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Na Super lonic Conductor (NASICON) materials are an important class of solid-
state electrolytes owing to their high ionic conductivity and superior chemical
and electrochemical stability. In this paper, we combine first-principles cal-
culations, experimental synthesis and testing, and natural language-driven
text-mined historical data on NASICON ionic conductivity to achieve clear
insights into how chemical composition influences the Na-ion conductivity.
These insights, together with a high-throughput first-principles analysis of the
compositional space over which NASICONs are expected to be stable, lead to
the successful synthesis and electrochemical investigation of several new
NASICONSs solid-state conductors. Among these, a high ionic conductivity of
1.2 mS cm™ could be achieved at 25 °C. We find that the ionic conductivity
increases with average metal size up to a certain value and that the substitution
of PO, polyanions by SiO, also enhances the ionic conductivity. While optimal
ionic conductivity is found near a Na content of 3 per formula unit, the exact

optimum depends on other compositional variables. Surprisingly, the Na
content enhances the ionic conductivity mostly through its effect on the
activation barrier, rather than through the carrier concentration. These
deconvoluted design criteria may provide guidelines for the design of opti-
mized NASICON conductors.

Solid-state batteries are a promising next-generation battery tech-
nology because of their potential for improvements in safety and
energy density, stemming from the replacement of the conventional
flammable organic electrolyte by a dense layer of a solid-state con-
ductor that serves as both the alkali-ion-conducting electrolyte and
separator”. Numerous efforts have thus been devoted to the dis-
covery of solid-state conductors with high ionic conductivity as well
as good chemical and electrochemical stability>”. Among these,
sodium superionic conductors, or NASICONSs for short, are of con-
siderable interest. NASICON materials are a class of polyanionic
materials with the general formula Na,M,(AO,);, where M repre-
sents a transition or main group metal and AO, represents a

polyanion'®", A robust crystalline framework with the rhombohe-
dral (R-3c) symmetry is constructed by corner-sharing metal octa-
hedra and polyanion tetrahedra, as illustrated in Fig. 1a, which
creates two distinct Na sites. Therefore, Na ions can migrate from
one site to another through two triangular bottlenecks and form a
three-dimensional percolating channel for fast ion conduction™.
NASICON compounds can also form in a monoclinic symmetry (C2/
¢) depending on the composition and temperature, which splits the
Naz2 site into two different sites'?. However, the framework skeleton
remains the same, and thus, the ion-transport channel is similar. The
high ionic conductivity and structural stability of NASICON-type
materials are of great interest for building solid-state batteries and
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Fig. 1| Heat map of synthetically accessible NASICONSs predicted by DFT.
a Crystal structure of a rhombohedral NASICON showing the Na-ion conduction
pathway. Two bottleneck triangles are denoted as T1 and T2. b High-throughput
computation workflow. ¢ Distribution of the 641 DFT calculated synthetically
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accessible NASICONSs. The color map indicates the number of stable compounds
containing a specific metal pair. The orange squares indicate blocks including
NASICONSs with Naj stoichiometry, and the grey squares mark blocks containing
only sulfate-type NASICONS.

other applications such as ion-selective membranes and gas-sensing
devices” .

The history of NASICON-type materials can be traced back to the
1960s. Hong and Goodenough et al. reported the prototype of NASI-
CON, Na3zZr,(Si04),(PO,4). They discovered that the polyanion com-
position is quite flexible as the ratio between SiO, and PO, can be finely
tuned, forming a complete solid-solution Naj.,Zr(SiO4),(POy4)3-x
(0 <x<3), with the Na content varying from O to 4 as required by
charge neutrality'®". The ionic conductivity of this solid solution at
300 °C achieved an optimal value of 0.2S cm™ when x =2". However,
the specific roles of the polyanion composition and Na content in
determining the ionic conductivity have not been strictly decoupled™.
Different polyanion groups, such as AsO,*, SO4*", and SeO4*", can be
incorporated in the NASICON structure’®?, though compounds with
these polyanions have not been studied as extensively as the Si-P
system. The ability of the NASICON structure to accommodate dif-
ferent ions on the M site has been extensively demonstrated. Divalent
(Mg*, Ca*, etc.), trivalent (AP*, Ga*, Sc**, etc.), tetravalent (Zr**, Hf*",
Ti*, etc.), and pentavalent (Nb%*, Sb™, etc.) metal cations can all be
stabilized in the M site with relatively large solubilities***, and the ionic
conductivity can be increased by one order of magnitude using alio-
valent doping strategies'*”’. However, because these compositional
variables (e.g., Na content, metal and polyanion species) are highly
convoluted, their distinct effect on the ionic conductivity is challen-
ging to differentiate and rationalize. For example, replacing Zr*" with
lower-valent Mg?* also increases the Na content*, Moreover, because
the NASICON framework can accommodate a wide range of chemical
species in the M and A sites»*?>*3 the possible compositional space
is immense®. Although we systematically studied the compositional
bounds on phase stability of NASICONs in recent work®, a general
picture of the relationship between the compositional variables of
NASICON materials and their conductivities, is essential to provide
guiding principles for the design of high-performance NASICON con-
ductors in such a large, yet partially uncharted chemical space.

