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1. Introduction

In the last few decades, rechargeable 
batteries have garnered considerable 
attention for large-scale energy storage 
applications, for example, power grids 
and electric vehicles.[1] In the pursuit of 
safer and higher-energy-density batteries, 
increasingly rigorous requirements are 
being imposed on the electrolyte, with the 
organic liquid electrolytes used in conven-
tional batteries being plagued by safety 
concerns and their limited electrochem-
ical windows. The substitution of liquid 
electrolytes with solid electrolytes can 
potentially address these safety concerns 
while also enabling the use of high-voltage 
cathode materials and Li/Na metal anodes 
to generate high-energy-density batteries.[2]

Although many advances and break-
throughs have been achieved in Li-ion 
solid electrolytes[3,4] and intensive studies 
have been conducted on the electro-
lyte/electrode interface,[5–8] only a few 

Na super ion conductor (NaSICON), Na1+nZr2SinP3–nO12 is considered one of 
the most promising solid electrolytes; however, the underlying mechanism 
governing ion transport is still not fully understood. Here, the existence of 
a previously unreported Na5 site in monoclinic Na3Zr2Si2PO12 is unveiled. 
It is revealed that Na+-ions tend to migrate in a correlated mechanism, 
as suggested by a much lower energy barrier compared to the single-ion 
migration barrier. Furthermore, computational work uncovers the origin of 
the improved conductivity in the NaSICON structure, that is, the enhanced 
correlated migration induced by increasing the Na+-ion concentration. 
Systematic impedance studies on doped NaSICON materials bolster this 
finding. Significant improvements in both the bulk and total ion conductivity 
(e.g., σbulk = 4.0 mS cm−1, σtotal = 2.4 mS cm−1 at 25 °C) are achieved by 
increasing the Na content from 3.0 to 3.30–3.55 mol formula unit−1. These 
improvements stem from the enhanced correlated migration invoked by the 
increased Coulombic repulsions when more Na+-ions populate the structure 
rather than solely from the increased mobile ion carrier concentration. 
The studies also verify a strategy to enhance ion conductivity, namely, 
pushing the cations into high energy sites to therefore lower the energy 
barrier for cation migration.
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Na+-ion solid electrolytes with ion conductivities approaching  
those of liquid electrolytes are reported. Examples of these 
include Na-β”-Al2O3,[9] Na super ion conductor (NaSICON) mate-
rials,[10,11] thiophosphates such as Na11Sn2PS12,[12,13] Na3PS4,14,15 
and its derivatives.[16–19] NaSICON-type electrolytes with the 
general formula Na1+xZr2SixP3−xO12 (0 ≤ x ≤ 3) show particular 
promise because of a combination of high conductivity, and 
excellent chemical and thermal stability, although they exhibit 
low ductility.[10,11] This material crystallizes in a rhombohedral 
structure with space group R-3c, except for compositions in the 
range of 1.8 < x < 2.3[20] where a slight distortion to a mono-
clinic phase with a space group C2/c occurs.[21–23] The total ion 
conductivity varies by an order of magnitude with x and the 
highest value (0.67 mS cm−1 at 300 K) was reported in the mon-
oclinic phase where x ≈ 2.0, that is, Na3Zr2Si2PO12.[24–26]

The excellent conductivity of Na3Zr2Si2PO12 is gener-
ally attributed to its high carrier ion concentration and 
high mobility. Researchers have primarily focused on using 
doping strategies to further improve the conductivity of this 
system, with Sc-substituted Na3.4Sc0.2Zr1.8(SiO4)2(PO4) exhib-
iting the highest reported conductivity at room temperature 
(6.2 mS cm−1 for the bulk value and 4.0 mS cm−1 for the total 
value, respectively).[27] Improvement in the bulk conductivity 
was claimed to originate from the higher Na+-ion concentra-
tion that accrues by virtue of charge balance when Zr4+ is 
replaced with the lower-valent Sc3+. We note that the bulk 
conductivity could not be enhanced by threefold when the 
Na+-ion content simply increased from 3.0 to 3.4 mol formula 
unit−1, based on the standard expression for ion conductivity 
as a function of the number of mobile carriers. Other aliova-
lent substitutions at the Zr site also give rise to high conduc-
tivities in the order of 10−3 S cm−1 at room temperature.[28–30] 
Guin and Tietz[31] reviewed various substituted NaSICON-
type materials and concluded that the optimum ion conduc-
tivity is achieved at a Na+-ion content of ≈3.3 mol formula 
unit−1. However, the intrinsic reason for the improvement 
in the bulk conductivity with the increase of Na+-ion con-
centration was not given. The remarkable enhancement 
in the bulk conductivity is not exclusively dictated by the 
increased Na+-ion concentration, but must be determined 
by some other subtle reasons. However, so far very limited 
studies on the ion conduction mechanism in the mono-
clinic structure have been conducted[32] and two conflicting 
proposals on the diffusion pathways have been put forward 
for the rhombohedral phase, which contains two primary 
sodium sites, Na(1) and Na(2).[23,33,34] One suggests that the 
diffusion along the Na1-Na2 pathway is more probable than 
Na2-Na2 in the rhombohedral structure, based on probability 
density function analysis of X-ray diffraction (XRD) data for 
Na3.1Zr1.87Si1.24P1.76O12.[23] The other argues that the Na2-Na2 
pathway is predominant because of its wider channel, as 
demonstrated by electron density maps and difference Fou-
rier map analysis of XRD data for Na4Zr2Si3O12.[34]

This prompted us to examine the Na+-ion migration mecha-
nism and the intrinsic nature of the improved conductivity as 
the Na+-ion concentration increases in the NaSICON struc-
ture. Herein, we clarify the discrepancy between the two dif-
ferent speculations concerning the Na2-Na1 and Na2-Na2 
pathways by examining the Na+-ion distribution and transport 

mechanism using a combination of neutron powder diffrac-
tion (NPD) and ab initio calculations. The crystal structure was 
determined at room temperature and elevated temperatures by 
NPD. An additional, previously unreported, Na site is explic-
itly identified in the monoclinic phase by a joint technique 
of Rietveld analysis of NPD data, maximum entropy method 
(MEM), bond valence energy landscape (BVEL) approach, and 
density functional theory (DFT) calculations, and a new, five-
Na-site model is reported for the first time. This combination 
of techniques provides very significant and more reliable infor-
mation on the structure than previous reports. Our ab initio 
molecular dynamics (AIMD) simulations and climbing-image 
nudged elastic band (CI-NEB) calculations reveal that Na+-ions 
transport preferentially via a correlated migration mechanism, 
rather than by single ion hopping. More importantly, our 
newly developed “polyhedra” approach is used to confirm that 
a higher Na+-ion concentration results in a higher percentage 
of correlated jumps. The correlated migration uncovered here 
explains why increasing the Na+-ion concentration effectively 
improved the conductivity and reduced the activation energy 
in the aforementioned substituted materials. To further prove 
this viewpoint and disentangle the effects of ion concentration 
from pathway dimensions, systematic dopant studies were con-
ducted, that is, aliovalent substitution (Mg2+, Al3+ at Zr4+ sites 
(to increase the Na+-ion concentration) vs replacement with 
larger cations (Ge4+) at Si4+ site (to increase the lattice param-
eters while keeping the Na+-ion fraction constant). Indeed, very 
high conductivity was realized in the former case. This increase 
is attributed to the higher carrier concentration that results in 
enhanced correlated migration process and decreased energy 
barrier for ion migration by pushing cations into high energy 
sites.

