
RESEARCH ARTICLE
www.advenergymat.de

Unraveling the Fast Ionic Conduction in NASICON-Type
Materials

Yufang He, Elena Scivally, Ajay Shaji, Bin Ouyang,* and Yan Zeng*

Na Superionic Conductor (NASICON) materials stand out as an important
class of ionic conductors, offering high ionic conductivity and notable
electrochemical stability for applications such as solid electrolytes. While
advances through compositional engineering have been made to enhance the
ionic conductivity of NASICONs, the fundamental mechanisms underlying
their superionic conducting behavior remain unresolved. In this study,
the interplay between local and global factors—specifically, bottleneck volume
and Na site ordering— that influence ionic conduction within the NASICON
framework is elucidated. Analysis of reported ionic conductivity data indicates
that optimal bottleneck volumes exceed 3.7 Å3, adjustable through the
choice of metal cations and polyanions. Additionally, the findings imply that
weaker Na site ordering, which enhances ionic conduction, can be induced
by increasing the Na content, selecting metal cations with a d0 electron
configuration, or mixing elements at the cation or polyanion sites. Moreover,
it is proposed that the predominant diffusion mechanism can shift between
occupancy-conserved hopping (OCH), occurring under conditions of strong
Na site ordering, and single-ion hopping (SIH), which becomes possible when
site ordering is minimal. These insights offer strategic guidelines for designing
NASICONs with superionic conductivity, promoting the development
of solid electrolytes for safer and more energy-dense all-solid-state batteries.

1. Introduction

The Na Superionic Conductor (NASICON) framework, identified
in the 1970s,[1] has been widely studied and applied as solid elec-
trolytes for all-solid-state batteries (ASSBs) attributed to its fast
ion conduction, and robust thermal, chemical, and electrochem-
ical stability. The NASICON framework has enabled the fast ion
transport of alkali (Li or Na)[2–6] and alkaline earth metals (Mg or
Ca).[7–11] The compositional flexibility of the NASICON frame-
work allows for targeted optimization of its properties. The quest
to optimize the ionic conductivity of various NASICONs has led
to broad efforts in exploring the factors and mechanisms govern-
ing their fast ion transport.[3,4,12–15]
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For Na-based NASICONs, ionic conduc-
tivities are typically enhanced through
one or a combination of the multiple
approaches: changing crystal structure,
increasing Na content,[1,4,15,16] mixing
(SiO4)4− and (PO4)3− polyanions,[1,4,15]

doping with metals,[12,15,17,18] introduc-
ing lattice distortion,[19] optimizing bot-
tleneck size,[1,20–24] or promoting “con-
certed” motion.[5,25,26] Some trends are
well recognized: the rhombohedral phase
with space group in R3̄c is usually
more conductive than the monoclinic
C2/c phase due to more disordered Na
occupancy in the former,[4,27] the opti-
mal Na content ranges between 3.0 and
3.5 Na per formula unit,[3,15,28] intro-
ducing lattice distortion within a cer-
tain threshold is beneficial, and there
is an optimal bottleneck size.[1,13,15,23,24]

However, mixing polyanions or cations
does not always lead to higher ionic
conductivity.[15] In addition, the circum-
stances under which the “concerted”
motion[5,26] occurs within the NASICON
framework are not fully understood.

To untangle these complexities, we employ a synergistic ap-
proach that combines first-principles density functional the-
ory (DFT) calculations with experimental validations to uncover
the fundamental mechanisms that dictate the fast ionic con-
duction in NASICONs. This study focuses on the rhombohe-
dral R3̄c phase due to its generally higher conductivities com-
pared to the monoclinic C2/c phase. Both phases have a sim-
ilar framework, so it is expected that design principles for en-
hancing ionic conductivity could be transferable. We identify
that all the known strategies for enhancing ion transport in NA-
SICONs ultimately revolve around modulating two factors: the
bottleneck size acts as a local factor that mediates the transi-
tion state of Na ions moving between sites, and the Na site
ordering serves as a global factor that shapes the overall en-
ergy landscape of ion diffusion. Moreover, we identify occu-
pancy conservation of low-energy Na sites as the fundamental
origin for the enhanced ion transport through concerted mo-
tion that was proposed in previous studies.[26] We provide in-
sights culminating in a precise strategy to optimize ionic con-
ductivity by creating alkali (or alkaline earth) metal disordering
while maintaining an adequate bottleneck size in the NASICON
framework.

