solid-state batteries, which are the
object of a sizeable amount of current research.7−24 Today, the
superionic conductivity of Li+ and Na+ ions in solid electrolytes
can achieve record values >10 mS·cm−1 at room temper© 2020 American Chemical Society
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electrode. Notably, NaSiCON-derived electrodes [e.g.,
Na3Ti2(PO4)3, Na3V2(PO4)3, and Na3Cr2(PO4)3] often show
phase-separation behavior upon Na intercalation/extraction.34,42,43,43−47
The phase behaviorphase separation or the existence of
solid solutionshas not been fully elucidated in
Na1+xZr2SixP3−xO12. Speciﬁcally, the experimentally observed
disorder and fractional occupancies of the Na/vacancy (Va)
and Si/P sites in the rhombohedral-NaSiCON structure29,30,33
hinder characterization attempts in assigning speciﬁc phases
(or ordered Na conﬁgurations) at diﬀerent temperatures and
Na compositions. In this investigation, we therefore analyze
the phase behavior of the NaSiCON electrolyte by
constructing the Na1+xZr2SixP3−xO12 phase diagram as a
function of composition (0 ≤ x ≤ 3) and temperature. We
focus on the high-temperature rhombohedral-NaSiCON
Na1+xZr2SixP3−xO12 structure, which exhibits high Na conductivity and is adopted by several Na-based positive
electrodes [e.g., Na3Ti2(PO4)3, Na3V2(PO4)3, Na3Cr2(PO4)3,
and Na3Fe2(PO4)3] at high temperature as well. The phase
diagram of the rhombohedral Na1+xZr2SixP3−xO12 phase is
developed by grand canonical Monte Carlo (GCMC)
simulations based on a cluster expansion (CE) model,48
which is built on density functional theory (DFT)49,50
calculations. Importantly, we ﬁnd speciﬁc temperature and
Na-concentration domains where the rhombohedral NaSiCON exhibits a biphasic behavior (or phase separation), which
is similar to the behavior observed in NaSiCON-based
electrodes. Finally, we provide strategies for further optimizing
the synthesis of NaSiCON-related materials and improving
their ion-transport properties.

Figure 1. Representation of the rhombohedral Na1+xZr2SixP3−xO12
structure. Na(1) is represented by red antiprisms or red spheres,
Na(2) by silver spheres, (Si/P)O4 by blue tetrahedra, and ZrO6 by
gray octahedra. Panel a shows the lantern arrangement, whereby
Na(1) positions are stacked between two ZrO6 octahedra along the
[001] direction. Panel b depicts a zoomed view (of panel a) of the
Na(1) and Na(2) arrangement within the rhombohedral cell. Panel c
shows a view down the c-axis.

Na1+xZr2SixP3−xO12,29,30,32,33 where the three blue XO4 (X = P
or Si) tetrahedra share corners with two gray ZrO6 octahedra
forming the so-called “lantern units” (panels a and b). There
are two distinct, partially occupied (disordered) sodium sites,
Na(1) and Na(2) (panel b). The superionic behavior in
Na1+xZr2SixP3−xO12 is driven by a Na-vacancy migration
mechanism that relates directly to the occupational disorder
of Na(1) and Na(2).29,34−36 The volume of the polyhedra
formed by the Na(1) site is typically larger than that of Na(2)
and is coordinated by oxygen atoms from ZrO6 units in an
antiprismatic arrangement (Figure 1b,c), while Na(2) resides
in an irregular polyhedral, coordinated to seven neighboring
oxygen atoms from the ZrO6 and XO4 units. The existence of a
third Na site between Na(1) and Na(2) has been reported33,37
and attributed to a metastable state in the Na+ migration. At
lower temperatures (<450 K) and for 1.8 ≤ x ≤ 2.2 for x in
Na1+xZr2SixP3−xO12, the NaSiCON undergoes a monoclinic
distortion (space group: C2/c) that is often associated with
Na + ordering into distinct Na sites and lower Na
conductivities.29 Here, we will use the nomenclature
rhombohedral and monoclinic NaSiCON to distinguish the
two Na1+xZr2SixP3−xO12 phases.
There exists an extensive body of prior literature on
optimizing the Na-ion conductivity within the NaSiCON
electrolyte, 3 0 , 3 1 , 3 3 , 3 4 , 3 6 − 4 0 especially at x ∼ 2 in
Na1+xZr2SixP3−xO12. Aliovalent doping has been used to
increase the Na-ion conductivity by varying the Na content
and disorder in the NaSiCON.34,38−40 For example, Miyajima
et al.41 studied the partial substitution of Zr4+ by 3+ cations,
such as In3+, Yb3+, Er3+, Y3+, Dy3+, Tb3+, and Gd3+ in
Na1+xZr2SixP3−xO12 leading to an increase in the Na content.
Although Sc3+ has also been used as a common aliovalent
dopant on Zr4+,39−41 high Na+ conductivities (∼3.7 mS·cm−1)
have been achieved by doping with trivalent Al3+, Fe3+, and Y3+
and divalent Co2+, Ni2+, and Zn2+ species.38 The complete
substitution of Zr4+ in the NaSiCON by redox−active
transition metals,36,38−40 for example, Ti, V, Cr, and Fe, in
the NaSiCON transforms the solid electrolyte into an

2. DETAILS OF MONTE CARLO, CLUSTER
EXPANSION, AND DFT CALCULATIONS
To coarse-grain the Gibbs free energy with changes in
composition and temperature of the rhombohedral
Na1+xZr2SixP3−xO12, the Metropolis-Hasting GCMC51 was
performed using a CE Hamiltonian. The CE was parameterized on various Na-vacancy (Va) and Si−P conﬁgurations, and the CE ﬁt was obtained using the cluster-assisted
statistical mechanics (CASM) code.52−55 In performing the
GCMC simulations, every Na/Va swap must be coupled to a
Si/P swap or vice versa, in order to maintain the charge
neutrality of the overall simulation cell. We have enforced the
charge neutrality by modifying the GCMC code in the CASM
package (https://github.com/caneparesearch/
CASMcode).52−55 GCMC runs were performed on 16 × 16
× 16 supercells of the primitive cell with 172,032 atoms and
ranged between 57,344,000 and 573,440,000 steps. The
condition of charge neutrality increases substantially the
number of GCMC steps required to achieve convergence
compared to GCMC simulations without this constraint.
GCMC simulations were considered converged when deviations in formation energies reached ≤0.5 meV/f.u.
In GCMC, either the chemical potential (μ) or temperature
(T) can vary. Because of the charge-neutrality constraint, there
is a single independent μ in the NaSiCON system, that is, one
unique composition variable (x). As a result of the three
ground states in the convex hull at x = 0, 2, and 3 (see Section
3.1), μ was scanned in two regions with a ﬁne step size (Δμ =
0.005 eV/f.u) in both “forward” and “backward” directions
(Section S4 in the Supporting Information, SI). GCMC scans
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Figure 2. Formation energy of the rhombohedral NaSICON vs Na/Va (x) and Si/P (3 − x) composition (panel a). Orange dots are the formation
energies from DFT, while blue crosses depict the energies from the cluster expansion model. The DFT and CE convex hulls are shown by solid
orange and blue lines. Panel b plots the error of the CE model with respect to DFT (horizontal axis) vs the energy above the convex hull (vertical
axis). The dashed lines in b are conﬁdence windows (of ±10 and ±20 meV/f.u) for the CE model.