2. Results and Discussion

2.1. Revised Model for Monoclinic Na3Zr2Si2PO12: Additional  
Na Site

Na3Zr2Si2PO12 crystallizes in the monoclinic C2/c space group 
at room temperature and transforms to the rhombohedral 
phase (R-3c) at 420–450 K.[21–23] The 3D network is composed 
of corner-linked ZrO6 octahedra and SiO4/PO4 tetrahedra, with 
Na+-ions residing in the framework cavities. Comparison of the 
C2/c and R-3c phases indicates that the monoclinic-rhombohe-
dral transition in NaSICON-type materials is accompanied by a 
slight shear distortion (Figure 1a). The monoclinic cell parame-
ters and volume are related to those of the rhombohedral phase 
as (ar−br, ar+br, −1/3ar+1/3br+1/3cr) and ≈2/3, respectively, 
as confirmed by numerous diffraction studies of monoclinic 
Na1+xZr2SixP3−xO12.[20,35–39] All the studies reported virtually 
identical atomic coordinates for the framework with the excep-
tion of the very first 1976 paper[10] (Figure 1b). Although there 
is general consensus on the structure of the [Zr2Si2PO12]3− 
framework, substantial discrepancies are found in the descrip-
tion of the Na sublattice. Models have been proposed with 
different numbers of Na sites (three[10,20,35–38] or four[39]), and 
with significantly different Na site locations and occupancies, as 
illustrated in Figure S1 and Table S1 (Supporting Information).  
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These discrepancies in the literature motivated us to reexamine 
the Na arrangement in the monoclinic phase using a combi-
nation of the BVEL approach, the MEM, and Rietveld anal-
ysis of NPD data, together with DFT calculations to support 
experiment.

Initially, all the proposed models for the monoclinic phase 
were exhaustively tested against neutron diffraction data col-
lected at room temperature (Figure S2, Supporting Infor-
mation). To compare their accuracies in describing the Na 
sublattice, the coordinates of the framework atoms were refined 
while those for the Na ions were fixed to the published values. 
The results initially indicated that the model with four Na sites 
proposed by Boilot[39] produced better agreement with our NPD 
data than a three-site model (Table S1, Supporting Informa-
tion). However, BVEL calculations for the structure refined 
based on our NPD data revealed that the space between Na1 
and Na3—indicated by the red dotted circle outlining the posi-
tion of “Na5” (Figure 1c)—is as favorable for Na+ as the sites 
occupied in the previously proposed crystallographic models. 
Note that BVEL calculations do not incorporate any informa-
tion about the Na sublattice but only take into account the 
[Zr2Si2PO12]3− framework, which is established very reliably. 
These calculations clearly indicate a local minimum in the 

vicinity of the Na5 site (Figure 1d). Furthermore, nuclear scat-
tering density at the Na5 site was clearly observed in the Fou-
rier difference map using a model without occupation of this 
site (Figure S3, Supporting Information). In accord, DFT geom-
etry optimization calculations performed for numerous starting 
configurations of Na located the most locally energetically 
favorable position for Na5. Initially, only the occupancy of the 
Na5 site was refined against the NPD data (with the coordinates 
fixed to those identified from the BVEL and DFT calculations, 
model H), yielding a statistically significant improvement[40] 
in the fit (compared to the previous model in Table S1, Sup-
porting Information). Subsequent refinement of the Na5 coor-
dinates confirmed that the site is positionally stable and that 
its occupation considerably improved the refinement quality 
(model I, Figure 1d). The final Rietveld refinement agreement 
factors and structural parameters are presented in Table S2 and 
Figure S2 (Supporting Information). Among the five Na sites, 
Na5 shows the lowest occupation (0.12), suggesting that it is 
of the highest energy. Our BVEL calculations provide insights 
into the energy barrier (EBVEL) for ion transport along different 
pathways (Figure S4, Supporting Information). Indeed, there is 
some correlation between the site energy and the occupancy, 
that is, the Na2 and Na5 sites have the lowest/highest EBVEL 
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Figure 1. Models for monoclinic and rhombohedral NaSICON. a) Framework of the rhombohedral phase of NaSICON structure (with ZrO6 polyhedra 
in blue and Si(P)O4 polyhedra in gray) and monoclinic phase of NaSICON structure (with ZrO6 polyhedra in green and Si(P)O4 polyhedra in light 
purple; axes are transformed to the equivalent rhombohedral system); b) Superimposed monoclinic frameworks reported in refs. [20], [35–39]; the 
arrows show the slight deviation of the model reported in ref. [20] from the rest. Green, light purple, and red colors indicate Zr, Si(P), and O positions, 
respectively. BVEL maps: c) the dotted circle highlights the position that is energetically favorable for Na+-ions but absent in the published models;  
d) the final refined model with the additional Na5 site (model I in Table S1, Supporting Information).
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and highest/lowest occupancies, respectively. Although Na5 
is at relatively higher energy site, the energy barrier for Na5 
hops to its neighboring local minima is not significantly high 
(≈0.47 eV), and therefore enables its possible participation in 
ion transport. This will be discussed next.

To further verify the validity of our five-sodium-site model, 
we also collected NPD data at 3 K where Na atoms exhibit low 
atomic displacement parameters, and hence more reliable 
refinement results can be obtained. The data yielded an excel-
lent fit (Figure S5, Supporting Information). The ultralow 
temperature results in some minor changes in Na–Na inter-
actions due to anisotropic cell contraction and in turn, some 
Na-ion redistribution. Nevertheless, the Na5 site is even slightly 
more occupied than at room temperature (see Table S3, Sup-
porting Information). Furthermore, MEM analysis (Figure S6, 
Supporting Information), which is based on the refinement of 
nuclear scattering density at individual voxels of a 3D grid, that 
is, free of any constraints of conventionally used atom-based 
models, also shows a maximum around the Na5 site, further 
verifying the reliability of our refinement. In short, the fully 
consistent results of the four methods (BVEL, DFT, MEM, and 
Rietveld analysis) provide very strong evidence of the occupa-
tion of the Na5 site. The role of this Na5 site in the ion trans-
port is discussed next.