Adv. Energy Mater. 2024, 2403877 © 2024 Wiley-VCH GmbH2403877 (1 of 8)

http://www.advenergymat.de
mailto:bouyang@fsu.edu
mailto:zeng@chem.fsu.edu
https://doi.org/10.1002/aenm.202403877
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202403877&domain=pdf&date_stamp=2024-10-04


www.advancedsciencenews.com www.advenergymat.de

Figure 1. Bottleneck size and its effect on ionic conductivities in NASICONs. a) Schematic of the crystal structure of NASICON, with formula
NaxM2(AO4)3, in rhombohedral R3̄c symmetry. M is a metal, (AO4) is a polyanion. Na1 occupies a 6b site, while Na2 occupies a 18e site. Three
ways to measure bottleneck size are shown: LBN (bottleneck height), SBN (bottleneck area), and VBN (bottleneck volume). b) Correlation between ionic
conductivity and LBN, SBN, and VBN, respectively. The Pearson correlation (p) value is shown in each plot. The ionic conductivities and composition data
of 46 NASICONs were extracted from the literature (Table S1, Supporting Information). Na4Zr2(SiO4)3

[39] is pointed out as an outlier in the correlation
between ionic conductivity and VBN.

2. Results

2.1. Bottleneck Size as a Local Factor Dictating Ionic Conductivity

Na-NASICON is represented by a general chemical formula
NaxM2(AO4)3, where the content of Na, x, depends on the to-
tal charge of the metal cations, M, and the polyanion, (AO4).
Figure 1a presents the most common crystal structure for Na-
NASICON, rhombohedral with space group R3̄c. The bottleneck
site in R3̄c Na-NASICON is the distorted tetrahedral site (Wyck-
off position 36f) that shares faces with the two neighboring
sites, 6b and 18e, that Na normally occupies. Bottleneck size in
NASICON structures is widely recognized as a critical determi-
nant of Na ionic conductivity. Bottleneck size can be represented
in three ways (Figure 1a): the height (LBN) between the metal
cation site (M) and the polyanion center (AO4) that edge-shared
with the bottleneck site, the area (SBN) of the triangular cross-
section passed by Na ions, and the volume (VBN) of the bottle-
neck tetrahedron.[15,29–34] It has been ambiguous in the literature
about which measure of bottleneck size (height, area, or volume)
is the most critical one in determining the Na ionic conductivity
in NASICONs.

We investigated the correlation of Na ionic conductivities in
NASICONs with each of the three ways to quantify the bottle-
neck size. We employed text mining techniques to search for
literature that reports ionic conductivities of Na-NASICONs, de-
tails described in previous work.[3,15,35–37] From the collected lit-
erature, we then manually curated the bulk ionic conductivities
at 300 K from text, tables, a figures. When the ionic conductivi-
ties at 300 K are not directly reported in the literature, we calcu-
lated the values using the reported high-temperature conductiv-
ities and activation barriers by applying the Arrhenius relation-
ship, 𝜎T = Aexp(− Ea

kBT
). Table S1 (Supporting Information) lists

the compositions and bulk ionic conductivities of the 46 NASI-
CONs, all in the rhombohedral phase.

The bottleneck sizes were analyzed from the corresponding
structures relaxed in DFT.[3,15] Figure 1b plots the correlations
between ionic conductivities and LBN, SBN, and VBN, respectively.
In all three cases, there is a minimum bottleneck size, approxi-
mately, LBN > 6.0 Å, SBN > 6.2 Å2, and VBN > 3.7 Å3, for achieving
ionic conductivities exceeding 10−4 S cm−1. Pearson correlation
coefficient (p)[38] for each plot is assessed and shown in Figure 1b.
A |p| value closer to 1 means a more linear correlation. We can see
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Figure 2. a) Correlation of bottleneck volume (VBN) with an average cation radius (RAvg
Cation) (upper panel) or average anion radius (RAvg

Anion) (lower panel).

b) 2D correlation of VBN with RAvg
Cation and RAvg

Anion. A combination of a larger cation and a larger anion generally leads to a larger bottleneck volume.

that the bottleneck volume, VBN, correlates the most linearly with
ionic conductivity, with the highest p value of 0.77, compared to
LBN (p = 0.41) and SBN (p = 0.35).