In this study, we combine ab-initio calculations with text-mined
data on the ionic conductivity of NASICONs from a corpus of several

million papers and our experimental work to disentangle the factors
that control the Na-ion conductivity in NASICONs. High-throughput
density-functional-theory (DFT) calculations are first used to inves-
tigate the stability of NASICONS. A subset of the predicted compo-
sitions is experimentally explored, leading to the successful
synthesis of eight NASICONS. Five of these were introduced in our
recent work® and three are new. In this paper we study the elec-
trochemical performance of these eight recently discovered com-
pounds as solid-state conductors, and present detailed crystal
structure and electrochemical impedance. The ionic conductivity
and activation energy of the as-synthesized NASICONs were inves-
tigated, and high ionic conductivity (-10™* S cm™) at room tem-
perature (~25 °C) was found in NazHfZr(SiO,4),(PO4) and
NazHfSc(SiO4)(PO,),. Natural language processing (NLP) tools were
applied to text-mine NASICON literature and identify the trends of
the ionic conductivity evolution with respect to different composi-
tional variables. Guided by this text-mined information, we
improved the NASICON room-temperature (~25°C) ionic con-
ductivity in this work up to 1.2 mS cm™, which is one of the highest
conductivities among reported NASICONs. Ab-initio molecular
dynamic (AIMD) simulations with well-controlled compositional
variables revealed the following comprehensive compositional
optimization strategies for NASICON conductors: (1) the optimal Na
content is ~x =3 but depends on the polyanion chemistry, (2) high
ionic conductivity is found in compositions with a large cation size
until the size reaches an optimal value, and (3) high silicate content
enhances the ionic conductivity. Our work provides a comprehen-
sive guiding map to facilitate the discovery of new NASICONs and
insights into the optimization of NASICON ionic conductivity toward
the application of solid-state Na batteries.

Results

Map of synthetically accessible NASICONSs predicted by high-
throughput DFT calculations

High-throughput ground-state calculations were conducted to
evaluate the phase stability of the NASICON structure across a
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wide range of compositions. The screening criteria are summarized
in Fig. 1b. We considered the general formula Na MM’
(A04),(BO4)3-;, i.e., both the metal site and polyanion site can be
occupied by up to two species. In particular, we considered SiO4*,
PO,*> and SO4* as possible polyanions and 16 possible electro-
chemical inactive metals for M and M. (Fig. 1b). As the Na content x
can take values from O to 4.0, y can take values from O to 2.0, and z
can take values from O to 3.0. Using intervals of 0.5 for sampling
these composition variables, 3881 charge-balanced compositions
were enumerated, and their energy above the convex hull (Epy) in
the relevant chemical space was calculated using DFT. To guide the
experimental exploration at high temperature®, we further com-
puted the ideal configurational entropy (Siqea, Se€ Methods) of each
composition. We obtained 641 NASICONs with Epyy— SigeaT <0
(T=1000 K), making them likely to be synthetically accessible. To
narrow the target to possible solid-state conductors, SO4*-con-
taining NASICONs were excluded at this point because they are
generally less stable at high temperature and therefore challenging
to densify®. Of the 242 remaining SO,*-free NASICONSs, only 23
compounds with Naj stoichiometry were further considered, within
which the electrochemical performance of 17 compounds has not
yet been reported (Supplementary Table 1). Finally, 8 of these
NASICON compounds were successfully synthesized through a
classic solid-state synthesis. The distribution of the 641 NASICONs
predicted to be synthetically accessible is presented in Fig. 1c, sorted
by their metal chemistry. The color intensity and number in each
box indicate the number of stable compounds found that contain
both metal elements. The heat map is further annotated as follows:
(1) blocks that contain at least one Na; compound are highlighted
with orange rectangles; (2) blocks that only have sulfate NASICONSs,
and therefore not included in the experimental study, are marked
with grey rectangles.