NPD data for Na3Zr2Si2PO12 collected at higher temperature 
(200, 500, and 800 °C) were also analyzed using the starting 
crystal structural model reported by Boilot and Collin,[24] 
confirming that the material transforms completely to the 
rhombohedral phase at these temperatures. Since the rhombo-
hedral structure has about half the atomic positional parameters 
compared to the monoclinic polymorph (12 in rhombohedral 
vs 35 in monoclinic), this allows us to carry out refinement for 
the rhombohedral modification with less constraints needed 
to achieve a well converged fit. A representative data set of the 
Rietveld analysis results based on the NPD data at 500 °C is 
presented in Figure S7 (Supporting Information) (see Table S4, 
Supporting Information, for crystallographic details). Na is pre-
dominantly distributed over the Na1 and Na2 sites (6b and 18e, 
respectively) with a small fraction also occupying the Na3 site 
(36f ). As the Na3 site is very near Na1, the adjacent Na1 and 
Na3 sites cannot be simultaneously occupied. When the rhom-
bohedral phase transforms to the monoclinic phase, the Na2 
site (18e) splits into Na2 (4e) and Na3 (8f ) sites and the Na3 site 
(36f ) splits into Na4 (8f) and Na5 (8f ).

A more detailed analysis of the nuclear density distribution 
for the rhombohedral phase obtained using MEM reveals a 
strong Na redistribution with increasing temperature toward 
equalizing the Na1 and Na2 site occupancies. However, the 
Na2 site is preferentially occupied even at high temperature as 
indicated by the larger area of the nuclear density peak, con-
sistent with the Rietveld analysis results (Table S4, Supporting 
Information). Furthermore, in contrast to Boilot and Collin,[24] 
the Na3 site is negligibly occupied in the rhombohedral struc-
ture between 200 and 800 °C (Figure S8, Supporting Infor-
mation). The 3D MEM maps for the monoclinic structure at 
room temperature and rhombohedral structure at 200 °C are 
presented in Figure S9a,b (Supporting Information), respec-
tively. The red ellipse highlights the substantial local disorder 
of sodium ions around the Na1 site. Figure S9c–e (Supporting 

Information) shows the 2D cross sections of the MEM maps 
through the Na3 site located at z = 2/3 at 200, 500, and 800 °C, 
respectively. As expected, the Na+-ions progressively delocalize 
upon heating. The Na+-ion distribution is anisotropic and dis-
tributed in the direction of the path connecting the Na1 and 
Na2 sites, as discussed next.

2.2. Na+-Ion Dynamics in NaSICON Materials

Understanding of the ion dynamics and diffusion mechanisms 
in solids is critical because it can reveal the underlying factors 
that determine the ion-conducting properties, which will enable 
the development of relevant strategies to improve conductivity. 
We employed AIMD and CI-NEB to explore the ion transport 
mechanism in Na3Zr2Si2PO12. Because the refined structure 
has partial occupancies on the Na sites as well as Si/P cation 
site disorder, we prescreened Na/vacancy and Si/P arrange-
ments using an electrostatic energy criterion.[41] We then 
relaxed the 100 structures with the lowest electrostatic energy 
using DFT calculations. The lowest energy configuration was 
selected for the subsequent calculations.

AIMD simulations were performed on monoclinic 
Na3Zr2Si2PO12 at several elevated temperatures (800, 1000, 
1200, 1400 K) to speed up the diffusion and shorten the simula-
tion time. Diffusive behavior of the Na+-ions is clearly observed 
at all the simulated temperatures (the framework ions (Zr, Si, 
P, O) remain stable within this temperature range). To visu-
alize the preferred migration pathway, the Na+-ion probability 
density was plotted based on the Na+-ion trajectories from 
the simulations. The Na+-ion probability density reflects the 
time and space averaged occupancy probability of Na+-ions in 
the crystal structure and is inversely correlated to the Na site 
energy. The Na+-ion probability density at 1400 K (Figure 2a,b) 
indicates that Na+-ions at all five sites are involved in diffusion 
over the 3D network but with a lower probability density along 
the [101] direction that connects the diffusion pathway between 
two adjacent bc-planes. This finding is in good accordance with 
the BVEL result (Figure S10a,b, Supporting Information). The 
probability density along the [101] direction indicated by the red 
lines in Figure 2a is substantially lower than that in the per-
pendicular bc-plane, suggesting a higher migration barrier 
for ion diffusion along this pathway. Moreover, Na+-ion prob-
ability is observed in the vicinity of the Na5 site, confirming 
the reliability of our five-Na-site model and suggesting that 
Na5 site plays an important role in the major pathway and pro-
vides a cross-over site for ion transport (Figure S11, Supporting 
Information).

Ion diffusion in rhombohedral Na3Zr2Si2PO12 was also 
studied by AIMD simulations and the Na+-ion probability den-
sity at 1400 K is displayed in Figure 2c,d. The feasibilities of the 
two proposed pathways, Na2-Na3-Na1-Na3-Na2 and Na2-Na3-
Na3-Na2 (Figure 2e), were carefully studied. As observed in the 
probability density plots in Figure 2c,d, there is no preference 
for the Na2-Na3-Na1-Na3-Na2 or Na2-Na3-Na3-Na2 pathways, 
which agrees well with the BVEL results (Figure S12a,b, Sup-
porting Information). Figure 2f,g shows the nuclear density 
distribution based on MEM analysis of the NPD data collected 
at 800 °C. Even at high temperature, Na is mostly localized at 

Adv. Energy Mater. 2019, 9, 1902373
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the Na1 and Na2 sites (with Na2 being the preferred site) and 
spends very little time at Na3 site, as indicated by MEM and 
AIMD results. Although the Na+-ion migration path passes 
through the Na3 site, located between the Na1 and Na2 sites, 
the time-averaged Na3 site occupancy is low. Our AIMD and 

MEM results also clearly confirm that there is no direct Na2-
Na2 transport (Figure 2d,g), in agreement with the results of 
Kohler.[23] The highly anisotropic shape of the Na+ ion nuclear 
density distribution also bears close resemblance to the pre-
viously reported X-ray diffraction-based probability density 

Adv. Energy Mater. 2019, 9, 1902373

Figure 2. Na+-ion diffusion pathways in monoclinic and rhombohedral Na3Zr2Si2PO12 from AIMD and MEM. Na-ion probability density isosurfaces 
(yellow) of monoclinic Na3Zr2Si2PO12 at 1400 K from AIMD simulation: a) a single unit cell and b) 2a × 1b × 2c cell (green: ZrO6 octahedra, light 
purple: Si(P)O4 tetrahedra, yellow: Na atoms). The red lines in (a) indicate the [101] direction, which is the rate-limiting step in the Na+-ion migration 
process. The polyhedra are not shown in (b). c,d) The Na+-ion probability density isosurface (yellow) of rhombohedral Na3Zr2Si2PO12 at 1400 K from 
AIMD simulations; all pathways follow the Na2-Na3-Na1-Na3-Na2 trajectory, and no Na2-Na2 diffusion is observed. The polyhedra are not shown in 
(d). e) Two possible local pathways: Path I: Na2-Na3-Na1-Na3-Na2 (indicated by the blue arrows) and Path II: Na2-Na3-Na3-Na2 (indicated by the 
green arrows); f) nuclear density distribution based on MEM analysis of the NPD data collected at 1073 K in a plane through the Na1 atom and four 
nearest Na2 neighbor sites; g) close-up view of the same data in the vicinity of the Na1 site similar to Figure 3 in ref. [42]. Contour lines are drawn 
every 0.068 fm Å−3.
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function (Figure 3 in ref. [42]) and clearly indicates that the 
Na2-Na1-Na2 pathway is preferred over the direct Na2-Na2 
mechanism proposed by Tranqui.[31] This finding is also con-
sistent with the Na+-ion probability density map obtained from 
the AIMD simulations.