The bottleneck size in a NASICON is dependent on its chem-
ical composition. We calculated the bottleneck volumes (VBN) of
3881 NASICONs with distinct compositions in the rhombohe-
dral R3̄c structure, computed by DFT and reported in our previ-
ous work.[3] All the atomic structures can be found at the open-
access website–the Materials Project.[40] Figure 2a shows the cor-
relation between bottleneck volume (VBN) and the average cation
radius (RAvg

Cation) or the average anion radius (RAvg
Anion). In general,

larger cations or anions lead to larger bottleneck volume. How-
ever, at the same cation or anion radius, the bottleneck volume
can vary significantly. This means that changing RAvg

Cation or RAvg
Anion

alone may not be effective enough on tuning bottleneck size
hence the ionic conductivity. Figure 2b shows the correlation be-
tween VBN with both RAvg

Cation and RAvg
Anion. We see that the threshold

of favored VBN (>3.7 Å3) is achieved at the upper right region of
the plot, meaning that it is these two radii together that govern the
bottleneck size. We further assessed how Na content influences
VBN. As shown in Figure S1 (Supporting Information), there ap-
pears to be no obvious correlation between Na content and the
average VBN of NASICONs.

2.2. Site Ordering as a Global Factor Dictating Ionic Conductivity

In the correlation plot between ionic conductivity and bottleneck
volume (Figure 1b), one outlier, Na4Zr2(SiO4)3, is pointed out.
Na4Zr2(SiO4)3 has a large bottleneck but low ionic conductivity.
This suggests that there exist other factors that influence the ionic
conductivity of NASICONs. We suspect that the Na site order-
ing is one of the critical factors. Figure 3a illustrates the energy
landscape for Na ion diffusion in NASICON with ordered Na
sites, where 6b is the lower-energy site compared to 18e which
Na can occupy. The site energy difference between 6b and 18e,
EDiff

6b→18e, dictates the ordering tendencies of Na. The larger the
energy difference between the two sites, the stronger the order-
ing on the lower-energy site. The activation barrier for Na migra-
tion from the 6b site to its nearest neighboring 18e site is com-

prised of two parts: the kinetically resolved activation (KRA) bar-
rier, EKRA

a , and half of the site energy difference, EDiff
6b→18e∕2. Hence,

a large site energy difference contributes to a high activation bar-
rier for Na to move. As shown in Figure 3b, the calculated EDiff

6b→18e
of NaM2(PO4)3 varies with different metal M (M = Ge, Ti, Sn,
Zr, Hf). These results indicate that the choice of metal cations

Figure 3. a) Schematic of the activation barrier (Ea) for Na migration from
6b to 18e site. Ea is composed of two parts: the kinetically resolved ac-

tivation energy (EKRA
a ) and half of the site energy difference, EDiff

6b→18e
∕2.

b) Calculated site energy difference between 6b and 18e sites in
NaM2(PO4)3 (M = Ge, Ti, Sn, Zr, Hf).
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Figure 4. Ion diffusion mechanisms and the corresponding energy landscape in NASICONs. a) Schematic of the single-ion hopping (SIH) mechanism,
which contains two steps: In step 1, Na1 hops from the 6b site to the 18e site, followed up by step 2, where Na2 hops from the 18e’ site to the 6b site.
b) Schematic of the occupancy-conserved hopping (OCH) mechanism, which contains one step: Immediately after Na1 departed from 6b, Na2 hops from
18e’ to the 6b site to conserve 6b site occupancy of Na. c) Calculated energy landscape of Na diffusion in Na2Sb2(SiO4)3 following the SIH mechanism.
d) Calculated energy landscape of Na diffusion in Na2Sb2(SiO4)3 under the OCH mechanism.