were also performed at ﬁxed μ and with varying T from 5 to
1605 K (ΔT = 5 K).
The CE Hamiltonian, based on the approach of Sanchez et
al.,48 parameterizes the formation energies (Ef in eq 2), as
calculated from DFT, of various Na/Va and Si/P conﬁgurations, which are mapped onto a ﬁxed Na4Zr2Si3O12
topology. The CE is typically written as a truncated summation
of the eﬀective cluster interactions (ECIs) of pair, triplet,
quadruplet, and higher-order clusters as

with 42 atoms) was used to enumerate the conﬁgurations in
the possible Na concentration range (0 ≤ x ≤ 3) at a step size,
Δx = 0.5. To keep the number of possible conﬁgurations to a
computationally tractable level, we used an electrostatic
ranking scheme based on the Ewald energy,61 where classical
point charges are assigned to each species (Na = +1, Zr = +4,
Si = +4, P = +5, and O = −2). We selected 500 structures at
each x with the lowest Ewald energies. We applied a similar
enumeration and ranking procedure to obtain Na/Va and Si/P
conﬁgurations in 2 × 1 × 1 supercells (4 f.u., with 84 atoms,
equivalent to 1 × 2 × 1 and 1 × 1 × 2) of the primitive cell
with a step size, Δx = 0.25. The ﬁnal number of structures
considered in our DFT calculations was further reduced by
considering only the symmetry inequivalent orderings. In total,
we computed 1192 structurally and symmetrically distinct
orderings using DFT as implemented in VASP.62,63
The exchange-correlation energy in DFT was approximated
by the strongly constrained and appropriately normed (SCAN)
semilocal meta-generalized gradient approximation (GGA)
functional.64 The accuracy of SCAN has been demonstrated
on oxides and phosphates,65−67 where SCAN has been shown
not to overbind O2 gas, as is typical of GGA functionals.68
Wave functions were expanded in terms of a plane-wave basis
set, truncated at a kinetic energy cutoﬀ of 520 eV, and
combined with projector augmented wave (PAW) potentials
to describe the core electrons.69 The PAW potentials used
were Na_pv 19 Sep 2006 2p63s1, Zr_sv 04 Jan 2005
4s24p64d25s2, Si 05 Jan 2001 3s23p2, P 06 Sep 2000 3s23p3,
and O 08 Apr 2002 2s22p4. Total energies were integrated on a
3 × 3 × 3 Monkhorst−Pack grid70 for the primitive cells (while
the k-point density was maintained for the larger supercells)
and converged within 10−5 eV/cell, without preserving any
symmetry. The atomic forces (and stresses) were converged to
within 10−2 eV/Å (0.29 GPa).

E[ζ ⃗ , ϕ ⃗] = V0 + Viζi + Vijζiζj + Viaζiϕa + Vabϕϕ
+ ···
a b
(1)

where E[ζ ⃗ , ϕ ⃗] is the formation energy of a Na/Va and Si/P
conﬁguration (i.e., a given structure). The ECI V, and a
polynomial function mapping the occupation of the lattice site,
with ζi = 0 or 1 representing the occupation of Na or Va and
ϕa = 0 or 1 that of Si or P.56 Each ECI in the sum includes the
multiplicity (the cluster symmetry). All symmetrically distinct
pairs, triplets, and quadruplets in the rhombohedral cell within
a radius of 10, 6, and 5 Å, respectively, are used for
constructing the CE model. Note that including larger clusters
via increasing the maximum radius (within which clusters are
included) results in a dramatic increase in the basis-set size and
the complexity of the ﬁtting procedure, without any improvement in the quality of the CE.
Diﬀerent Na compositions of the rhombohedral NaSiCON
were studied by varying the Na content from Na4Zr2Si3O12 to
Na1Zr2P3O12. To keep charge neutrality in Na4Zr2Si3O12 upon
the “removal” of Na+ ions (i.e., addition of vacancies), the Si4+
ions must also be substituted by P5+ ions. Hence, we used the
so-called “coupled” CE model57 that constraints the concentration of Si4+/P5+ to Na+/Va by utilizing a single “point” term
(ζi) of eq 1. The point term in a CE typically sets μ and the
presence of a single μ ensures charge neutrality of the
underlying NaSiCON within the CE. Given the large number
of clusters available versus the number of DFT-calculated
conﬁgurations, we used the compressive sensing approach to
determine the absolute values of the ECIs by employing α =
1.5 × 10−5 to penalize the L1 norm of the ECIs and minimize
overﬁtting.58
Diﬀerent Na/Va and Si/P conﬁgurations were enumerated
using the pymatgen package.59 The primitive cell of the
experimental rhombohedral Na4Zr2Si3O12 structure60 (2 f.u.,

3. RESULTS
3.1. Energetics of the Na and Si/P Conﬁgurations in
the Rhombohedral NaSICON. The formation energy (Ef) of
each ordering, computed by DFT, is deﬁned with respect to
the lowest energy end-member compositions, Na4Zr2Si3O12
and Na1Zr2P3O12, using eq 2
7910
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3.2. Cluster Expansion Model. Of the 1192 distinct
orderings computed by DFT (Figure 2a), only 884
conﬁgurations were selected to ﬁt the CE model Hamiltonian.
The reduction of our data set is due to the high (and expected)
mobility of Na ions in speciﬁc starting conﬁgurations, which
causes Na ions to move from their initial positions during the
structure relaxation to ﬁnal positions that are symmetrically
equivalent to other initial Na conﬁgurations. We removed
selected structures, primarily at x = 0 and 0.25, whose high
energies originate from the unfavorable ordering of Na in the
structure while making the ﬁtting of the CE extremely
challenging. The ECIs obtained via ﬁtting the CE to the
DFT formation energies are depicted in Figure 3.

(2)

where E[Na 1+x Zr 2 Si x P 3−x O 12 ], E[Na 4 Zr 2 Si 3 O 12 ], and
E[Na1Zr2P3O12] are the DFT total energies of each Na/Va +
Si/P ordering and the two end members. Figure 2 plots the
formation energy versus Na composition, which is the phase
diagram of the rhombohedral-NaSiCON system at 0 K. The
DFT formation energies are shown in orange, whereas the
formation energies predicted by the CE model are shown in
blue (Figure 2a). The convex envelopes of the structures with
the lowest formation energiesthe convex hullas predicted
by DFT and CE are depicted by solid orange and solid blue
lines, respectively. Importantly, the three lowest energy (or
ground state) conﬁgurations that lie on both the DFT and CE
hulls occur at Na compositions of x = 0.0, 2.0, and 3.0, in
agreement with experimental observations.29,71 Thus, there
should be a distinct, stable Na/Va (and Si/P) ordering
corresponding to the x = 2.0 ground-state conﬁguration, apart
from the x = 0.0 and x = 3.0 end members. The structures of
the ordered ground-state conﬁgurations (the Na/Si/P orderings) that form the convex hull are represented in Figures S3
and S4 of the Supporting Information.
Note that the ground state at Na3Zr2Si2P1O12 (x = 2.0)
distorts away from the rhombohedral symmetry upon DFT
structure relaxation, which indicates the tendency for the
rhombohedral NaSiCON to transform into the stable lowtemperature monoclinic NaSiCON.29,37,72,73 It is worth
mentioning that any attempt to resolve the Si/P disorder of
the rhombohedral primitive cell at x = 2.0 reduces the
symmetry to a monoclinic arrangement (space group C2/c)
even prior geometry optimization, that is, ordering the Si/P
sites breaks the threefold rotational symmetry of a rhombohedral system. Furthermore, we did not preserve the symmetry in
any of our DFT structure relaxations (i.e., impose only a
primitive triclinic or P1 symmetry). Nevertheless, preserving
the symmetry during the DFT calculation leads to a negligible
change in the energy of the ground state at x = 2.0 (∼0.274
meV/f.u.). Although the low-temperature monoclinic distortion observed experimentally exhibits the C2/c space
group,29,37,72,74,75 this structure presents a rotational distortion
of the ZrO6 octahedra in combination with disorder in the Si/
P sites, which is not observed in our ground-state structure at x
= 2.0 (of Figures S3 and S4).
In the case of x = 0, the ground-state structure in Figure 2a is
ordered and all the Na+ ions occupy the Na(1) position
(Figures S3 and S4 in the Supporting Information), in
agreement with previous experimental reports.29,72 The
occupation of the Na(1) sites at low Na concentrations is
driven predominantly by the higher electrostatic repulsion
between P5+ and Na+ ions compared to Zr4+ or Si4+ and the
closer proximity of Na(2) sites to P5+ than Na(1). Therefore,
any attempt for Na to occupy the Na(2) sites will increase the
instability of these orderings at x = 0 and x = 0.25, as shown in
Figure 2a.
In Figure 2a, most orderings in 2 × 1 × 1 supercells exhibit
higher formation energies than conﬁgurations within the
primitive cell. For example, all the conﬁgurations that exhibit
Ef < −50 meV/f.u. at x = 0.5, 1.0, 1.5, 2.0, and 2.5 are
orderings within the primitive cell.