Experimental exploration of the predicted NASICONSs as poten-
tial solid conductors
Experimental exploration via solid-state methods of the 17 NASICONs
mentioned above led to the synthesis of 8 NASICON compounds.
Supplementary Table 1 summarizes all the synthesis attempts,
including failures. Although many silicate NASICONs containing metals
with 5+ oxidation state were predicted to be synthesizable, they ten-
ded to form NaM*O; competing phases. Some failed synthesis
attempts also involved the melting of precursors, even at relatively low
temperatures (-600 °C). Note that for all the synthesis attempts, only
the calcination temperatures were varied (600-1100 °C) to optimize
the synthesis outcome; therefore, other variables such as the pre-
cursor selection, mixing, calcination atmosphere, or even alternative
synthesis routes might be considered to access those phases®™ *°.
X-ray diffraction (XRD) patterns of the successfully synthesized
NASICONs are presented in Fig. 2. Among the 8 compositions, only
Na;HfZrSi,PO;, has a monoclinic structure (C2/c), whereas all the
others crystallize in a rhombohedral (R-3c) structure. Representative
Rietveld refinement profiles for the monoclinic (Na;HfZrSi,POy,) and
rhombohedral (NazHfScSiP,0;,) structures are presented in Figs. 2a
and 2b, respectively, both of which show a small amount of impurity
phase, consistent with previous findings in the literature®. Supple-
mentary Fig. 1 presents the refined XRD patterns for other NASICONSs,
with the extracted lattice parameters summarized in Supplementary
Fig. 2, and other refined structural parameters summarized in Sup-
plementary Table 2-9. In general, the c lattice parameter is mainly
affected by the polyanion species, which determine the unit-cell
volume, with a larger volume for increasing silicate content. The a
lattice parameter, instead, is primarily controlled by the metal species.
Dense pellets of the as-synthesized materials were prepared
(Methods and Supplementary Table 10) for the electrochemical
impedance spectroscopy (EIS) tests. The bulk and grain-boundary
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Fig. 2 | XRD patterns of the as-synthesized NASICONSs. Rietveld refinement
results of synchrotron XRD data of NazHfZrSi,PO;, with monoclinic C2/c symmetry
(a), and of NazHfScSiP,0,, with rhombohedral R-3c symmetry (b). ¢ Lab XRD

patterns of other as-synthesized NASICONSs. The corresponding refinement results
are presented in Supplementary Fig. 1, and structural parameters in Supplementary
Table 2-9.
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conductivities at room temperature (-25 °C) are summarized in the top
panel of Fig. 3, and the corresponding Nyquist plots, equivalent cir-
cuits and fitting parameters are presented in Supplementary Fig. 3-4,
Supplementary Table 11, respectively. In Fig. 3, the compounds are
grouped by their polyanion chemistry, i.e., phosphates (PO,); and
mixed silicate-phosphates (SiO4)(PO,4), and (SiO4),(PO4). In each
polyanion group, compounds are sorted by ascending average metal
radius (r),). In general, the ionic conductivity increases as the silicate
content increases”, irrespective of the cations. Specifically, the total
conductivities of the pure phosphate group are in the range of 1076 to
107 S cm™, whereas those of the (SiO,4)(PO,4), group are in the range of
107°to 10* S cm™. The highest ionic conductivity of 4.4 x10™*S cm™is
achieved in NazHfZr(SiO,4),(PO,). Within each polyanion group, the
ionic conductivity shows a non-monotonic trend with 7,, . Indeed, the
ionic conductivity increases with r,, only up to an optimal value. For
example, the ionic conductivity increases from 2.40 x 107 to 6.48x107°
S cm™ in going from NazHfMg(PO,); (7, = 0.715A) to NasScIn(PO,);
(ry =0.773 A) and from 6.17x10° S cm™ for NagHf; sMgo 5(SiO4)(PO4),
(Fy=0713A) to 187x10* S cm?' for NasHFSc(SiO4)(PO,),
(ryy=0.728 A). Further increasing ry is unfavorable with both
polyanion compositions, as NasScY(PO,)s (F,=0.823A) and
NasHfysCao 5(Si04)(POy,), (Fy, =0.783A) appear to have lower con-
ductivities of 4.10x107° and 2.93x107° S cm™, respectively. The refined
compositions are listed in Supplementary Table 2 - 9, and agree rea-
sonably with the nominal composition, so that the trend of the average
cation radius presented in Fig. 3 remains valid. Therefore, nominal
compositions are used in the analysis for simplicity. However, Na
content <3 are observed for the refined compositions, probably due to
the Na loss during the high temperature annealing,.