effectively influences the site energy difference between 6b and
18e. All these NASICON compounds exhibit EDiff

6b→18e higher than
0.8 eV, indicating Na has a strong tendency to be ordered on the
6b site, and the activation barriers for Na diffusion are large. This
can explain the low Na-ion conductivities of these materials ob-
served in experiments.[1,41–46]

2.3. Diffusion Mechanism Governed by Site Ordering

To further identify the fundamental role played by the site or-
dering of Na in dictating its ionic conductivity, we need to un-
derstand the ion diffusion mechanism. We propose and exam-
ine two possible diffusion mechanisms in NASICONs: single-
ion hopping (SIH) and occupancy-conserved hopping (OCH).
In an ordered NASICON, the 6b site is usually energetically
more favorable than the 18e site for Na to occupy, with an en-
ergy difference EDiff

6b→18e. The SIH process (Figure 4a) involves
two steps of sequential hopping: Step 1, one Na (Na1) hops
from a 6b site to an adjacent 18e site, overcoming an activa-
tion barrier primarily contributed by EDiff

6b→18e. Subsequently, in
Step 2, another Na (Na2) hops from the 18e’ site to the va-

cated 6b site. Figure 4c shows the energy landscape of the Na
ion migration process through the SIH mechanism in a R3̄c
Na2Sb2(PO4)3 calculated by the climbing image nudged elas-
tic band (CI-NEB) theory. In Na2Sb2(PO4)3, the activation bar-
rier for Na1 hopping from 6b to the neighboring 18e site is
computed to be 0.921 eV. The following Na2 hopping from
the 18e to 6b site leads to a downhill evolution in the energy
landscape.

Conversely, the OCH mechanism, shown in Figure 4b, con-
serves 6b site occupancy of Na throughout the diffusion process.
Under this mechanism, the Na1 hopping from 6b to 18e is im-
mediately followed by Na2 hopping from a neighboring 18e’ to
the original 6b site where Na1 just departed. Note that in the
OCH mechanism, the correlated hopping does not necessarily
lead to simultaneous Na movement. We regard this occupancy
conservation as the origin of the lower barrier created by con-
certed hopping as proposed by He et al.,[25] We hypothesize that
the occupancy conservation in the OCH process is the key that
contributes to a lower energy barrier because the lower-energy
6b site is never fully vacated during this process. Whenever one
Na is about to leave the 6b site, there will be another Na getting
ready to occupy this site. Consequently, the activation barrier of
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the OCH process is expected to be lower than that of the SIH
process.

To assess the energy landscape associated with the OCH pro-
cess, we also used R3̄c Na2Sb2(PO4)3 as a model system. We
moved Na1 and Na2 simultaneously during the NEB optimiza-
tion steps so that the occupancy of the Na site can be conserved
between the initial and the final states. In this case, the acti-
vation barrier of Na migration in Na2Sb2(PO4)3 via the OCH
mechanism is computed to be 0.737 eV (Figure 4d), which is
0.184 eV lower than the case of SIH. This result supports our
hypothesis that OCH leads to lower barriers due to site occu-
pancy conservation. More importantly, it infers that the OCH
process could be a more favorable diffusion mechanism of Na
moving in NASICONs, especially when there is a strong ordering
tendency.

2.4. Compositional Handles on Tuning Site Ordering and Ionic
Conductivity

The site ordering of Na can significantly influence its transport
in the NASICON framework, which in turn is controlled by the
compositions. We investigated the effects of three compositional
variables – Na content, d-shell electron configuration of the metal
cation, and mixing on cation or anion site, respectively – on tun-
ing the Na site ordering and ionic conductivity. The site energy
difference, EDiff

6b→18e, is applied as the metric of ordering tendency
between 6b and 18e sites.