Figure 3. Plot of the 65 ECIs (in meV/multiplicity, vertical axis) vs
their size (in Å, horizontal axis). Negative (positive) ECIs in pairs are
attractive (repulsive) interactions between Va−Va, P−P, and Va−P.
The indexes of speciﬁc ECIs are indicated (Table S2 in the
Supporting Information).

The ECIs of Figure 3 are obtained by minimizing the root
mean square error (RMSE) against the DFT energies of all 884
conﬁgurations, which is ∼11.20 meV/f.u. (∼0.53 meV/atom),
while minimizing the total magnitude of all ECIs to minimize
overﬁtting.58 The transferability of the CE is assessed via the
leave one-out cross-validation (LOOCV) score, which is ∼24.9
meV/f.u. (1.18 meV/atom). The 65 clusters with nonzero
ECIs are listed in Table S2 of the Supporting Information.
Of the 65 ECIs, 38 ECIs are pair interactions, 22 are triplets,
and 4 are quadruplets. In Figure 3, a negative ECI indicates
“attractive” interactions between Va for clusters built on Na/
Va sites and P for clusters consisting of Si/P sites. Because the
NaSiCON structure has both Na/Va and Si/P sites, attractive
interactions are also extended to other species with the same
occupational variable. Speciﬁcally, our CE model uses an
identical notation for the occupation of Na/Si (σ = 0) and Va/
P (σ = +1). Thus, a negative ECI on a Na/Va-Si/P pair
translates to an attractive interaction that favors the occupation
of Va (on the Na/Va site) and P (on the Si/P site). Similarly,
positive ECIs indicate “repulsive” interactions between Va and
7911
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P. Because of the speciﬁc assignment of σ = 0 for any Na/Si
occupation, only clusters that are fully constituted by Va and/
or by P contribute to nonzero ECIs toward the overall energy
estimation in our CE model. The dominant pair and triplet
terms shown in Figure 3, that is, the highest absolute
magnitude ECI, are the repulsive pair cluster #34 (Na/VaNa/Va of length ∼7.40 Å), the attractive pair cluster #65 (Na/
Va-Na/Va, ∼9.19 Å), and the triplet cluster #92 (Na/Va-Na/
Va-Na/Va, ∼4.72 Å), respectively. All dominant pair, triplet,
and quadruplet interactions within our CE model are listed in
Tables S3−S5 of the Supporting Information.
Remarkably, our CE model captures some important physics
of the system. For example, the attractive pair #6 (in Figure S1
of the Supporting Information) favors Va located within the
cluster formed by one Na(1) and one Na(2) site, separated by
a length of ∼3.162 Å within the primitive rhombohedral cell.
However, a larger (∼6.52 Å) pair cluster #27 (in Figure S1 of
the Supporting Information) with Na(1) and Na(2) sites is
repulsive, which favors either a Na−Va or a Na−Na
occupation within the pair. Thus, the interplay between pair
#6 and #27 indicates the competition between short-range
versus long-range ordering phenomena in the structure.
Furthermore, the most dominant triplet is ECI #92, is
repulsive, penalizes the Va−Va−Va occupation, and consists
of one Na(1) and two Na(2) sites within the primitive cell
(size <4.73 Å), see Table S2 in the Supporting Information.
Hence, ECI #92 captures the rather strong short-range
interaction between symmetrically distinct Na sites, that is,
Na(1) and Na(2) (as elucidated in Section 3.5). Also, the
triplet ECI #92 likely acts in conjunction with pairs #27 and #6
[both involving Na(1) and Na(2) sites] to favor a Va−Na−Na
conﬁguration on the Na(1)−Na(2)−Na(2) sites, which is the
underlying motif of the ground state at x = 2 at 0 K (see Figure
2a and Section 3.5). Finally, the quadruplet ECIs #113 and
#118 are attractive, span across Na/Va and Si/P sites, and
favor occupations of Va−Va−Va−P and Va−Va−P−P,
respectively, which likely indicate the electrostatic attraction
between Va and P species.
The error in formation energies predicted by the CE
expansion model is compared with the energy above the
convex hull shown in Figure 2b, with two regions of
conﬁdences, ±10 and ±20 eV/f.u. (dashed lines). Importantly,
the CE reproduces well the DFT formation energies within
∼100 meV/f.u. above the convex hull line. In Figure 2b, points
near 0 meV/f.u. on the horizontal axis represent a perfect ﬁt
with the DFT data, whereas points beyond ±20 meV/f.u. can
be considered poorly described by the model. Most of the
formation energies predicted by the CE model lie within the
±20 meV/f.u. window, which indicates that the CE can also
reproduce the formation energies of several high-energy
conﬁgurations accurately.
3.3. Temperature−Composition Phase Diagram of
the Rhombohedral Na1+xZr2SixP3−xO12. Using large simulation cells (172,032 atoms) with GCMC, we can coarsegrain76 the grand-canonical potential at any Na(Va)/Si(P)
concentration and temperature. The temperature versus Nacomposition phase diagram of the rhombohedral
Na1+xZr2SixP3−xO12, as obtained via GCMC simulations, is
shown in Figure 4. The CE method has been proved very
accurate in the prediction of Na chemical potentials (and
voltages) in electrode materials,77,78 which indicates that our
methodology is reliable in predicting the useful ranges of μNa in
Na1+xZr2SixP3−xO12. The phase boundaries of Figure 4 are