In general, the two extreme cases of Na+-ion transport are 
(1) through uncorrelated hopping of individual Na+-ions 
and (2) through a correlated mechanism, where several Na+-
ions simultaneously jump to their adjacent sites. Our previous 
work[43,44] and that of some others[45–47] verified that correlated 
jumps lead to lower energy barriers and higher ion conductivity 
in some fast ion conductors, for example, Li3OX (X = Cl, Br),[45] 
doped Li3PO4,[46] and Li7La3Zr2O12 (LLZO).[47] To study the 
Na+-ion dynamics in NaSICON structure in further detail, we 
scrutinized the jump events during the AIMD simulations. 
Figure 3a–d shows the snapshots of Na+-ion motion between 10 
and 13 ps at 1400 K, with the directions of the Na+-ion motion 
indicated by the arrows. Multiple events of correlated migra-
tion involving different numbers of Na+-ions were observed. 

The vacancies are denoted by dotted circles. The first snapshot 
shows the configuration at 10 ps. Simultaneous jump events 
occur in a Na tetramer and at two vacancies during 10 and 
11 ps. Specifically, Na(1) and Na(3) jump toward two different 
vacancies, leading to the creation of new vacancies; Na(11) 
jumps to the vacancy created by the jump of Na(3); and Na(7) 
hops toward the vacancy left by the jumps of Na(11). Similar 
correlated motions also occur in Na dimers (Na(6) and Na(10); 
Na(1) and Na(11); Na(5) and Na(7)) between 11 and 12 ps, in 
Na dimers (Na(5) and Na(11); Na(6) and Na(10)), and in the Na 
trimer (Na(2), Na(4), and Na(9)) between 12 and 13 ps. These 
simultaneous events occur with the participation of vacancies. 
This high frequency of events involving multiple adjacent 
Na+-ions within a relatively short timescale (1 ps) points to the 
highly correlated nature of Na+-ion transport in the NaSICON 
structure.

Macroscopically, the correlated motion of Na+-ions can 
generally be probed by computing the van Hove correlation 
function. The self (Gs) and distinct (Gd) parts of the van Hove 

Adv. Energy Mater. 2019, 9, 1902373

Figure 3. Evidence for correlated migration from AIMD snapshots and van Hove correlation function. a–d) Illustrations of Na+-ion correlated migra-
tion in the monoclinic structure during AIMD simulation between 10 and 13 ps at 1400 K; yellow spheres: Na1 atoms, pink spheres: Na2 atoms, 
blue spheres: Na3 atoms, magenta spheres: Na4 atoms, purple spheres: Na5 atoms. The dotted circles denote the vacancies, with yellow circles 
representing the Na vacancy at Na1, pink circles representing the Na vacancy at Na2, blue circles representing the Na vacancy at Na3, magenta circles 
representing the Na vacancy at Na4, and purple circles representing the Na vacancies at Na5. The red arrows show the directions of Na+-ions jumps. 
e,f) Plots of the self Gs and distinct Gd parts of the van Hove correlation function for monoclinic Na3Zr2Si2PO12 from AIMD simulations at 1400 K.
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correlation function are presented in Figure 3e,f for the mono-
clinic phase simulated at 1400 K. The peak in Gs between 
0 and 2.0 Å corresponds to the nearest Na–Na distances, 
which decays and broadens rapidly within several picoseconds. 
From the Gd plot, the strong time correlation of Na+-ion hop-
ping and a high probability of a vacated Na site being instantly 
occupied by another Na+-ion further confirms the correlated 
migration in NaSICON materials. The correlated hopping and 
hence fast ion exchange rates, as well as the high Na+-ion con-
centration, contribute to the high conductivity in NaSICON. 
Vacancies are a prerequisite for the occurrence of correlated 
jumps. The five-Na-site model of NaSICON structure—deter-
mined by DFT calculations and NPD in our study—provides 
numerous available extra sites suitable for Na+-ions, acting 
as accessible and fast site-exchange spots for Na+-ions during 
the macroscopic migration process and therefore facilitating 
the correlated migration. This explicitly explains the high ion 
conductivity in the NaSICON materials. We also studied the 
Na+-ion transport mechanism in rhombohedral NaSICON by 
examining the van Hove correlation function. As shown in 
Figure S13 (Supporting Information), a similar behavior of the 
Gs and Gd parts as in the monoclinic structure is observed, 
suggesting a correlated hopping mechanism also exists in this 
polymorph.

2.3. CI-NEB Calculations

To further understand the ion transport mechanisms, CI-NEB 
calculations were performed to study the single ion migra-
tion barrier and correlated migration barrier in monoclinic 
Na3Zr2Si2PO12 along the pathway derived from the AIMD 
trajectories in Figure 2a,b. The continuous direct hopping of 
Na+-ions along the [101] direction through a zig-zag pathway, 
and in the bc-plane were considered. The hopping pathway and 
diffusion barrier profile are displayed in Figure 4a–c. Two pos-
sible routes in the bc-plane, namely, route1 and route2, were 
evaluated, as illustrated in Figure 4b,c. The migration barriers 
computed from CI-NEB for the process along [101] direction 
and the two possible routes in the bc-plane are 0.392, 0.306, 
and 0.312 eV, respectively. The net energy barrier of 0.306 eV 
in the bc-plane is much lower than the barrier along the [101] 
direction (0.392 eV). For comparison with the results from the 
direct-hopping mechanism, correlated migration of Na+-ions 
along the same pathway was studied. During correlated hop-
ping, Na+-ions jump to the nearest-neighbor vacant site, leaving 
a vacancy in the original position; meanwhile, the adjacent Na+-
ion hops to this newly created vacant site (see Video S1, Sup-
porting Information). The diffusion barriers of the correlated 
migration along three diffusion pathways, that is, along the 
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Figure 4. Energy barriers for single-ion migration and correlated migration mechanism from CI-NEB. Energy profile and schematic diagram of single-
ion migration and multi-ion correlated migration in monoclinic Na3Zr2Si2PO12. a–c) The energy barrier of a single Na-ion along [101] direction, route 
1 in bc-plane, and route 2 in bc-plane. d–f) The energy barrier along [101] direction, route 1 in bc-plane, and f) route 2 in bc-plane for correlated migra-
tion of multiple Na-ions. All accessible Na positions in the studied migration channel are represented with spheres/circles. Na1 sites (4d) are rose 
spheres, Na2 sites (4e) are pink, Na3 sites (8f) are green, Na4 sites (8f) are gold, and Na5 (8f) are turquoise. The spheres denote the sites which are 
occupied in the initial structure, while the circles denote the sites which are unoccupied. S1, S2, S3, S4, S5, and S6 refer to step 1, step 2, step 3, step 
4, step 5, and step 6, respectively.
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[101] direction and along route 1 and route 2 in the bc-plane 
were calculated to be 0.338, 0.257, and 0.187 eV, respectively 
(Figure 4d–f). All these three migration barriers are much lower 
than those for the direct-hopping mechanism. This also further 
suggests that diffusion of Na+-ions in NaSICON is anisotropic, 
that is, the diffusion is much easier within the bc-plane than 
along the [101] direction. The lower diffusion barrier via cor-
related migration indicates that it is the preferred conduction 
mechanism in Na3Zr2Si2PO12.