The ionic conductivity of each NASICON was measured at various
temperatures (Supplementary Fig. 6), revealing typical Arrhenius
behavior, and the extracted activation energies are plotted in the
bottom panel of Fig. 3. Consistent with the trend in the conductivities,
as the silicate content increases, the activation energy generally
decreases. Similarly, the activation energy is reduced when large M
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Fig. 3 | Measured ionic conductivity of as-synthesized NASICONs. Scatter plots
of room-temperature (-25 °C) conductivities (log scale, upper panel) fitted from
Nyquist plots (Supplementary Fig. 3) and activation energies (lower panel)
extracted from the linear fitting of the Arrhenius plots (Supplementary Fig. 6). The
bulk properties are indicated by blue circles, whereas the total properties are
indicated by orange ones. On the x-axis, the compounds are grouped by polyanion
chemistry, and in each group, compounds are ordered by increasing average metal
radius (F,,, in A). 7,, of each compound is also labeled in the bottom panel.

cations are present, though there is a limit to the benefits of this size
effect. NazHfZr(SiO,4),(PO,), which has the highest ionic conductivity,
also exhibits the lowest bulk activation energy of 0.302eV. These
experimental observations indicate that for our as-synthesized NASI-
CONs, the ionic conductivity is primarily determined by the activation
energy. It is worth noting that though the nominal Na content of the as-
synthesized compounds are all equal to 3, the ratio between Nal, Na2
site occupancies can be different (Supplementary Table 2-9, Supple-
mentary Fig. 7). The Nal site occupancy decreases as the silicate con-
tent increases': the three NASICONs with pure phosphates have Nal
occupancy of ~0.8, whereas the monoclinic Na;HfZr(SiO,4),(PO,) phase
with the highest ionic conductivity exhibits the lowest Nal occu-
pancy of -0.63.

Further compositional optimization based on text-mined ionic
conductivity data
To generalize our findings, we investigated a text-mined dataset con-
taining the experimentally measured ionic conductivity of 475 repor-
ted NASICONSs. The corresponding papers were identified by screening
over two million materials science articles with criteria for specific
materials (i.e., NASICONs) and properties (i.e., ionic conductivity) via
chemical named entity recognition****, Three compositional variables
were used to visualize the distribution of the ionic conductivity data
obtained from the literature: the Na content (x), average metal radius
(F4y), and average A site radius (7). As the ionic radius of Si*" (0.26 A) is
larger than that of P* (0.17 A), the variation of the silicate content in
Fig. 3 can be appropriately reflected by r,. Therefore, a three-
dimensional compositional space of the NASICONs was constructed,
as shown in Fig. 4a, with the color of each point indicating its ionic
conductivity on a log scale. Overall, the ionic conductivity of NASI-
CONss varies greatly with composition, ranging from10™to10°S cm™.
However, this finding should be taken with caution because some of
this difference may also result from inconsistent sample preparation
or testing methods between the various literature studies. In parti-
cular, pellet density and varying interfacial resistance may affect the
measured ionic conductivity. These experimental details are often not
explicitly reported in the literature®. In Fig. 4a, most high ionic con-
ductivity values can be found in certain narrow subspaces. For
instance, two thin sections with 0.70 <7, <0.74 A and 2.5<x<3.5 are
highlighted, respectively, and the projections of data points within
those two sections are plotted in Fig. 4b and Fig. 4c.

Figure 4b indicates that, within the group of pure phosphates
(F, =0.17 A), the high-ionic-conductivity compositions have Na con-
tent around x = 2.5 (though the limited number of Na-rich phosphates
that have been reported limit the confidence level of this finding). As
the silicate content increases (7, increasing), the Na content, at which
point the ionic conductivity is maximized shifts toward higher values.
For NASICONSs with silicate contents equal to or larger than two (per
formula unit of three polyanion groups), the optimal Na content is
between 3.0 and 3.4. Note that the optimal Na content has already
been investigated in previous studies”?*****, However, we argue that
the optimal value might be different for different polyanion compo-
sitions, and in the following section we investigate the Na content
effect in more depth by setting other compositional variables constant
in AIMD simulations. Figure 4c shows that the maximum ionic con-
ductivity occurs when 7,, is slightly above 0.72 A (though the exact
optimal value might be dependent on polyanion species), whereas
NASICONSs with a 7, that is too small or too large are less likely to
exhibit high ionic conductivity. Some exceptions are found among
phosphate NASICONSs with large lanthanide elements such as Er or Dy
as doping cations that exhibit high ionic conductivity*, however, the
temperature at which EIS measurements were taken was not explicitly
mentioned.