Article

Figure 4. Predicted composition (horizontal axis) vs temperature
(vertical axis) phase diagram of rhombohedral Na1+xZr2SixP3−xO12
from GCMC simulations. Red stars indicate diﬀraction studies of
rhombohedral NaSiCON reported experimentally.33,40,60,79−83

identiﬁed by analyzing the grand-canonical potential energies,
the discontinuities of Na concentration (vs μ), and the
variation of the heat capacity (vs μ). Numerical hysteresis
arising from the GCMC was removed by performing a freeenergy integration (see Section S4 and Figure S2 of the
Supporting Information).76 A representative snapshot of
GCMC simulations is provided in Figure S3.
The phase diagram in Figure 4 contains four single-phase
(or monophasic) regions, which are labeled A (yellow), B
(green), C (dark purple), and C′ (light purple), with three
two-phase (or biphasic) regions separating the monophasic
domains. The biphasic regions are A + B (red dome between 0
< x < 2, T < 650 K), A + C′ (orange dome, T > 650 K), and B
+ C (blue dome between 2 < x < 3). The monophasic regions
can be described as, A: Na-poor domain, similar to the
rhombohedral Na1Zr2P3O12; C: Na-rich domain, similar to
Na4Zr2Si3O12; B: high-conductivity domain based on the
Na3Zr2Si2P1O12 conﬁguration, which is the target composition
in experimental studies; and C′: a high-temperature-disordered
domain that encompasses both Na 3 Zr 2 Si 2 P 1 O 12 and
Na4Zr2Si3O12 regions. Experimentally, the Na/Va and Si/P
lattices in the rhombohedral NaSiCON are known to disorder
in the composition range 1 < x < 3 (i.e., excluding the end
members) and at high temperatures (>473 K),9,32,33,33,72,84 in
qualitative agreement with our predicted phase diagram.
In the case of the B phase (green domain in Figure 4), at
temperatures <150 K, phase B is only stable at near x = 2, but
its stable composition range increases progressively with
increasing temperature to a maximum range of 1.25 ≤ x ≤
2.5 at 650 K. The region of stability of the B phase also
overlaps with the composition (1.8 ≤ x ≤ 2.2) and
temperature (<415 K) where the rhombohedral structure
transforms into the monoclinic polymorph in experiments.29,30,72 Thus, the presence of the B phase may facilitate
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the well-known rhombohedral-to-monoclinic transition. At
temperatures above 650 K, a high-temperature-disordered
phase C′ appears, which encompasses both the B and C
monophasic regions. The miscibility gap that separates the B
and C monophasic regions (blue dome in Figure 4) reaches its
critical point at x = 2.5 and 650 K. The transition from the
high-temperature-disordered C′ phase to the miscibility gap
(i.e., the B + C two-phase region) represents a ﬁrst-order phase
transition, marked by the dashed black line at 650 K.
The experimental compositions, which are assigned to
single-phase regions and determined from X-ray and neutron
diﬀraction measurements, are shown as red stars in Figure
4.40,60,72,79−83 Most experimentally observed compositions are
found in the single-phase regions of A, B, C, or C′ and in good
agreement with our calculated phase diagram. Exceptions are
reported single-phase structures at x = 2.0−2.3 at 443 K, x =
0.1 and 2.35 at 300 K,33 and x = 1 at 473 K.40 Although most
of the disagreements with experimentally reported single-phase
compositions lie at (or near) the predicted phase boundaries,
the measured, low-temperature data point at x = 2.35, 300 K
signiﬁcantly deviates from our predictions. Notably, the
experimental literature, so far, on Na1+xZr2SixP3−xO12 has
never reported any phase separation in this system.
3.4. Na/Vacancies and Si/P Conﬁgurational Eﬀects on
the Structural Properties. The DFT-calculated volumes
(panel a) and lattice constants a and c (panel b) of the various
conﬁgurations as a function of the Na composition are shown
in Figure 5. Stars represent experimentally reported values of
volumes, lattice constants, and c/a ratio,29,32,33,60,79−84 whereas
dots, squares, and triangles are the DFT-predicted values. The
color of each point in Figure 5 is associated with its energy
above the convex hull (Figure 2a), with darker blue (lighter
white) indicating structures that are near (far away from) the
convex hull. The black-dashed lines connect volumes, lattice
constants, and c/a ratio of structures forming the convex
hull.29,32,33,43,85
Moving from x = 0 to x = 2 in Figure 5a, the predicted
volume increases monotonically with a maximum at x = 2
(Na3Zr2Si2P1O12), in excellent agreement with experimental
reports (distribution of stars). Although DFT calculations do
not capture the eﬀect of temperature, the agreement between
theory and experiments on lattice volumes can be attributed to
the low thermal expansion (<5%, 11.8 × 10−6 C−1) with
increasing temperature (over a wide temperature range, i.e., 25
< T < 700 °C) of the NaSiCON.60,79
In the case of lattice parameters (Figure 5b), we observe that
the a parameter increases monotonically with increasing Na
content, while the c parameter increases for 0 < x < 2 and
decreases for x > 2, in excellent agreement with experimental
studies.29,33 As the Na content increases in Na1+xZr2SixP3−xO12
in the range 0 < x < 2, the Na+ ions are displaced from Na(1)
into Na(2) sites (Figure 6d−f). The reduced occupation of
Na(1) sites facilitates the electrostatic repulsion between ZrO6
units stacked along the c direction, resulting in an increase in
the c parameter.
Importantly, we predict a mild volume contraction (∼1%,
panel a) for x > 2, in agreement with experimental observations
that Na4Zr2Si3O12 has a lower volume than Na3Zr2Si2P1O12
(∼1% smaller) because of a contraction of the c axis (panel
b).79 The reduction of the c/a ratio with increasing Na
concentration (Figure 5c) captures the typical behavior of the
rhombohedral NaSiCON as the Na content is varied (stars in
panel c).
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Figure 5. Predicted volumes (vertical axis) in panel a and lattice
constants a and c in panel b of rhombohedral NaSiCON vs
composition x (horizontal axis). In panel c, the c/a ratio is shown.
Each dot, square, or triangle is colored according to its energy above
the convex hull. The dashed black line connects ground-state
conﬁgurations that are on the convex hull at 0 K. Experimentally
reported volumes and lattice constants29,32,33,60,79−84 at speciﬁc
concentrations are indicated by stars.

3.5. Thermodynamic Properties and Na Occupations
Versus Temperature. The GCMC data enable the analysis
of relevant thermodynamic properties, for example, the Gibbs
energy (G, orange dots and lines) and the conﬁgurational
entropy (S, green dots and lines) functions. These are shown
in Figure 6, for 3 distinct temperatures, a 445 K, b 625 K, and c
905 K centered around the B + C → C′ transition (∼650 K).
Note that the Gibbs energies are referenced to the groundstate end-member conﬁgurations, namely, Na1Zr2P3O12 and
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Figure 6. Thermodynamic properties (left panels, a−c) and Na occupancy (right panels, d−f) are shown as a function of Na composition (x,
horizontal axis). Gibbs free energy G(x) (orange, left vertical axis) and conﬁgurational entropy S(x) (in green, right vertical axis) are shown at
speciﬁc temperatures 445 K (panel a), 625 K (panel b), and 905 K (panel c), respectively. Panels d, e, and f display the distribution of Na between
the two sites, Na(1) (in blue) and Na(2) (in red), at 445, 625, and 905 K, respectively. Experimental data at 443 and 623 K from ref 33 are
indicated as blue/red stars for Na(1)/Na(2) sites. Dashed lines indicate regions of phase separation in the phase diagram, while monophasic
domains are shown by colored regions (from Figure 4).

