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ABSTRACT: Solid-state electrolytes (SSEs) have attracted
considerable attention as an alternative for liquid electrolytes to
improve safety and durability. Sodium Super Ionic CONductor
(NASICON)-type SSEs, typically Na3Zr2Si2PO12, have shown
great promise because of their high ionic conductivity and low
thermal expansivity. Doping La into the NASICON structure can
further elevate the ionic conductivity by an order of magnitude to
several mS/cm. However, the underlying mechanism of ionic
transportation enhancement has not yet been fully disclosed.
Herein, we fabricate a series of Na3+xLaxZr2−xSi2PO12 (0 ≤ x ≤
0.5) SSEs. The electronic and local structures of constituent
elements are studied via synchrotron-based X-ray absorption spectroscopy, and the ionic dynamics and Na-ion conduction
mechanism are investigated by solid-state nuclear magnetic resonance spectroscopy. The results prove that La3+ ions exist in the
form of phosphate impurities such as Na3La(PO4)2 instead of occupying the Zr4+ site. As a result, the increased Si/P ratio in the
NASICON phase, accompanied by an increase in the sodium ion occupancy, makes a major contribution to the enhancement of
ionic conductivity. The spin−lattice relaxation time study confirms the accelerated Na+ motions in the altered NASICON phase.
Modifications on the Si/P composition can be a promising strategy to enhance the ionic conductivity of NASICON.
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1. INTRODUCTION

Rechargeable batteries are regarded as the most promising
energy storage technology because of their reliability and high
energy conversion efficiency. Although Li-ion batteries (LIBs)
have been widely used in portable electronic devices, Na-ion
batteries (NIBs) are considered as the most potential
candidate to replace LIBs because of their nontoxicity, low
cost, and elemental abundance.1−6 Solid-state electrolytes
(SSEs) are an ultimate component for NIBs because
conventional liquid electrolytes (LEs) still inherit concerns of
flammability and potential leakage. SSEs are expected to
improve the durability and safety as well as simplify the cell
design for future NIBs. Eventually, all-solid-state NIBs using
high-voltage cathodes and Na metal anodes are projected to
achieve even higher energy densities than LE-based NIBs.7,8

Among the Na-ion conducting SSEs, sodium Super Ionic
CONductor (NASICON) with a general formula of
Na1+nZr2SinP3−nO12 (1.6 ≤ n ≤ 2.4) has attracted the most
attention because of its high ionic conductivity and low
thermal expansivity.9−16 The NASICON structure, first
reported by Hong,17 generally consists of a rigid three-

dimensional network of ZrO6 octahedral and PO4
3−/SiO4

4−

tetrahedral sharing corners. The interconnected channels in
this framework provide efficient conduction pathways for Na+

ions (Figure 1a). Although the original form of Na3Zr2Si2PO12

already exhibits a high ionic conductivity of 10−4 S/cm at room
temperature, over the past decades, constant efforts have been
dedicated to further improve its ionic conductivity for feasible
electrochemical performance.8−13,16 A common approach to
modify the NASICON is so-called element substitution with
heteroatoms such as Zn, Sc, Ce, Zr, La, and so forth. La is one
of the most effective substitution elements reported for
NASICON that pushes the ionic conductivity to the order of
10−3 S/cm.8 However, the dynamics and ionic conducting
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mechanism of NASICON Na3+xLaxZr2−xSi2PO12 (0 ≤ x ≤ 0.5)
are not yet clear.
In order to understand the mechanism of the ionic

conductivity enhancement by La doping in NASICON, we
use synchrotron-based soft X-ray absorption spectroscopy
(XAS) to study the electronic and local structure of P and Si
elements and solid-state nuclear magnetic resonance (SS-
NMR) relaxometry to investigate the Na+ transport in the La-
doped NASICON. A series of Na3+xLaxZr2−xSi2PO12 (denoted
as NLZSPx, where 0 ≤ x ≤ 0.5) are prepared to disclose the
effects of La doping concentration. We find that the
performance of La-doped NASICON SSEs is highly correlated
with the diffusion parameters such as activation barriers for
single-ion jumps and hopping rates of Na+ ions. The
understanding on the ionic conducting mechanism and Na+

migration in La-doped NASICON can be of great guiding
significance for further improving the ionic conductivity in
similar electrolytes.