Among all the NASICONs synthesized in our limited set of
experiments, NasHfZrSi,PO;, exhibits the highest ionic conductivity.
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However, the data in Fig. 4 indicate that the ionic conductivity might
still be further improved by modifying the average cation radius and
stoichiometry of NasHfZrSi,PO,. Therefore, we attempted to use Sc**
as a large-size dopant with a lower valence to bring both the average
cation radius and Na content toward the optimized values. By repla-
cing 0.2, 0.4 Hf* per f.u. with Sc*, the average cation radius can be
increased from 0.715 A to 0.719 and 0.722 A, and the Na content to 3.2
and 3.4, respectively. Figure 5a presents the XRD patterns of Sc-
substituted Na3'2Hfo_SSCO.2ZrSi2POu and Na3_4Hf0.6SC0,4ZrSi2P012. Both
compounds show a majority of NASICON phase with a small amount of
ZrO, impurity. As the Sc content increases, Nas 4Hf 5 ¢S¢o.4ZrSi,PO;, no
longer retains the monoclinic (C2/c) symmetry and can be properly
refined with arhombohedral model (Supplementary Fig. 5). EIS spectra
of both compounds using Na metal as electrodes are presented in
Fig. 5b. Compared with pristine NasHfZrSi,PO;;, both
Na3.2Hfo_8SC0_zeri2P012 and Na3_4Hf0_6SC0.4ZrSi2P012 exhibit hlgher
total ionic conductivity of 0.48 and 1.2 mS cm™, respectively. In par-
ticular, 1.2 mS cm™ is one of the highest conductivities among reported
NASICON conductors at room temperature (~25 °C)**8, It is worth
noting that the ionic conductivity of this material may still be improved
by increasing the silicate content, as inferred from the experimental
and text-mined data, or by optimizing the sintering condition via hot
pressing or spark plasma sintering techniques, instead of the cold-
pressing method used in this work. However, the former essentially
requires the incorporation of high-valence charge compensators,
which may be inhibited by the challenges related to the synthesis of

materials with 5+ metals and high silicate content (Supplementary
Table 1).

The stability of Nas 4Hf 6Sco 4Z1rSi,POy, against a Na-metal anode
was evaluated by constructing a Na | Nas4Hfg ¢Sco4ZrSi,POy; | Na
symmetric cell. As shown in Fig. 5¢, stable Na stripping and plating are
achieved, and the small overpotentials are stable throughout the 200-
h test. EIS spectra of the Na-metal symmetric cell were collected after
100-h and 200-h cycling, showing no obvious change in the overall
impedance (Supplementary Fig. 9), indicating that the NASICON-Na
metal interface is stable.

Discussion

Our experimental analysis, combined with the large-scale extraction of
ionic conductivity data from the literature, establishes optimal ranges
for Na content, polyanion chemistry, and average metal radius. To
better understand how these various compositional variables affect
the ionic conductivity, ab initio molecular dynamic (AIMD) simulations
were performed, and the results are presented in Fig. 6. Three different
NASICON groups with different controlled variations in composition
were designed so as to separate the effect of each variable as inde-
pendently as possible:

1. Na-content variation: The polyanion chemistry per formula unit
was fixed to be either (PO4); or (PO4),(SiO4) with the average
cation radius kept near 0.715 A while varying the Na content by
modifying the ratio between Hf** (0.71A) and Mg (0.72 A) with
similar size.
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2. Variation of the cation size: The Na content was fixed to be Na; per
formula unit with (PO,)(SiO,), as the polyanion while varying the
average cation radius by modifying the combination of different
M* metal cations.

3. Polyanion composition: The Na content was fixed to be Na; per
formula unit with the cation radius kept at ~0.715 A while mod-
ifying the polyanion and charge compensating through the ratio
between Hf** (0.71A) and Mg** (0.72 A).