Unraveling the distribution of Na among the Na(1) and
Na(2) sites sheds light on the Na-ion transport in NaSiCON
phases, which is still not fully understood.37 From Figure 6d−f,
we note that for x = 0, Na(1) is fully occupied and Na(2) is
empty at all temperatures, in agreement with previous reports
indicating that Na1Zr2P3O12 is a fully ordered phase, with Na
occupying only Na(1).71,79 Similarly, at x = 3, both Na(1) and
Na(2) sites are fully occupied, in agreement with the
observations of Hong.29 Interestingly, within the monophasic
A region (x = 0 to x ∼ 1) at 905 K, the occupation of Na(2)
increases with increasing x, while Na(1) remains fully occupied
(Figure 6f).
At higher sodium contents, that is, x > 2 (within C′), the
occupation of Na(1) increases monotonically toward 1.0 at x =
3, while the occupation of Na(2) remains roughly constant
(∼1.0). However, at intermediate Na contents (x ∼ 1.25 to x
∼ 1.75), the occupancies of Na(2) and Na(1) show
contrasting trends with increasing Na content, that is, as
Na(2) sites are occupied by Na, Na(1) sites become
unoccupied. This simultaneous occupation and unoccupation
of Na(2) and Na(1) sites result in a decrease in conﬁgurational
entropy (Figure 6c), which eventually reaches a minima at x ∼
1.75.
Similar trends in Na(1) and Na(2) occupancies at
intermediate Na concentrations can also be observed below
the B + C → C′ transition (panels d and e in Figure 6), in
agreement with the trends reported by Boilot and Collin
(starts in panels d and e).33 Notably, the Na(1) sites become
empty at Na compositions of 1.5 < x < 2 within the B domain
(at 445 and 625 K), whereas the Na(1) site is never fully
empty in C′ with the minimum in occupation reaching at x ∼
1.75. Also, the Na sites are completely ordered, that is, Na(2)
is fully occupied and Na(1) is fully empty, at x = 2 within the B
phase, whereas complete ordering does not occur at x = 2
within the high-temperature C′ phase, underlying the key
diﬀerence between the B and C′ monophasic regions. Thus,
Na occupying the Na(1) sites is the primary mechanism of

Na4Zr2Si3O12. Panels d−f in Figure 6 show the extent of
occupation of Na(1) (blue dots and lines) and Na(2) (red
dots and lines) by Na+ versus x at three temperatures, where a
fully Na-occupied site (fully empty) has an occupancy of 1.0
(0.0). Notably, the occupation values are obtained as statistical
averages from GCMC simulations. Also, the multiplicity of
Na(2) is three times that of Na(1), that is, there are three
Na(2) sites for every Na(1). Dashed lines in all panels of
Figure 6 indicate thermodynamic properties and Na
occupancies within biphasic regions.
An increasing temperature typically decreases G, which is
consistent with the more negative Gibbs energies at 905 K
compared to 445 K, as shown in Figure 6. Although S depends
strongly on the temperature, the value of S at a given x
depends on the number of accessible conﬁgurations at that
composition. For example, S(x = 3) = 0 at all temperatures
because there are no conﬁgurational degrees of freedom
available at the Na4Zr2Si3O12 composition, that is, no
conﬁgurations lie above the convex hull at this composition
(Figure 2).
Below the B + C → C′ transition (445 and 625 K), S(x)
shows three distinct segments for the three monophasic
regions A, B, and C, with three minima of S(x) [and G(x)]
located at the 0 K ground-state compositions, namely, x = 0, 2,
and 3. The higher entropy observed for other compositions
away from the 0 K ground states is indicative of the higher
conﬁgurational disorder within the Na/Va and Si/P sublattices.
Importantly, the minima in entropy at x ∼ 2 (within the B
monophasic region) at 625 and 445 K correlate with the Na
occupancies of the Na(1) and Na(2) sites (Figure 6d−f, see
Discussion below). At 905 K (beyond the B + C → C′
transition), S(x) shows two distinct segments, corresponding
to the A and C′ monophasic region. The minima in G(x) [and
S(x)] at x = 2 are driven by minima in enthalpy already
discussed in Figure 2a reﬂection of the stable ordering which
enhances the chemical bonding at this composition.
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phases that would eventually coexist in a given sample.
Diﬀerential scanning calorimetry can also be used to identify
the well-documented albeit weak rhombohedral-to-monoclinic
phase transition,9,40,88 but phase separation has not been
observed so far in the rhombohedral phase.
Recent bench31 and synchrotron40 powder XRD studies
demonstrated unequivocally that the low-temperature
Na1+xZr2SixP3−xO12 compositions behave as a single phase, in
contrast to our predictions. For example, Deng et al.40 reported
a single phase at Na2Zr2Si1P2O12 at temperatures of 295 and
473 K, which is in the middle of the A + B two-phase region
(Figure 4). The disagreement in terms of phase stabilities at
low temperatures (<500 K) between the theory-predicted
thermodynamics (suggesting phase separation) and experimental reports (indicating single-phase behavior) can be also
attributed to kinetic factors. For example, at low temperatures
(∼300 K), our predicted phase diagram suggests that
Na3.5Zr2Si1P2O12(C′) will phase-separate into a mixture of
Na3Zr2Si2P1O12 (B) and Na4Zr2Si3O12 (C). This requires the
3−
disordered SiO4−
4 and PO4 ions in the high-temperature C′
phase to be redistributed in order to form the stable B and C
and PO3−
phases. The redistribution of the SiO4−
4
4 , which
requires macroscopic diﬀusion of multivalent Si4+ and P5+ ions,
would involve high activation barriers that are inaccessible at
the lower temperatures to ensure full phase separation.89 We
veriﬁed this unsurmountable energetic cost for Si4+ and P5+
reorganization by computing the migration barrier of P5+ in
Na1+xZr2SixP3−xO12, which results larger than ∼4.02 eV (Figure
S5 in the Supporting Information). However, it remains to be
veriﬁed experimentally (which we will do in the near future)
whether prolonged annealing treatments at intermediate
t e m p e r a t u r e s c a n pr o m o t e p h a s e s e p a r a t i o n in
Na1+xZr2SixP3−xO12.
Biphasic behavior is typical in NaSiCON-based electrodes.
For example, Delmas et al.42 detected phase separation of the
rhombohedral electrode Na2Ti2(PO4)3 when cooled, leading
to the formation of Na3Ti2(PO4)3 and Na1Ti2(PO4)3. For
NaSiCON electrodes with a single transition metal [e.g., M =
Ti, V, Cr, and Fe in NaxM2(PO4)3], the existence of two-phase
domains is also observed in electrochemical experiments,
whereby the Na-discharge voltage proﬁle exhibits a ﬂat plateau
as Na intercalates in the electrode (see Figure 7).42,47
Notably, mechanisms of phase separation in singletransition-metal NaSiCON electrodes do not involve modiﬁcations of the structural framework because phase separation
occurs across Na compositions (i.e., the formation of the Narich and Na-poor domain) and bond-breaking/reforming
involving framework atoms (e.g., Ti, V, Cr, or Fe) is not
required, as transition metals do not have to diﬀuse
macroscopically. In other words, the mobile Na+ and the
accompanying electrons can be redistributed swiftly even at
low temperatures (∼300 K) to ensure phase separation.
Interestingly, previous studies have claimed that the
thermodynamically favorable phase separation was curbed in
mixed-transition-metal NaSiCON systems. For example, in
Na2ZrCr(PO4)3, the phase separation reaction, 2Na2ZrCr(PO4)3 → NaZr2(PO4)3 + Na3Cr2(PO4)3, is inhibited by the
slow kinetics of bond-breaking/reforming of Zr−O and Cr−O
bonds and the poor macroscopic diﬀusivity of Zr4+ and Cr3+.42
Notably, phase separation of Na2ZrCr(PO4)3 was not observed
even after prolonged annealing treatments at high temperatures. Thus, the thermodynamically favored phase separation
in rhombohedral Na1+xZr2SixP3−xO12 may also be kinetically

inducing conﬁgurational disorder in the NaSiCON structure as
the system transitions from ordered B to disordered C′,
particularly at x = 2. Additionally, the complete ordering at x =
2 in B corresponds to the minima in entropy observed at 445
and 625 K at x = 2 (Figure 6a,b).