2.4. Correlated Jumps versus Na+-Ion Concentration

To quantitatively illustrate the important contribution of corre-
lated jumps in the ion conduction, we extracted the ratio of the 
correlated jumps over all the jump events from AIMD using 
our newly developed “polyhedra” approach (see the Correlated 
Jumps section in the Experimental Section). The percentage of 
the correlated jumps shows a strong correlation with the tem-
perature and Na+-ion concentration, with 75–80% of the corre-
lated jump events occurring at 1400 K and more than 55% of 
the jumps showing correlated behavior at a low temperature of 
800 K in Na-rich compositions (Na1+nZr2SinP3−nO12 (n = 1.875, 
2.0, 2.125)) (Figure 5). A rough estimate by linear extrapolation 
yields the percentage of correlated jumps at room temperature 
to be ≈40%. Most importantly, increasing the Na+-ion concen-
tration from n = 1.875 to 2.125 results in a higher percentage 
of correlated jumps. This trend is obvious when comparing 
the fraction of correlated jumps in a Na-deficient composition 
(Na1.125Zr2Si0.125P2.875O12, n = 0.125) with Na-rich composi-
tions (Na1+nZr2SinP3−nO12 (n = 1.875, 2.0, 2.125)). In the former 
case, the correlated jumps only account for ≈20% at all the 
simulated temperatures. As temperature increases, the differ-
ence in the percentage of correlated jumps between different 

Na-rich compositions becomes minor. Specifically, at 1400 K, 
Na3Zr2Si2PO12 and Na3.125Zr2Si2.125P0.875O12 exhibit a very close 
percentage of correlated jumps (≈78.5%). These extremely high 
ratios of correlated migrations over all jump events indicate 
that Na+-ions diffuse in a more or less liquid-like behavior in 
the Na-rich compositions at 1400 K. In this situation, the influ-
ence from the minor increase of the Na concentration (from 
3.0 to 3.125 formula unit−1) on the correlation jump percentage 
is trivial at 1400 K. However, we do see a significant increase 
in the percentage of correlated migration when Na concentra-
tion increases from 1.125 to ≈3.0 at 1400 K. These observations 
reveal that highly conductive NaSICON electrolytes can be cre-
ated by increasing the Na+-ion concentration as more correlated 
migration will be invoked.

2.5. Correlating Theory with Experiment

2.5.1. Na+-Ion Conductivity in Na1+nZr2SinP3−nO12

We investigated the ion conductivity of Na1+nZr2SinP3−nO12  
(n = 2.0, 2.2) using AC impedance spectroscopy (IS) over wide 
temperature and frequency ranges. The impedance spectrum 
of Na3Zr2Si2PO12 measured at low temperature allows us to 
distinguish the grain and grain boundary contributions. As 
shown in Figure S14a (Supporting Information), the Nyquist 
plot at −50 °C is comprised of two semicircles in the high/
intermediate frequency region and a linear Warburg element 
in the low frequency region. These were fitted to the equiva-
lent circuit shown in Figure S14a (Supporting Information, 
inset). The high-frequency semicircle has a time constant of 
1.0 MHz and a capacitance of 4.1 × 10−10 F cm−2, suggesting 
that it corresponds to ion transport process in the bulk grains. 
The semicircle at intermediate frequency is characterized by a 
time constant of 4.07 kHz and capacitance of 4.5 × 10−9 F cm−2, 
and thus represents the contribution of the grain bounda-
ries. The spike in the low frequency region arises from the 
electrode polarization. The bulk and total ion conductivity of 
Na3Zr2Si2PO12 at −50 °C were measured to be 8.4 × 10−5 and 
7.7 × 10−6 S cm−1, respectively. The linear dependence of log σ 
versus (1/T ) follows Arrhenius behavior over the temperature 
range from −50 to 100 °C, and the activation energy determined 
is 0.353 eV (Figure S14b, Supporting Information).

The Nyquist plots of Na1+nZr2SinP3−nO12 (n = 2.0, 2.2) at 
25 °C are shown in Figure S14c (Supporting Information). 
The plots are comprised of one semicircle and a Warburg tail 
in the low frequency region. Fitting of these data to an equiva-
lent circuit model shows that Na3Zr2Si2PO12 exhibits bulk, and 
total conductivities of 2.0 × 10−3 S cm−1, and 6.7 × 10−4 S cm−1, 
respectively. When the Na content increases from n = 2.0 to 
n = 2.2, the bulk conductivity increases (Figure S14c,d, Sup-
porting Information). The significant increase in the bulk 
conductivity is attributed to the enhanced correlated migra-
tion induced by the higher Na+-ion content as elucidated by 
theory above, although the increased Si/P ratio also likely has a 
minor contribution in the increase of the bulk conductivity due 
to the slightly expanded lattice parameters.[11] We studied the 
temperature dependence of the bulk conductivity (σbulk) of the 
two compositions. Na3.2Zr2Si2.2P0.8O12 shows higher σbulk than 
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Figure 5. Percentage of correlated jumps from AIMD. The percentage in 
different compositions at different simulating temperatures are shown. 
Significant enhanced correlated jumps are observed as the Na+-ion 
concentration or the temperature increases.
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Na3Zr2Si2PO12 within the studied temperature, and the activa-
tion energy is 0.270 eV (Na3Zr2Si2PO12) and 0.190 eV (Na3.2Zr2

Si2.2P0.8O12), respectively (Figure S15, Supporting Information). 
These results suggest that increasing the Na concentration 
enhances the bulk conductivity and lowers the activation energy 
dramatically.

2.5.2. Activating More Correlated Migration by Increasing  
the Na+-Ion Concentration via Doping

Ion conductivity is dictated by the mobile ion concentration and 
its mobility. The ion mobility can be promoted by tailoring the 
size of bottlenecks through doping with ions of different radii 
in the host, whereas the concentration of the mobile ions can 
be altered by aliovalent substitution at the static lattice frame-
work. We experimentally separated these factors by examining 
them independently, in order to further test the results from 
theory. We first describe the incorporation of aliovalent dopants, 
that is, divalent cations (Mg2+) or trivalent cations (Al3+) into the 
Zr4+ site, with the concomitant introduction of excess Na+-ions 
to maintain overall charge neutrality and hence increase the 
carrier concentration. The lattice parameters, occupancies, and 
Biso values of the undoped and doped samples were refined 

using the Rietveld method,[48] and the results are listed in 
Tables S5–S16 (Supporting Information).