Figure 6 shows the AIMD calculated ionic conductivity at 300 K
(Fig. 6a-c), the activation energy (Fig. 6d-f), and the prefactor for Na
diffusion (Fig. 6g-i) for the three compound groups. The correlations
between the ionic conductivity and compositional variables in
Fig. 6a-c are generally consistent with our experimental and text-
mined ionic conductivity trends. Regarding the Na content effect, in
Figs. 6a and 6d, conductivities and activation energies vary simulta-
neously with Na content, indicating that Na content not only deter-
mines the charge-carrier concentration, as expected, but also affects
the ionic conductivity through the migration barrier. The correlation
between Na content and migration barrier can be rationalized as fol-
low: the migration barrier is determined by the size of the bottleneck
for ion hopping, which is then controlled by the lattice parameter. For
NASICONs with 1Na per formula unit, Na ion sits in the Nal (6b) site that
is face-sharing with two MOg, as shown in Fig. 1a. Increasing Na content
will displace the Na* into the Na2 (18e) site, which results in reduced
occupancy of the Nal site and increased electrostatic repulsion
between MOg units, leading to larger unit cell volume and therefore
bottleneck size®. This trend is supported by the correlation between
Na content and lattice parameter, as shown in Supplementary Fig. 10.
Furthermore, consistent with the text-mined data in Fig. 4b, Fig. 6a also
shows that the optimal Na content for ionic conductivity is polyanion
dependent: for phosphates the optimal value is 2.5 while for mixed
polyanions the optimal value is near 3. Correspondingly in Fig. 6d, the
Na content that is optimal for lowering the migration barrier is also
lower for phosphates than for mixed polyanions. This result indicates
that the optimal Na content for different polyanion composition
appears to be mostly driven by Na’s effect on the activation energy
rather than by its direct relation to the carrier concentration.

The correlation between the cation radius and activation energy,
displayed in Fig. 6e, is consistent with our experimental observation,
i.e., the activation energy generally decreases with increasing cation
radius but becomes mostly insensitive once surpassing the optimal
value. Our finding is also in line with previous studies indicating that an
optimal cation radius exists***’, and here we demonstrate this effect
more rigorously by keeping other compositional variables constant.
The results in Fig. 6f show that by keeping the Na content and cation
radius constant, the activation energy can be reduced up to ~200 meV
solely by increasing the silicate content from 0 to 2/3, implying that the
highest ionic conductivity might be obtained in pure silicate NASI-
CONs or NASICONs with SiO4* content above 2/3. However, the
experimental validation of this optimum is challenging as synthesis
attempts for this type of NASICON were unsuccessful via the solid-
state method (Supplementary Table 1). Increasing the Na content,
metal radius, and/or Si content all lead to the increase of the lattice
constant of NASICON and thereby enhance the ionic conductivity. This
observation would indicate that Na mobility is mostly controlled by the
size of some migration bottleneck, and not by other effect such as
cation-cation interaction**, topology>*****, or polyanion-assisted
motion®®°,

While the dominant effect of the compositional variables is likely
the control of the size of the ion migration bottleneck and, therefore,
the activation energy, the composition also has a more subtle effect on
the ordering tendency of Na ions and lattice softness of the NASICON
framework, which is reflected in the variation of the prefactor for Na
diffusion. The evolution of the prefactor differs from that of the acti-
vation energy and ionic conductivity. Generally, it becomes smaller as

the ionic conductivity becomes larger, consistent with prior findings in
the literature® >, When tuning Na content and metal radius (Figs. 6g,
6h), the prefactor is minimal when the ionic conductivity is maximal,
consistent with a reduction in attempt frequency for ion migration
when the compound softens due to the increase in lattice parameter.
The polyanion chemistry shows less (inverse) correlation with the
activation energy as shown in Fig. 6i. Such a divergent evolution sug-
gests that the prefactor can be used to fine-tune the ionic conductivity.
Even though the effect of the prefactor can be neglected in the com-
position region where the magnitude of the ionic conductivity is pri-
marily determined by the activation energy, when the activation
energy is reduced to a sufficiently low value (e.g., ~300 meV), the
prefactor should be taken into consideration to further enhance the
ionic conductivity. While it is generally assumed that changes in the
prefactor are related to a softening of the relevant phonon modes that
determine the attempt frequency for hopping, they may also reflect
variations in effective carrier concentration caused by more or less
local Na ordering,.

In summary, through experiments, text-mined literature data, and
ab-initio modeling, we have quantified the relationship between the
various composition variables of NASICON compounds and the Na-ion
conductivity. We find that Na-ion conductivity can be optimized by: (1)
an average cation radius of slightly above 0.72 A for NASICONs with a
(Si04),PO, polyanion composition; (2) high SiO4* polyanion content,
and (3) a carefully tuned Na content around Najz per formula unit but
depending on the polyanion composition. In addition, by constructing
a first-principles synthesis map for the possible chemical space of
NASICON compounds, eight NASICONs were successfully synthesized
and investigated as solid-state conductors, and room-temperature
(-25°C) ionic conductivity of 1.2 mS cm™ was achieved in
N33.4Hf0.6SC0.4ZrSi2P012.