To assess the effect of Na content, we compare NaZr2(PO4)3
and Na3Sc2(PO4)3, which have similar bottleneck sizes and simi-
lar cations (Sc3+ and Zr4+ are d0 species with ionic radius of 0.745
and 0.72 Å, respectively). Figure 5a depicts the energy landscape
associated with Na migration from 6b to 18e sites in NaZr2(PO4)3
and Na3Sc2(PO4)3. The energy difference between the starting
and ending points in each plot represents the site energy differ-
ence between 6b and 18e, EDiff

6b→18e. As we can see, Na3Sc2(PO4)3

presents a negligible EDiff
6b→18e and much lower activation energy

compared to NaZr2(PO4)3. This result indicates that Na content
can effectively tune the ordering tendency of Na.

To assess the effect of electron configuration (d0 versus d10) of
metal cations, we calculated the energy evolution of Na migrat-
ing from 6b to 18e sites in Na3In2(PO4)3 and Na3Sc2(PO4)3. As
shown in Figure 5b, the activation energy of Na3Sc2(PO4)3 is sig-
nificantly lower than that of Na3In2(PO4)3. This lower site energy
difference between 6b and 18e in Na3Sc2(PO4)3 suggests a weaker
ordering tendency compared to Na3In2(PO4). Notably, Sc3+ has a
smaller ionic radius (0.745 Å) than In3+ (0.8 Å), indicating that
the bottleneck size does not dominate the influence on ionic con-
ductivity in this case. Rather, Sc3+ in Na3Sc2(PO4)3 has a d0 elec-
tron configuration with an empty 3d subshell, whereas In3+ in
Na3In2(PO4)3 has a d10 electron configuration with a fully filled 4d
subshell. Previous studies have revealed that the electronic struc-
ture of transition metals can influence their tolerance of bond
distortion, thereby governing the stability of materials.[28,47] Here
we reveal that the electronic structure also affects the energy land-
scape of ion diffusion, as ion migration is always accompanied by
bond distortion.

We further assessed the correlation between the structural
stability (represented as energy above the hull, Ehull) and bond

length deviation of metal-oxygen (M─O) bonds in 3881 calcu-
lated NASICONs.[3] Figure S2a (Supporting Information) shows
that NASICONs with d0 metal cations do not have a clear cor-
relation between M─O bond deviation and structural stability. In
contrast, NASICONs with d10 metal cations become less stable as
M─O bond deviation increases (Figure S2b, Supporting Informa-
tion). This analysis indicates that metal cations with d0 electron
configuration in NASICONs could tolerate larger M─O bond dis-
tortions. Consequently, the energy landscape in NASICONs con-
taining d0 metal cations could be more flattened, as the bond dis-
tortion fluctuations during ion migration have a much less pro-
nounced impact on energy.

We also evaluated the influence of elemental mixing on the
cation or polyanion site on Na ordering and ionic conductivity.
Figure 5c shows that by introducing cation or polyanion mix-
ing to the base compound NaZr2(PO4)3, using NaHfZr(PO4)3,
NaNbIn(PO4)3 and NaZr2(SO4)1.5(SiO4)1.5 as three examples, the
site energy difference and the activation barrier can be lowered.
The selection of these three compounds represents three ways
of mixing: NaHfZr(PO4)3 representing mixing cations with the
same valence state, NaNbIn(PO4)3 representing mixing cations
with different valence states, and NaZr2(SO4)1.5(SiO4)1.5 repre-
senting mixing different polyanions. It is shown in Figure 5c that
all three types of ion mixing can lead to lower site energy differ-
ences between 6b and 18e sites, thus implying the effectiveness
of mixing ions for enhancing ionic conductivity by promoting
site disordering, particularly when there is a strong ordering ten-
dency.