Figure 6a shows the XRD patterns of nominal 
Na3+2xZr2−xMgxSi2PO12 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30). 
The small peak at 20.88° denoted by the solid red circle is 
ascribed to Na3−2δMgδPO4 that exsolves and segregates at the 
grain boundary. Rietveld refinement confirms the limited solu-
bility of Mg (less than 6%) in all the investigated NaSICON com-
positions (see Tables S6–S11, Supporting Information), where a 
higher fraction of Na3−2δMgδPO4 correlates with increased Mg2+ 
content (up to nominal x = 0.30). The refined parameters of 
each composition are shown in Figure 6b and Tables S6–S11 
(Supporting Information). The a and b parameters increase 
with x while the c parameter slightly decreases, and overall 
the cell volume increases (Tables S6–S11, Supporting Infor-
mation). Due to the segregation of the P-rich Na3−2δMgδPO4 
impurity, the Si/P ratio and Na+-ion concentration in the 
NaSICON main phase also increase with x. This is similar to 
our previous findings in La3+-modified NaSICON[49] and was 
confirmed by refinement (see the exact refined compositions 
including the Na+-ion concentration for the NaSICON phase 
in Tables S6–S11, Supporting Information). Note that the Si/P 
ratios cannot be refined owing to the similar scattering factor of 
the two elements, but they can be estimated from the refined 
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Figure 6. XRD patterns, lattice parameters, impedance spectra, and ion conductivities of Mg-doped NaSICON. a) XRD patterns of nominal 
Na3+2xZr2−xMgxSi2PO12 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30), with the red markers indicating the Na3−2δMgδPO4 impurity; b) refined lattice param-
eters of nominal Na3+2xZr2−xMgxSi2PO12 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30); c) impedance spectra of nominal Na3+2xZr2−xMgxSi2PO12 (x = 0.05, 
0.10, 0.15, 0.20, 0.25, 0.30) at 25 °C; d) the bulk, and total ion conductivities and relative density for nominal Na3+2xZr2−xMgxSi2PO12 (x = 0, 0.05, 0.10, 
0.15, 0.20, 0.25, 0.30).
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mass ratio of the two phases. Considering the identical ionic 
radii of Mg2+ (0.72 Å) and Zr4+ (0.72 Å) and the very limited 
Mg solubility, the increase in the a and b lattice parameters and 
cell volume of the NaSICON main phase should arise from the 
increased Na+-ion concentration and Si/P ratio, similar to La3+-
modified NaSICON.[49]

The exsolvation of the second phase, Na3−2δMgδPO4, influ-
ences the conductivity of the NaSICON main phase in three 
ways: It increases the Na+-ion concentration in the NaSICON 
main phase; it causes a variation of the elemental distribution at 
the grain boundary; and it leads to the densification of the newly 
formed two-phase composite electrolyte. These factors are evident 
in the impedance spectra of nominal Na3+2xZr2−xMgxSi2PO12 
at 25 °C shown in Figure 6c: both the bulk and grain boundary 
resistance are significantly reduced with the incorporation of 
Mg2+. A very high bulk conductivity of 4.0 mS cm−1—double 
that of the unsubstituted value of 2.0 mS cm−1—is achieved at a 
nominal value of x = 0.25 (from the refinement, the exact com-
position of the NaSICON phase is Na3.46Zr1.9Mg0.1Si2.23P0.77O12 
at nominal x = 0.25, see Table S10, Supporting Information). If 
one were to assume that the ion mobility remains unchanged 
upon Mg substitution, a simple increase in the Na+-ion content 
(3 vs 3.46 formula unit−1) in the structure would only lead to a 
15.3% increase in the bulk conductivity (based on the standard 
expression for ion conductivity, σi = nqµ, where n is the mobile 
carrier concentration, q is the charge of the mobile ion, and µ 
is the ion mobility). This clearly does not account for a 100% 
increase in the bulk conductivity. Therefore, it must mainly origi-
nate from significantly enhanced mobility, namely, the enhance-
ment can be attributed to the increased Na+-ion concentration 
coupled with the enhanced correlated migration associated 
with a higher Na+-ion population, as evidenced by the results of 
AIMD simulation shown above in Figure 5. The maximum total 
conductivity is 2.4 mS cm−1, where the Na content in NaSICON 
phase is ≈3.46 mol Na formula unit−1 (significant higher Na con-
centration compared to undoped Na3Zr2Si2PO12, see Figure 6d, 
Tables S10 and S17, Supporting Information).

As the Na+-ion concentration further increases, the optimal 
Na vacancy concentration needed for correlated motion decreases 
and accordingly, a drop of the conductivity is observed at the nom-
inal composition Na3.6Zr1.7Mg0.3Si2PO12 when x = 0.30. From our 
Rietveld refinement results (Tables S6–S11, Supporting Informa-
tion), the introduced Na+-ions mostly occupy Na1 and Na5 sites 
(higher energy sites compared to the other three Na sites). This 
increases the Coulumbic repulsion between cations and there-
fore enhances the cation motion until the Na sublattice becomes 
stuffed. More importantly, the occupation of high energy sites 
will lower the barrier for cation migration, as suggested by Mo’s 
theoretical prediction.[47] Our work proves this from the experi-
mental view for the first, to the best of our knowledge.

We also investigated the effects of incorporating trivalent 
Al3+ at the Zr4+ site to increase the Na+-ion concentration. A 
small amount of ZrO2 appeared as more Al3+ (x ≥ 0.15) was 
introduced into the material (Figure S16a, Supporting Infor-
mation). Our refinement suggests that Al3+ has a very limited 
solubility in the NaSICON structure (less than 3%), ulti-
mately exsolving to form cubic Na3−3δAlδPO4,[50,51] as indi-
cated by the peak at 20.88°. As shown in Tables S12–S15 
(Supporting Information), the partial replacement of Al3+ 

for Zr4+ causes a shrinkage of the lattice parameters due to 
its much smaller ionic radius. The impedance spectra in 
Figure S17a (Supporting Information) suggest that the bulk 
conductivity decreases with the incorporation of Al3+ into the 
NaSICON structure, as expected from the reduced unit cell 
volume and only very minor increase in Na content. How-
ever, the grain boundary resistance is markedly reduced 
owing to the densification of the ceramics (see the relative 
density of different compositions shown in Figure S17c, Sup-
porting Information). We also increased the Si/P ratio to form  
Si-rich Na3.15+yZr1.85Al0.15Si2+yP1−yO12 (y = 0.20, 0.40), to fur-
ther increase the Na+-ion content. The impedance spectra 
(Figure S17b, Supporting Information) show reduced bulk 
resistance for both y = 0.20 and y = 0.40, and therefore increased 
bulk and total conductivities (Figure S17d and Table S19,  
Supporting Information). The maximum bulk and total  
conductivities of 3.5 and 2.1 mS cm−1 were obtained for the 
targeted nominal composition of Na3.55Zr1.85Al0.15Si2.40P0.60O12.  
In other words, both the bulk and total conductivities are 
improved compared with those of Na3Zr2Si2PO12 (Figure S17b,d  
and Table S19, Supporting Information). The exsolvation of the 
second phase, Na3−3δAlδPO4 (see XRD patterns in Figure S16b,  
Supporting Information), has the same influence on the  
conductivity of the formed Na3.15+yZr1.85Al0.15Si2+yP1−yO12 com-
posite electrolyte as those of La3+ and Mg2+-modified NaSICON 
systems.