4. DISCUSSION
4.1. Reconciling the Phase Behavior in NaSiCONBased Electrolytes and Electrodes. Understanding the
thermodynamic properties of the rhombohedral
Na1+xZr2SixP3−xO12, and NaSiCON systems in general, is of
importance for the development of inexpensive solid electrolytes and electrode materials for novel Na-ion batteries. We
have systematically analyzed the phase diagram of rhombohedral Na1+xZr2SixP3−xO12 by combining ﬁrst-principles calculations, the cluster expansion formalism, and Monte Carlo
simulations. The computational investigation of the monoclinic phase diagram of Na1+xZr2SixP3−xO12 requires knowledge
of the end-member structures at Na = 1 and Na = 4, which are
only found experimentally in the rhombohedral arrangement.
This lack of information curbs the prediction of the monoclinic
phase diagram.
The computed phase diagram of Figure 4 reveals the
presence of two main regions characterized by biphasic
behavior, which are (i) the A + B region that stretches
through Na compositions 0 < x < 2 at low temperatures
(below 200 K) and narrows in the composition range with
increasing temperature and (ii) the miscibility gap, B + C, in
the region 2 < x < 3 between 0 and ∼650 K. Our result is in
stark contrast with the experimental literature, which indicates
a single-phase behavior across the whole region of accessible
Na compositions (i.e., 0 ≤ x ≤ 3) and temperatures (>450 K,
beyond the region of monoclinic phase stability).9,30,32,33,39,40,72 The phase diagram also displays four
monophasic regionsA, B, C, and C′, with B spanning a
noticeably increasing range of Na concentrations with
increasing temperature.
Note that Zr oﬀ-stoichiometry is often observed in the
rhombohedral Na1+xZr2SixP3−xO12, with residual ZrO2 found
after high-temperature synthesis and sintering treatments.9,31,39,40,86 Our computed phase diagram does not
account for Zr oﬀ-stoichiometry, and the inclusion of an
additional compositional axis would make this study intractable in terms of computational complexity. However, Boilot et
al.32 conﬁrmed that Na migration in vacant Zr sites is impeded,
indicating that Zr deﬁciency is less relevant for optimizing the
Na conductivity of this material.
Few experimental reports have targeted the structural
characterization of rhombohedral Na1+xZr2SixP3−xO12 at Na
compositions 0 < x < 2 or 2 < x < 3.29,40 Notably, most of the
early characterization work on rhombohedral
Na1+xZr2SixP3−xO12 used single-crystal samples with x ≥
2,30,33,72,74,87 which were mostly reﬁned according to the
structural model of Hong.29 Although single-crystal X-ray
diﬀraction (XRD) experiments are undoubtedly useful in
understanding the structural properties of this material, they
may hinder the observation of phase separation in
Na1+xZr2SixP3−xO12, in particular, across Na-rich and Na-poor
composition domains (e.g., A + B and B + C in Figure 4),
resulting in the lack of identiﬁcation of unique mono- or
biphasic domains. For this purpose, advanced powder X-ray or
neutron diﬀraction experiments are required because they
should identify phase separation and reveal all the crystalline
7915

https://dx.doi.org/10.1021/acs.chemmater.0c02695
Chem. Mater. 2020, 32, 7908−7920

Chemistry of Materials

pubs.acs.org/cm

Article

In light of these ﬁndings, one can formulate the following
hypothesis:
• Phase separation appears to be the underlying favorable
thermodynamic process in Na1+xZr2SixP3−xO12 but is
inhibited by the large energy barrier involved in the
3−
rearrangement of the SiO4−
4 and PO4 species.
• Phase separation is fully or partially inhibited, kinetically,
whenever cations of the M2(PO4)3 framework are
required to break bonds, migrate, and form new
bonds. Analogous to the kinetic impediment to phase
separation observed for the solid electrolyte
Na1+xZr2SixP3−xO12, partial replacement of SiO4−
4 and
PO3−
may
also
kinetically
limit
any
phase
separation
in
4
monotransition metal electrodes. Other “network
formers”, such as SiS4−
and PS3−
4
4 , found in Li-ion
conductors may provide similar eﬀects.92
• In both the solid electrolyte and NaSiCON electrodes,
the existence of a stable ordering of Na ions on the
Na(2) site at the x = 2 composition is a common
feature. The stability of the fully occupied Na(2) plus
fully empty Na(1) conﬁguration might be electrostatically driven (see Section 4.2) and requires further
exploration. As is well-established in the literature, at low
temperatures, this peculiar Na conﬁguration seems to
promote the phase transition from rhombohedral into
monoclinic symmetry, with the rhombohedral →
monoclinic transformation mechanism needing more
work to understand fully.

Figure 7. Experimental voltage (vertical axis) charge/discharge curves
of Na3Ti2(PO4)3 (in red), Na3V2(PO4)3 (in green), Na3Cr2(PO4)3 (in
blue), and Na3Fe2(PO4)3 (in yellow), adapted from refs,43,45,47,85 are
superimposed onto the predicted phase diagram of NaSiCON (∼295
K) from Figure 4. The dashed line and the arrow indicate the ordering
at x = 2.

inhibited, similar to the mixed-transition-metal NaSiCON
systems.44
To illustrate explicitly the similarity between the phases e p ar a t i o n b e h a v i o r i d e n t iﬁ e d i n t h i s w o r k i n
Na1+xZr2SixP3−xO12 and as observed in NaSiCON electrodes,
we schematically superimpose our computed phase diagram
(around 295 K) onto the experimental voltage curves of
Na 3 Ti 2 (PO 4 ) 3 , Na 3 V 2 (PO 4 ) 3 , Na 3 Cr 2 (PO 4 ) 3 , and
Na3Fe2(PO4)3, as shown in Figure 7.
Similar to Na1+xZr2SixP3−xO12, all the electrode materials
shown in Figure 7, that is, Na3Ti2(PO4)3, Na3V2(PO4)3,
Na3Cr2(PO4)3, and Na3Fe2(PO4)3, crystallize in the rhombohedral structure at x = 0 and x = 3 and distort into a
monoclinic form at x = 2.73 Furthermore, the octahedrally
coordinated transition metals involved in the redox couples of
these NaSICON electrode materials are not prone to Jahn−
Teller distortions,90 thus making our comparison with
Na1+xZr2SixP3−xO12 appropriate.
Figure 7 shows that as Na is inserted/extracted into/from
NaM2(PO4)3/Na3M2(PO4)3 (M = Ti, V, Cr, and Fe), the
materials always phase-separate for Na concentrations in the
range 0 < x < 2. Nax+1V2(PO4)3 also phase-separates between
Na concentrations of 2 < x < 3. Figure 7 identiﬁes that at
composition x = 2, a stable phase (or structure/conﬁguration)
is always found and appears to be common to all NaSiCONbased electrodes, analogous to Na1+xZr2SixP3−xO12. Intriguingly, at low temperature and at x = 2, all of the Na(2) sites in
Na1+xZr2SixP3−xO12 are occupied while the Na(1) sites have
negligible occupations, similar to trends observed in Figure
6.29,33,84 On the basis of our entropy curves shown in Figure 6,
we believe that the tendency for Na to order at composition x
= 2 in Na3V2(PO4)3, Na3Cr2(PO4)3, and Na3Zr2Si2P1O12 is
signiﬁcant and eventually drives the rhombohedral-to-monoclinic (and their superstructures) phase transition at room
temperature.29,73,91