To validate the calculation results, we synthesized
Na3Sc2(PO4)3, Na3In2(PO4)3, and NaNbIn(PO4)3 by solid-state
reaction and measured their Na-ion conductivities using electro-
chemical impedance spectroscopy. NaZr2(PO4)3 was made and
evaluated in our previous work using the same procedure.[28]

X-ray diffraction (XRD) patterns and structural refinements of
Na3Sc2(PO4)3, Na3In2(PO4)3, and NaNbIn(PO4)3 are shown in
Figure S3 (Supporting Information). These three compounds
are found to be a pure phase in rhombohedral R3̄c, the same
structure as the reported NaZr2(PO4)3. Figure 5d shows the
Nyquist plots of NaZr2(PO4)3, Na3Sc2(PO4)3, Na3In2(PO4)3, and
NaNbIn(PO4)3 obtained at room temperature. The total Na-ion
conductivities of NaZr2(PO4)3, Na3Sc2(PO4)3, Na3In2(PO4)3,
and NaNbIn(PO4)3 are 3.5 × 10−7, 9.2 × 10−5, 1.8 × 10−5,
and 1.1 × 10−6 S cm−1 respectively (Figure 5e; Table S2, Sup-
porting Information). Comparison of the measured ionic
conductivities agrees with the calculated migration energy,
confirming that by increasing Na content, using d0 metals, or
applying cation or polyanion mixing, less ordered Na site and
higher ionic conductivity could be achieved. It is also reported
that the ionic conductivity of Na3Hf1.5Mg0.5(SiO4)(PO4)2 is
higher than Na3HfMg(PO4)3 even with very close cation radius
between Hf4+ (0.71 Å) and Mg2+ (0.72 Å), which supports
that polyanion mixing of NASICON can increase its ionic
conductivity.[15]

3. Discussion

Previous discussions in the literature have suggested concerted
motion, or more precisely, occupancy-conserved hopping (OCH),
as the underlying mechanism leading to high ionic conductivity
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Figure 5. Energy landscape and ionic conductivities mediated by Na content, d0 vs d10 metal cations, and elemental mixing on cation or polyanion
site. Energy evolution along the migration path from 6b to 18e site in a) NaZr2(PO4)3 and Na3Sc2(PO4)3, b) Na3Sc2(PO4)3 and Na3In2(PO4)3, and
c) NaZr2(PO4)3, NaHfZr(PO4)3, NaNbIn(PO4)3, and NaZr2(SO4)1.5(SiO4)1.5. d) Nyquist plots obtained from room temperature impedance measure-
ments on pellets made from NaZr2(PO4)3, Na3Sc2(PO4)3, Na3In2(PO4)3, and NaNbIn(PO4)3. Open symbols represent measured data and solid lines
represent fitting results. e) The corresponding ionic conductivities of NaZr2(PO4)3 Na3Sc2(PO4)3, Na3In2(PO4)3, and NaNbIn(PO4)3.

in crystalline frameworks including NASICON.[5,24,25] We found
that when there is a strong ordering tendency of the charge
carrier ions (e.g., Na, Li, Ca, Mg), OCH mechanism is indeed
an effective way to reduce the activation barrier by reducing the
occupancy perturbation during ion migration, as demonstrated
in the case of Na2Sb2(SiO4)3 (Figure 4d). However, when there is
minimal ordering tendency, OCH is not necessarily the favored
mechanism. Figure 6a compares the two diffusion mechanisms
(SIH vs OCH) applied to Na3Sc2(PO4)3, where 6b and 18e sites
have negligible energy differences. It is shown that the two mech-
anisms lead to similar activation barriers, suggesting that either
mechanism could occur. Figure 6b shows the calculated energy
landscape of Na3HfMg(PO4)3, which is also associated with a
smaller energy difference between 6b and 18e sites. In this case,

the SIH is even more favorable with a lower activation barrier
than OCH.

We attribute the origin of high conductivity in NASICONs to
an interplay between bottleneck size and site ordering. The bot-
tleneck size determines the coordination environment at the sad-
dle point and hence the kinetically resolved barrier. Meanwhile,
site energy difference controls the energy fluctuation upon the
change in site occupancy change during ion migration. To design
NASICONs with high ionic conductivity, one should first design
a compound with an optimized bottleneck volume (greater than
3.7 Å3), which can be achieved by using sufficiently large cations
and polyanions. In addition to having an optimal bottleneck size,
it is also important to flatten the energy landscape of the charge-
carrier ion by minimizing its site energy difference hence to
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Figure 6. Computed energy landscape for two diffusion mechanisms, single-ion hopping (SIH) and oocupancy-conserved hopping (OCH) in
a) Na3Sc2(PO4)3 and b) Na3HfMg(PO4)3.