2.5.3. Tailoring the Size of the Bottlenecks: Effect of Enlarging  
the Unit Cell Volume

We also separately probed the effect of increasing the lat-
tice parameters while keeping the Na concentration constant 
by partially substituting Ge4+ for Si4+. Figure 7a presents the 
XRD patterns of Ge-doped Na3Zr2Si2−zGezPO12. No impurity 
was detected in any of the compositions. Because three cations 
(Si4+, Ge4+, and P5+) share the same site, we were not able to 
refine the mixed occupancy from the XRD pattern alone and a 
Rietveld refinement could not be performed. Instead, the lat-
tice parameters for the Ge-doped NaSICONs were extracted by 
a Pawley fit. Due to the larger ionic radius of Ge4+ than that of 
Si4+, partial substitution of Ge4+ for Si4+ leads to an increase in 
the a, b parameters and a minor increase in the c parameter 
(Figure 7b). Consequently, the unit cell volume increases 
(Figure 8a) and in turn facilitates Na+-ion conduction in the 
bulk, as verified by the impedance spectra in Figure 7c. The 
bulk conductivity is improved by 50% in the Ge-doped NaSI-
CONs (Figure 7c,d) due to the expansion of the lattice param-
eters. The maximum bulk conductivity (3.0 mS cm−1) and total 
conductivity (1.4 mS cm−1) at room temperature were obtained 
at z = 0.15 (Figure 7d and Table S20, Supporting Informa-
tion). Notably, all the dopants lead to a striking enhancement 
of the relative density of the NaSICON ceramics, as shown in 
Figures 6d and 7d, and Figure S17c (Supporting Information), 
and therefore remarkably decrease the grain boundary 
resistance.

To uncover the underlying factors that dominate the bulk 
conductivity, the relationship between the bulk conductivity, the 
unit cell volume, and Na concentration of all the compositions 
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are summarized in Figure 8a,b. Although Ge4+ substitution 
leads to the largest expansion in the unit cell (Figure 8a), the 
maximum bulk conductivity is not obtained in Ge-doped 

NaSICON, but in compositions with a higher Na+-ion con-
centration, namely, Na3+2xZr2−xMgxSi2PO12 and Na3.15+yZr1.85

Al0.15Si2+yP1−yO12 (as indicated by the pink area in Figure 8b). 

Figure 7. XRD patterns, lattice parameters, impedance spectra, and ion conductivities of Ge-doped NaSICON. a) XRD patterns of Na3Zr2Si2−zG
ezPO12 (z = 0.05, 0.10, 0.15, 0.20); b) the refined lattice parameters of Na3Zr2Si2−zGezPO12 (z = 0, 0.05, 0.10, 0.15, 0.20); c) impedance spectra of 
Na3Zr2Si2−zGezPO12 (z = 0.05, 0.10, 0.15, 0.20) at 25 °C; d) relationship between the bulk, and total conductivities with relative density and z in 
Na3Zr2Si2−zGezPO12 (z = 0, 0.05, 0.10, 0.15, 0.20).

Figure 8. The relationship between the unit cell volume, bulk conductivity, and Na+-ion concentration. A summary of the correlation of a) unit cell 
volume and the Na+- ion concentration and b) the bulk conductivity and the Na+-ion concentration. The light green circle and light purple circle denote 
compositions with large unit cell volume; the pink area represents the compositions with high bulk conductivity. The highest bulk conductivity is 
obtained at compositions with high Na+-ion concentration.
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The optimum bulk conductivity is achieved at a Na content of 
3.3–3.55 mol formula unit−1. This finding supports the results 
of theory described above, which suggests that the Na+-ion con-
centration is a main factor determining the bulk conductivity 
in NaSICON materials. Namely, the increase in the Na+-ion 
concentration enhances the Na+–Na+ mobile ion repulsions and 
therefore invokes more correlated diffusion in the NaSICON 
structure, leading to higher conductivity. Moreover, the occupa-
tion of Na+-ions at the high energy site lowers the energy bar-
rier for ion conduction. Our theory also reveals the underlying 
origin for the enhancement in bulk conductivity observed in 
previous doped NaSICON materials,[27–30] in which the Na+-
ion concentration increases as a compenstation of the aliova-
lent doping (Zn2+, Ca2+, Ba2+, Y3+, Sc3+) at the Zr site. In these 
doped NaSICON systems, the increased Na+-ion concentration 
likely invokes more correlated migration and therefore lowered 
the energy barrier for Na+-ion diffusion. These findings can also  
be extended to other fast ion conductors and serve as a guide-
line for the design of highly conductive materials.

3. Conclusions

In this work, we have unravelled several factors that lead to 
high Na+-ion conductivity in NaSICON materials. Concerning 
Na+-ion pathways and structure, an additional previously unre-
ported high energy site (Na5 site) in monoclinic Na3Zr2Si2PO12 
was identified using a combination of NPD, MEM, BVEL, and 
DFT calculations. This Na5 site constitutes the major pathway 
and serves as cross-over site to enable fast ion mobility. More-
over, anisotropic diffusion of Na+-ions is revealed in the mon-
oclinic NaSICON structure: Na+-ions tend to migrate with a 
much lower barrier in the bc plane than along the [101] direc-
tion. On the other hand, a continuous 3D migration network is 
clearly demonstrated in the rhombohedral NaSICON structure. 
Na2-Na3-Na1-Na3-Na2 and Na2-Na3-Na3-Na2 pathways are 
observed both in the Na probability density from AIMD simu-
lations and the nuclear density distribution maps constructed 
using the maximum entropy method based on the high-tem-
perature NPD data. No direct Na2-Na2 pathway is evidenced 
either from the AIMD simulations or the nuclear density 
distribution maps.

Concerning mechanistic aspects, AIMD and CI-NEB 
calculations indicate that Na+-ions transport within the 
NaSICON structure occurs mainly through correlated migra-
tion. Increasing the Na+-ion concentration leads to increased 
Coulombic repulsion and activates more correlated migraion. 
Systematic experimental substitution studies verify this finding, 
and prove that increasing the Na+-ion concentration is a more 
effective approach to improve the ion conductivity compared to 
solely expanding the framework while keeping the Na+-ion con-
centration unchanged. The highest conductivity is achieved at 
an optimum Na content of 3.3–3.55 mol formula unit−1, which 
mainly arises from the increased percentage of correlated 
migration owing to Na+-Na+ Coulombic repulsion. These intro-
duced Na atoms mostly occupy the high energy site. Our studies  
experimentally validate an important strategy to enhance ion 
conductivity, namely, by forcing cations into higher energy sites 
via repulsive forces, the energy barrier for cation migration can 

be lowered. In addition, we have developed a general “poly-
hedra” approach to characterize the number of jump events 
from AIMD. We believe that the deep understanding of the 
Na+-ion transport mechanism and the factors influencing the 
ion transport identified here are beneficial for the design of 
new higly conductive solid electrolyte materials.