Methods

Experiments

For the solid-state synthesis of the NASICON compounds, typical metal
oxides or hydroxides (HfO, (Aldrich, 99.8%), MgO (Aldrich, >99.99%),
Sc,03 (Sigma, 99.9%), Zr(OH), (Aldrich, 97%), SnO, (Alfa Aesar, 99.9%),
CaO (Sigma-Aldrich, 99.9%), In,05 (Sigma, 99.998%), Y,03; (Sigma,
nanopowder, <50 nm particle size)) were used as precursors to intro-
duce metal cations. SiO, (Sigma-Aldrich, nanopowder) and NaH,PO,
(Sigma, >99%) were used as silicate and phosphate sources. Na,CO5
(Sigma-Aldrich, >99%) was used as an extra sodium source. In addition,
10% excess NaH,PO, was introduced to compensate for the possible
sodium and phosphate loss during the high-temperature treatment.
The powder mixtures were wet ball-milled (3 mL ethanol per 50 mL jar)
with stainless steel balls and jar for 12 h using a planetary ball mill
(PM200, Retsch) at 250 rpm for thorough mixing before pressing into
pellets. The pelletized samples were first annealed to form the target
phase, then grounded with a mortar and pestle, and wet ball-milled
(3 mL ethanol per 50 mL jar) again using a high-energy ball mill (SPEX
8000 M Mixer/Mill) with zirconia balls and jar to reduce the particle
size. The powder was then dried and pressed into pellets with a uni-
axial press. The pellets were again pressed using a cold isostatic press
(YLJ-CIP-20B, MTI), then wrapped with Pt foil for the second high-
temperature annealing in an alumina crucible. The detailed annealing
conditions for the first and second steps are provided in Supplemen-
tary Table 10. Synchrotron powder diffraction data of
Na3Her(SiO4)2(PO4), N33HfSC(SiO4)(PO4)2, Na3.4Hf0‘6SC0.4ZrSi2P012
were collected at beamline 7-BM, National Synchrotron Light Source I,
Brookhaven Nation Lab using an average wavelength of 0.6199 A.
Other obtained materials were analyzed using Rigaku Miniflex 600,
Bruker D8 Diffractometer with Cu Ko radiation, scanned over 10-70°
two theta range, with data points collected every 0.02° 26 and scan
speed of -0.005° s. Data analysis was carried out via Rietveld
refinement®* using Fullprof program®. Certain steps were carried out
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during the refinements with regard to the site occupancies: (1) First the
atomic occupancies were set to their nominal compositions. (2) The
occupancy of M1, M2 were refined with the constraint that their
occupancies sum to 2; (3) The occupancy of Nal, Na2 (and Na3 for
monoclinic NASICON) were then refined freely; (4) To ensure the
charge neutrality, with the refined occupancy of Nal, Na2, M1 and M2,
the Si, P occupancies were manually calculated with the constraint of
their occupancies summing to 3; (5) We applied the manually calcu-
lated Si, P occupancies to the refined model, and performed step (2)
and step (3) again. During this step, the change of Nal, Na2, M1 and M2
occupancies were <1%, therefore charge neutrality was maintained. For
pure phosphate compounds, the P occupancy was fixed at 3, and the
occupancy of Nal, Na2, M1, M2 were refined with constraints that
charge neutrality was ensured, i.e., for Na;ScYP3015, Scocc + Yocc =2,
Nalgce + Na2oce = 3; Na3ScInP301,, SCoce + INgee =2, Nalgee + Na2oee = 3;
for Na3HﬂVIgP3012, HfOCC + MgOCC =2, AHfoCC + ANalocc + ANaZOCC =0.

The ionic conductivity was evaluated using EIS at temperatures
ranging from -0 to ~100 °C. EIS analysis was performed using a Bio-
Logic VMP-300 system at the initial open-circuit voltage in the fre-
quency range from 7 MHz to 100 mHz with the application of a 10 mV
signal amplitude. The measurements were performed using a BioLogic
controlled environment sample holder assembled and sealed in an Ar-
filled glovebox. Indium foils were directly pressed onto both sides of
the sample pellet as blocking electrodes. Sample pellets are ~ 6 mm in
diameter and - 1 mm in thickness. For the Sc-doped samples, Na foils
were pressed onto both sides of the pellet in a Ar-filled glove box. The
Na|NASICON|Na symmetric cell was placed in a customized solid-state
pressure cell with an internal pressure of 3 MPa. EIS and cell cycling
tests were performed in sequence using the same cell.