reduce site ordering tendency, which can be achieved by increas-
ing the Na content, using d0 metal cations, or introducing cations
or anion mixing. Although this work focuses on NASICONs in
rhombohedral R3̄c phase, the conclusions should be applicable
to another NASICON phase–monoclinic with C2/c space group.
The monoclinic phase has the same framework as the rhombohe-
dral NASICONs while having more ordered Na occupancies.[4,26]

It is also worth mentioning that compounds with mixed cations
or polyanions might be challenged by synthetic accessibility,
as shown in previous computational predictions.[15] Therefore,
novel synthesis routes for NASICONs with compositional disor-
der will be beneficial for developing NASICON compounds with
fast ionic conduction.[48]

4. Experimental Section
Synthesis and Characterization: Solid-state reaction was employed

for the synthesis of NaNbIn(PO4)3, Na3Sc2(PO4)3, and Na3In2(PO4)3.
The source of Na was provided by Na2CO3, and it was used 10 wt.%
in excess to account for the Na loss during elevated annealing tem-
peratures. Commercially available metal oxides (Nb2O5, In2O3, Sc2O3)
were used as precursors for integrating the metal cations. NH4H2PO4
was used to provide PO4. Synthesis was carried out by mixing the re-
quired precursors into a slurry using ethanol in a planetary ball mill at
250 rpm for 12 h. The slurry was later dried and preheated for 12 h (at
300 °C). After preheating, the obtained solids were pulverized using a
mortar and pestle, pelletized, and heated at 1100 °C for 12 h. Each of
the samples was air-quenched at the end of the designated time. Fast-
cooled pellets were ground to powder for further characterization and
analysis.

Rigaku Miniflex 600 diffractometer with Cu K𝛼 radiation was used to
obtain the crystal structures of the three compounds. Rietveld refine-
ments against X-ray diffraction patterns were obtained using the GSAS-
II software. VESTA software was used for the visualization of the atomic
structures.

Conductivity Measurement: Biologic VPM-300 potentiostat was em-
ployed for the measurement of ionic conductivities of the three com-
pounds. As synthesized powders were crushed in a 50 mL zirconia jar
using a SPEX 800M mixer mill for 30 min. These powders were pel-
letized (6 mm diameter) and sintered at 1050 °C, followed by rapid cooling.
The pellets were sandwiched between indium metal foils and pressed in
a cold isotactic press to obtain good contact between the junctions. AC
impedance measurements were performed at 23 °C (room temperature).
The potentiostat frequency spans from a range of 7 MHz to 50 mHz with a
10 mV excitation voltage applied during the measurements. Ionic conduc-
tivity calculations were carried out by fitting the impedance spectra using

the ZView software. Equivalent circuit representation contains R1-CPE1,
R2-CPE-2, and CPE-3 connected in series, where R is the ohmic resistance
and CPE stands for constant phase element. R1-CPE1 and R2-CPE2 are at-
tributed to ion transport in bulk and grain boundaries, respectively. CPE3
represents the low-frequency diffusion in the equivalent circuit.

First-Principles Calculations: First-principles calculations were per-
formed via the Vienna ab initio simulation package (VASP).[49,50] The Pro-
jector augmented-wave (PAW) potential was used for electron and core
interactions and the Perdew–Burke–Ernzerhof (PBE) generalized gradi-
ent approximation (GGA) was employed to approximate the exchange-
correlation function.[49–51] The electronic wave functions were expanded
on a plane-wave basis set of 520 eV. In addition, a reciprocal space dis-
cretization of 25 k-points per/Å was applied, and the convergence criteria
were set to 10−6 eV for electronic iterations and 0.02 eV Å−1 for ionic it-
erations for all the structural optimizations and total energy calculations.
The Climbing Image Nudged Elastic Band (CI-NEB) method was applied
for the activation energy calculations. The site energy difference of NASI-
CON when Na occupying 6b and 18e sites during Na ion migration was
calculated by DFT as well.
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