4. Experimental Section
Synthesis: NaSICON samples with different compositions 

(Na1+nZr2SinP3−nO12 (n = 1.8, 2.0, 2.2, 2.4), Na3+2xZr2−xMgxSi2PO12 
(x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30), Na3+xZr2−xAlxSi2PO12 (x = 0.05, 
0.10, 0.15, 0.20), Na3.15+yZr1.85Al0.15Si2+yP1−yO12 (y = 0, 0.20, 0.40), and Na
3Zr2Si2−zGezPO12 (z = 0.05, 0.10, 0.15, 0.20, 0.25) were synthesized via a 
sol-gel method described in a previous report.[49] Tetraethyl orthosilicate 
(TEOS), NaNO3, ZrO(NO3)2, Mg(NO3)2·6H2O, Al(NO3)3·9H2O, or 
Ge(OC3H7)4 were used as the raw materials.

X-Ray Powder Diffraction and Neutron Powder Diffraction: The XRD 
data were collected on a Bruker ASX D8 ADVANCE X-ray diffractometer 
using Cu Kα radiation. Rietveld refinements were performed using the 
TOPAS 6 (Buker-AXS) program.

Neutron powder diffraction measurements were performed on the 
high-resolution powder diffractometer ECHIDNA at ANSTO. The NPD 
data were collected at room temperature, 200, 500, and 800 °C with a 
wavelength of 1.6220 Å. Data analysis with maximum entropy methods 
were performed using the RIETAN-FP and Dysnomia codes.[52]

AC Impedance Spectroscopy: The relative density of the pellets was 
measured using the mercury intrusion method. For the conductivity 
measurements, gold was deposited by sputtering both sides of the 
ceramic pellets to serve as blocking electrodes. The temperature 
dependence of the conductivity was measured at several specific 
temperatures ranging from −50 to 300 °C. For conductivity studies at 
each temperature, the samples were equilibrated for 2 h before the 
measurements. AC impedance spectroscopy measurements were 
conducted on an impedance analyzer (IM6ex) with a 5 mV AC signal in 
the frequency range of 8 MHz to 100 mHz.

DFT Calculations: DFT calculations throughout this study were 
performed using the Vienna ab initio simulation package (VASP)[53] 
with the projector augmented wave (PAW) method.[54] The generalized 
gradient approximation (GGA) function parameterized by Perdew–
Burke–Ernzerhof (PBE)[55] was employed to describe the exchange-
correlation potential. The cutoff energy was set to 520 eV. Geometry 
optimization was performed using the conventional unit cells containing 
80 and 120 atoms for the monoclinic and rhombohedral phases, 
respectively. The total energy was converged to within 10−4 eV and the 
force on each atom was converged to within 0.01 eV Å−1. A Γ-centered 
k-point mesh of 2 × 3 × 3 and 3 × 3 × 1 were used for the Brillouin 
integrations of the monoclinic and rhombohedral phase, respectively.

AIMD simulations were carried out for the canonical (NVT) ensemble 
using a Nosé thermostat[56] at four elevated temperatures (800, 1000, 
1200, and 1400 K) in order to observe the diffusive behavior for the  
Na+–ions over the time scale of the simulations. The volume and shape 
of the cell were fixed. The samples were heated up to the targeted 
temperature by velocity scaling over 5 ps, and then equilibrated at the 
desired temperature. The AIMD simulations were carried out for 200 ps 
at each temperature with a time step of 2 fs. To reduce the computational 
cost of the calculation, integration in reciprocal space was performed at the 
Γ-point only.

The energy profiles of single-ion migration and multi-ions correlated 
migration in monoclinic Na3Zr2Si2PO12 were computed using the CI-NEB 
method.[57,58] For the single-ion migration, one Na+-ion was removed to 
create Na vacancy; for the multi-ions correlated migration, the Na+-ion 
concentration was increased by adding a sodium ion. The defect charge 
was compensated by a uniform background charge to retain the charge 
neutrality. The convergence criterion of the self-consistent iterations 
was set to 10−4 eV for the total energy difference and 0.02 eV Å−1 for the 
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forces. The lattice parameters were fixed to the calculated bulk values, 
and the atomic positions were fully relaxed.

Correlation of Ion Dynamics: The van Hove correlation function[59] was 
calculated from the AIMD simulations. The van Hove correlation function 
can be split into the self-part Gs and the distinct-part Gd as follows
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Here, δ is the Dirac delta function, and ( )r ti

��
 represents the position of 

the ith particle at time t. Nd and r are the number of diffusing alkali ions 
in the unit cell and radial distance, respectively. The average number 
density serves as the normalization factor in Gd such that Gd → 1 when 
r ≫ 1. For a given r and t, Gs(r,t) depicts the probability that a particle 
will diffuse away from its initial positions by a distance r after a period t, 
whereas Gd(r,t) describes the radial distribution of N−1 particles after a 
period t with respect to the initial reference particle.

Correlated Jumps: Correlated jumps involve at least two ions jumping 
concurrently. The ratio of the correlated jumps to the overall jumps is 
defined as the percentage of correlated jumps. For correlated jumps to 
occur, atoms should move simultaneously toward the similar direction 
within a certain timescale. Since atoms probably change their jump 
direction after a vibration, the time scale for correlated behavior should 
be on the order of the average atomic vibration, which is equivalent to 
the period of the attempt frequency (1/ν* s). The code was developed by 
Wagemaker’s group[60] to extract the average attempt frequency (ν*) and 
thus the period of the attempt frequency (1/ν*). Specifically, this value 
is ≈0.22 ps for Na3Zr2Si2PO12 and was used as the time scale. Counting 
the number of jumps between sites is highly dependent on the definition 
of the site of the Na+-ion. In previous reports, “undefined” regions are 
likely to exist between sites, leading to underestimation of the number 
of jump events. Moreover, overlapping would occur if two sites are very 
close. In this work, a “polyhedra” approach[61]  was adopted to determine 
the sites of the Na+-ions. By partitioning of the crystal into a compact 
geometric network of nonoverlapping polyhedra with oxygen ions as 
vertices, the location of all the Na sites can be determined from the 
NaOx polyhedra at any time during the AIMD simulation. By comparing 
the difference of site occupancy between the previous MD step and 
the next MD step, the jump events can be easily detected. The spatial 
condition for the correlated jumps is set to be slightly larger than the 
largest jump distance between two adjacent Na sites in the framework. 
In this case, this criterion is 4.5 Å.

To obtain more reliable statistics for the jump events, AIMD was 
performed on a supercell which was built by a transformation matrix 
of [1,1,−1; −1,1,1; 1,−1,1] acting on the primitive cell,[62] leading to 
a threefold increase in the volume of the expanded cell. The total 
simulation time was 200 ps. Again, the first 5 ps were used as the 
equilibration time and were not used for the analysis.

BVEL Calculations: BVEL calculations were performed to study the 
Na+-ion migration pathways in the NaSICON structure using the soft BV 
bond valence parameter set and 3DBVSMAPPER code.[63,64]
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