The validation of these hypotheses and their extension to all
NaSiCON-derived electrodes requires further experimental
and computational investigations. In particular, the interplay of
structural and electronic structure eﬀects needs attention.
Importantly, the redistribution of octahedrally coordinated
cations in mixed transition-metal NaSiCONs, for example, Ti
and Fe in NaxTiFe(PO4)3, may be subject to diﬀerent
mechanisms than our predictions for Na1+xZr2SixP3−xO12.
4.2. Eﬀects of Na Distributions on the Na Transport
in Na1+xZr2SixP3−xO12. The bulk ionic conductivity of
Na1+xZr2SixP3−xO12 is set by the occupations of Na(1) and
Na(2) sites,31,33,35,37 which enables Na+ percolation along
Na(1)−Na(2)−Na(1) paths. Although Zhang et al.37 investigated the existence of a third Na site, Na(3), located between
Na(1) and Na(2), Na(3) is negligibly occupied at high
temperatures 200 < T < 800 °C, hence not relevant to the
thermodynamics. Occupancies of Na(1) and Na(2) sites are in
3−
turn determined by the distribution of SiO4−
4 and PO4 groups,
in order to maintain “local” charge neutrality within the
rhombohedral Na1+xZr2SixP3−xO12, an aspect that has been
rarely discussed in prior experimental reports. Furthermore,
the higher mobility of Na enables Na+ ions to adopt energyminimizing conﬁgurations, given a Si/P arrangement. Thus,
the interplay of local charge neutrality, the short- and longrange cluster interactions among the Na(1) and Na(2) sites,
and Na+ mobility will control the experimentally observed
population of Na sites at diﬀerent Na concentrations.
The GCMC data showed that the occupation of the Na(1)
site decreases from x = 0 to x = 2 and increases monotonically
between x = 2 and x = 3 below the B + C → C′ transition (see
Figure 6). For site Na(2), we observe a constant increase in its
occupation in the range 0 < x < 2, while Na(2) remains fully
occupied for x > 2. The trends in occupancies of Na(1) and
Na(2) sites are in excellent agreement with the experimental
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study of Boilot et al.33 The selective occupation of Na(2) sites
at x ∼ 2 can be attributed to the shorter distance between
Na(2) sites and XO4 tetrahedra, where the increasing
occupation of Si in the XO4 units with increasing x can
electrostatically favor Na occupation of Na(2) sites.
It is well-known that a ﬂat energy landscape is beneﬁcial for
ion migration,93−95 which indicates that the initial and ﬁnal
migration sites should also have comparable energies. In
Na1+xZr2SixP3−xO12, Na ions migrate between Na(1) and
Na(2) sites, and the resultant migration barrier is related to the
energy diﬀerence between the Na(1) and Na(2) sites when
they are occupied by Na. To quantify this aspect, we plot the
minimum absolute diﬀerence in electrostatic energies (ΔE),
based on the classical Ewald summation, between the groundstate (GS) structures and “excited”-state (ES) structures in
Figure 8, at x = 0, 2, and 3. Note that the GS structures are the
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expansion framework, and large-size Monte Carlo simulations.
We observed excellent agreement with DFT-predicted
structural properties, namely, lattice volumes and c and a
parameters, with existing measurements. Additionally, we
found that the selective occupation of Na(2) sites instead of
Na(1) sites drives the stability of the Na3Zr2Si2P1O12 ground
state, particularly at low temperatures.
The computed phase diagram suggests that
Na1+xZr2SixP3−xO12 would phase-separate into three distinct
single-phase domains at low temperature, in contrast with
experimental observations so far. Kinetic limitations, speciﬁcally the macroscopic diﬀusion of Si4+ and P5+ ions, may inhibit
the phase separation into Na + Si-rich and Va + P-rich
domains in experiments. We identiﬁed similarities in phase
behavior between the NaSiCON electrolyte and monotransition-metal NaSiCON electrodes, which typically phaseseparate upon Na extraction/insertion. Interestingly, the lack
of phase separation observed in mixed-transition-metal
NaSiCON electrodes may be attributed to kinetic limitations,
similar to the scenario in Na1+xZr2SixP3−xO12. Therefore, we
speculated that the introduction of SiO4−
4 into phosphate-based
electrodes can kinetically inhibit phenomena of phase
separation.
Based on our phase diagram, we also unveiled the complex
interplay between Na site occupancies at diﬀerent temperatures and electrostatics. With this understanding, we could
identify and explain why experimentally only speciﬁc
compositions oﬀer high Na transport. Our work oﬀers
important insights on the role of Na−Va and Si−P
conﬁgurations on the stability and Na-transport properties of
NaSiCON electrolytes and will be an important addition in the
development of safe and sustainable Na-ion batteries.

Figure 8. Minimum absolute electrostatic energy diﬀerence between
the ground-state (GS) and “excited”-state (ES) conﬁgurations at Na
concentrations of x = 0, 2, and 3.
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ground-state Na/Si/P conﬁgurations at x = 0 and 2 (see Figure
6), while at x = 3, the GS is the DFT ground state with a Na
vacancy. The corresponding ES conﬁgurations involve
swapping the Na atom/vacancy with an “adjacent” Na(1)/
Na(2) site.
In Figure 8, the min[ΔE] is signiﬁcantly high at low (>2.6
eV/f.u. at x = 0) and high (>0.9 eV/f.u. at x = 3) Na content,
signifying high migration barriers for Na transport. In contrast,
min[ΔE] is low at x = 2 (∼0.14 eV/f.u.), signifying a ﬂat
electrostatic energy landscape that may correspond to a low Na
migration barrier as well, which is consistent with previous
experiments reporting the highest Na+ conductivity in the
range 2 ≤ x ≤ 2.5.33 Although our preliminary analysis does
not capture the geometric and bonding eﬀects during Na
migration, it should be useful in providing a qualitative
guideline of how Na migration barriers (and Na conductivity)
vary with Na concentration in the NaSICON system
considered here. However, it remains to be seen how speciﬁc
conﬁgurations of Na/Va and Si/P aﬀect the microscopic
migration barriers that govern the overall Na transport. Hence,
it is important to extend our model by incorporating migration
barriers, as a function of Na content and temperature, which
will be the focus of future work.
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of P5+. All the computational data associated with this
study are freely available at the repository https://
github.com/caneparesearch/NaZrSiPO-paper-data
(PDF)
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sensing as a paradigm for building physics models. Phys. Rev. B:
Condens. Matter Mater. Phys. 2013, 87, 035125.
(59) Ong, S. P.; Richards, W. D.; Jain, A.; Hautier, G.; Kocher, M.;
Cholia, S.; Gunter, D.; Chevrier, V. L.; Persson, K. A.; Ceder, G.
Python Materials Genomics (pymatgen): A robust, open-source
python library for materials analysis. Comput. Mater. Sci. 2013, 68,
314−319.
(60) Qui, D. T.; Capponi, J. J.; Joubert, J. C.; Shannon, R. D. Crystal
structure and ionic conductivity in Na4Zr2Si3O12. J. Solid State Chem.
1981, 39, 219−229.
(61) Ewald, P. P. Die Berechnung optischer und elektrostatischer
Gitterpotentiale. Ann. Phys. 1921, 369, 253−287.
(62) Kresse, G.; Furthmüller, J. Efficient iterative schemes forab
initiototal-energy calculations using a plane-wave basis set. Phys. Rev.
B: Condens. Matter Mater. Phys. 1996, 54, 11169−11186.
(63) Kresse, G.; Furthmüller, J. Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 1996, 6, 15−50.
(64) Sun, J.; Ruzsinszky, A.; Perdew, J. Strongly Constrained and
Appropriately Normed Semilocal Density Functional. Phys. Rev. Lett.
2015, 115, 036402.