The bulk and total ionic conductivities were obtained by fitting
the Nyquist plot with two theoretical circuit models: (1) 1R (bulk) + 1IRC
(grain boundary) + C for NazHfZrSi,PO, and NazHfScSiP,0y; and (2)
2RC (bulk, grain boundary) + C for the others (R: resistance, C: con-
stant phase element, RC: resistance and constant phase element in
parallel.) For the Sc-doped samples, only the total resistance (ionic
conductivity) was estimated by taking the low-frequency intercept of
the semi-circle on the x-axis.

First-principles calculations

First-principles total energies calculations were performed using the
Vienna ab initio simulation package (VASP) with a plane-wave basis
set®. Projector augmented-wave potentials®’ with a kinetic energy
cutoff of 520eV and the exchange-correlation form in the
Perdew-Burke-Ernzerhof generalized gradient approximation (GGA-
PBE)®” were employed for all the structural optimizations and total
energy calculations. For all the calculations, a reciprocal space dis-
cretization of 25 k-points per A™ was applied, and the convergence
criteria were set to 107 eV for electronic iterations and 0.02 eV/A for
jonic iterations. A rhombohedral conventional cell was used for each of
the NASICON structures. The Na-vacancy ordering, cation ordering,
and anion ordering were set as the one with the lowest electrostatic
energy®®7% It should be noted that NASICONSs can also exist with other
space groups, such as the monoclinic form (C2/c). The monoclinic
NASICONSs can be regarded as an ordered version of rhombohedral
NASICONSs”. Therefore, the energy difference between rhombohedral
and monoclinic NASICONs is expected to be low as it relates to the Na
disordering energy. To provide an estimate, the disordering energy for
Na is typically 30-40 meV, while the contribution to E,,; must be
normalized by the number of atoms per formula unit, i.e.,
~30-40 meV/(17-21 atoms per formula unit). This energy variation is
much smaller than that caused by chemistry variation. With such
considerations, all our calculations and analysis were only performed
for rhombohedral NASICONs. In addition to the 3881 NASICON
structures, all the competing phases in the relevant chemical spaces
that are given in The Materials Project’* were also calculated to

construct the phase diagrams. To estimate the synthetic accessibility
of the NASICON at finite temperature, we included the ideal config-
urational entropy and assumed that a NASICON is synthetically
accessiblewhen E,,; — TS, 404 < 0. The ideal entropy was calculated by
assuming a fully disordered distribution of Na, cation, and anion sites.
For a NASICON with the chemical formula Na,M;M’,_,(AO4),(BO4);-,,
the ideal entropy is calculated as follows with the units of eV/atom:

wrrr (1 (G0() (- 5m(1-3) ®

#3Gin@)* (1-3)m(1-3)+3 G )+ (- m(-3)

While this is likely an overestimation of the entropic stabilization
that can be achieved, this more generous filter allows us to capture
NASICONSs which would be synthesizable as metastable phases.

Ab initio molecular dynamic (AIMD), initialized from the DFT
relaxed electrostatic ground states of each NASICON composition, was
used to investigate the ionic conductivity. All the AIMD calculations
were performed in an NVT ensemble with a time step of 2 fs using a
Nosé-Hoover thermostat” for a period of 160 ps. A minimal I'-point-
only k-point grid was used for all the calculations. The AIMD simula-
tions were run at 600 K, 800 K, 1000 K, 1200 K, and 1500 K. All the data
were fitted assuming Arrhenius behavior to obtain the activation
energy, diffusion prefactor, and room-temperature (-25 °C) diffusivity.

Sidear = — kp

Text mining for NASICON conductivity data

In order to gather NASICON conductivity data spanning a variety of
chemical systems from scientific literature, we employed a hybrid
strategy combining named entity recognition methods along with
human assistance. Initially, NASICON-related papers were identified by
applying named entity recognition algorithms***’¢ and specific
selection criteria to over two million material science papers, including
(1) any mention of “NASICON” or known NASICON compositions
within abstracts and experimental sections and (2) any mention of
“conductivity” or properties associated with conductivity in the
abstract. In each NASICON-related paper, the NASICON conductivity
data were manually curated from tables and figures when available,
accounting for the ionic conductivity o and activation energy £, cor-
responding to different temperatures. When high-temperature con-
ductivity and activation energy rather than room-temperature
conductivity were reported, the Arrhenius relationship

oT =Aexp (—E,/kT) Q)

was used to project the high temperature conductivity to 300 K, where
A is the pre-exponential factor and k is the Boltzmann constant. The
compiled NASICON conductivity data have been included in the
Source Data file.

Data availability

Source data are provided with this paper. Other relevant data are
available from the corresponding authors upon reasonable
request. Source data are provided with this paper.
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