(25) Kamaya, N.; Homma, K.; Yamakawa, Y.; Hirayama, M.; Kanno,
R.; Yonemura, M.; Kamiyama, T.; Kato, Y.; Hama, S.; Kawamoto, K.;
Mitsui, A. A lithium superionic conductor. Nat. Mater. 2011, 10,
682−686.
(26) Kato, Y.; Hori, S.; Saito, T.; Suzuki, K.; Hirayama, M.; Mitsui,
A.; Yonemura, M.; Iba, H.; Kanno, R. High-power all-solid-state
batteries using sulfide superionic conductors. Nat. Energy 2016, 1,
16030.
(27) Gao, Y.; Nolan, A. M.; Du, P.; Wu, Y.; Yang, C.; Chen, Q.; Mo,
Y.; Bo, S.-H. Classical and Emerging Characterization Techniques for
Investigation of Ion Transport Mechanisms in Crystalline Fast Ionic
Conductors. Chem. Rev. 2020, 120, 5954.
(28) Wang, Y.; Richards, W. D.; Ong, S. P.; Miara, L. J.; Kim, J. C.;
Mo, Y.; Ceder, G. Design principles for solid-state lithium superionic
conductors. Nat. Mater. 2015, 14, 1026−1031.
(29) Hong, H. Y.-P. Crystal structures and crystal chemistry in the
system Na1+xZr2SixP3−xO12. Mater. Res. Bull. 1976, 11, 173−182.
(30) Goodenough, J. B.; Hong, H. Y.-P.; Kafalas, J. A. Fast Na+-ion
transport in skeleton structures. Mater. Res. Bull. 1976, 11, 203−220.
(31) Ma, Q.; Tsai, C.-L.; Wei, X.-K.; Heggen, M.; Tietz, F.; Irvine, J.
T. S. Room temperature demonstration of a sodium superionic
conductor with grain conductivity in excess of 0.01 S cm−1 and its
primary applications in symmetric battery cells. J. Mater. Chem. A
2019, 7, 7766−7776.
(32) Boilot, J. P.; Collin, G.; Colomban, P. Crystal structure of the
true nasicon: Na3Zr2Si2PO12. Mater. Res. Bull. 1987, 22, 669−676.
(33) Boilot, J. P.; Collin, G.; Colomban, P. Relation structure-fast
ion conduction in the NASICON solid solution. J. Solid State Chem.
1988, 73, 160−171.
(34) Delmas, C.; Viala, J.; Olazcuaga, R.; Leflem, G.; Hagenmuller,
P.; Cherkaoui, F.; Brochu, R. Ioni conductivity in Nasicon-type phases
Na1+xZr2−xLx(PO4)3 (L = Cr, In, Yb). Solid State Ionics 1981, 3−4,
209−214.
(35) Kohler, H.; Schulz, H. NASICON solid electrolytes part I: The
Na+-diffusion path and its relation to the structure. Mater. Res. Bull.
1985, 20, 1461−1471.
(36) Losilla, E. R.; Aranda, M. A. G.; Bruque, S.; París, M. A.; Sanz,
J.; West, A. R. Understanding Na Mobility in NASICON Materials: A
Rietveld,23Na and31P MAS NMR, and Impedance Study. Chem.
Mater. 1998, 10, 665−673.
(37) Zhang, Z.; Zou, Z.; Kaup, K.; Xiao, R.; Shi, S.; Avdeev, M.; Hu,
Y. S.; Wang, D.; He, B.; Li, H.; Huang, X.; Nazar, L. F.; Chen, L.
Correlated Migration Invokes Higher Na + -Ion Conductivity in
NaSICON-Type Solid Electrolytes. Adv. Energy Mater. 2019, 9,
1902373.
(38) Jolley, A. G.; Cohn, G.; Hitz, G. T.; Wachsman, E. D.
Improving the ionic conductivity of NASICON through aliovalent
cation substitution of Na3Zr2Si2PO12. Ionics 2015, 21, 3031−3038.
(39) Ma, Q.; Guin, M.; Naqash, S.; Tsai, C.-L.; Tietz, F.; Guillon, O.
Scandium-Substituted Na3Zr2(SiO4)2(PO4) Prepared by a SolutionAssisted Solid-State Reaction Method as Sodium-Ion Conductors.
Chem. Mater. 2016, 28, 4821−4828.
(40) Deng, Y.; Eames, C.; Nguyen, L. H. B.; Pecher, O.; Griffith, K.
J.; Courty, M.; Fleutot, B.; Chotard, J.-N.; Grey, C. P.; Islam, M. S.;
Masquelier, C. Crystal Structures, Local Atomic Environments, and
Ion Diffusion Mechanisms of Scandium-Substituted Sodium Superionic Conductor (NASICON) Solid Electrolytes. Chem. Mater. 2018,
30, 2618−2630.
(41) Miyajima, Y.; Miyoshi, T.; Tamaki, J.; Matsuoka, M.;
Yamamoto, Y.; Masquelier, C.; Tabuchi, M.; Saito, Y.; Kageyama,
H. Solubility range and ionic conductivity of large trivalent ion doped
Na1+xMxZr2‑xP3O11 (M: In, Yb, Er, Y, Dy, Tb, Gd) solid electrolytes.
Solid State Ionics 1999, 124, 201.
(42) Delmas, C.; Nadiri, A.; Soubeyroux, J. L. The nasicon-type
titanium phosphates Ati2(PO4)3 (A=Li, Na) as electrode materials.
Solid State Ionics 1988, 28−30, 419−423.
(43) Patoux, S.; Rousse, G.; Leriche, J.-B.; Masquelier, C. Structural
and Electrochemical Studies of Rhombohedral Na2TiM(PO4)3 and
7919

https://dx.doi.org/10.1021/acs.chemmater.0c02695
Chem. Mater. 2020, 32, 7908−7920

Chemistry of Materials

pubs.acs.org/cm

(65) Sai Gautam, G.; Carter, E. A. Evaluating transition metal oxides
within DFT-SCAN and SCAN+U frameworks for solar thermochemical applications. Phys. Rev. Mater. 2018, 2, 095401.
(66) Bartel, C. J.; Weimer, A. W.; Lany, S.; Musgrave, C. B.; Holder,
A. M. The role of decomposition reactions in assessing first-principles
predictions of solid stability. npj Comput. Mater. 2019, 5, 4.
(67) Wang, J.; Wang, Y.; Seo, D.-H.; Shi, T.; Chen, S.; Tian, Y.; Kim,
H.; Ceder, G. A High-Energy NASICON-Type Cathode Material for
Na-Ion Batteries. Adv. Energy Mater. 2020, 10, 1903968.
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