2. EXPERIMENTAL SECTION
2.1. Material Synthesis. Nominal composition La-doped

NASICON NLZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5) SSEs were
synthesized by a sol−gel method. NaNO3 (≥99.0%, Sigma-Aldrich),
La(NO3)3·6H2O (≥99.99%, Sigma-Aldrich), NH4H2PO4 (≥98%,
Sigma-Aldrich), Si(OC2H5)4 (tetraethyl orthosilicate, ≥98%, Sigma-
Aldrich), and C12H28O4ZR [zirconium(IV) propoxide solution, 70 wt
% in 1-propanol, Sigma-Aldrich] were used as the starting materials
with citric acid as a chelating agent. First, a mixture of tetraethyl
orthosilicate, zirconium(IV) propoxide solution, citric acid, ethanol,
and H2O was stirred at 60 °C overnight. Second, La(NO3)3·6H2O,
10% excessive NaNO3, and 10% excessive NH4H2PO4 were dissolved
in deionized water and then added to the previous solution. The
collosol was heated at 70 °C and stirred until a dried gel was obtained,
which required several hours. Then, the obtained dry xerogel was first
calcined in air at 500 °C for 2 h and then 1050 °C for 10 h. The
calcined powder was ground and pressed into pellets (diameter 13
mm, thickness 1 mm) and sintered at 1250 °C for 12 h. White
ceramic pellets with a diameter between 11.2 and 11.5 mm and a
thickness of around 0.9 mm can be obtained after sintering. The
pellets obviously shrunk compared to those before sintering.
Na3La(PO4)2 was synthesized by heating the mixture of NaNO3
and La(NO3)3·6H2O at 700 °C for 12 h.
2.2. Material Characterization. The crystal structure and phase

composition of the NLZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) SSEs were
characterized via X-ray diffraction (XRD) using a D8 ADVANCE
(Bruker Co.) diffractometer with Cu Kα X-ray source in the range of
10−70° with a step of 0.01° per seconds. Scanning electron

microscopy (SEM) images and energy-dispersive spectroscopy
(EDS) mappings were collected using a Hitachi 4800 scanning
electron microscope equipped with an EDS detector. The working
voltage for the EDS mapping was 20 kV.

2.3. Electrochemical Measurements. The ionic conductivity of
NLZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) SSEs was measured by
electrochemical impedance spectroscopy (EIS). Nyquist plots were
recorded by a Gamry electrochemical system in the frequency range
between 100 mHz and 100 kHz with an AC voltage of 5 mV. Au
electrodes were coated on the NLZSPx pellets by sputtering before
the conductivity measurement.

2.4. XAS Measurements. XAS measurements at the fluorescence
yield modes of P K-edge and Si K-edge were performed on the soft X-
ray micro characterization beamline (SXRMB) end station at the
Canadian Light Source with powder samples. SXRMB was equipped
with a double-crystal monochromator with two sets of interchange-
able crystals, InSb(111) and Si(111), and the operating energy range
was from 1.7 to 10 keV. All XAS spectra were normalized to the
incident photon flux and calibrated with standard compounds.

2.5. NMR Experiments. 23Na spin−lattice relaxation time (T1)
measurements as well as 29Si and 31P magic angle spinning (MAS)
NMR spectra were acquired on a Bruker AVANCE III 400 MHz
spectrometer at Larmor frequencies of 105.9, 79.5, and 162.0 MHz,
respectively. The chemical shifts of 23Na, 29Si, and 31P were calibrated
using 1 M NaCl (0 ppm), trimethylsilyl propanoic acid (0 ppm), and
ammonium dihydrogen phosphate (1 ppm), respectively. A 4 mm
Bruker MAS probe was employed for the measurements at a spinning
rate of 12 kHz. 23Na T1 values were determined by using inversion
recovery experiments. The 29Si and 31P NMR spectra were recorded
using a single pulse with π/4 pulse lengths of 3 and 4.8 us and
repetition times of 120 and 150 s, respectively. 23Na MAS NMR
spectra were also acquired on an ultrawide bore 900 MHz NMR
spectrometer at the National High Magnetic Field Lab using a home-
made transmission line 3.2 mm MAS probe at a spinning rate of 10
kHz.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure and Microstructure of the
Ceramic Electrolytes. A series of NLZSPx (0 ≤ x ≤ 0.5)
SSEs were synthesized by a sol−gel method. The NLZSPx
pellets were sintered at 1250 °C and polished before use.
Figure 1b shows the XRD patterns of the NLZSPx SSEs. A
major crystalline NASICON phase, a minor crystalline
Na3La(PO4)2 impurity phase and weak diffractions from
La2O3 and LaPO4 impurity phases were observed. Overall,
with increasing La content, the peaks ascribed to Na3La(PO4)2
became more intense relative to the NASICON peaks,
indicating the increasing contents of the impurity phases.

Figure 1. (a) Schematic of a general NASICON structure. (b) XRD patterns of NLZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5); (c,d) are magnified
views of the selected regions.
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The formation of the Na3La(PO4)2 phase took over part of the
La3+ ions that were supposed to substitute the Zr4+ sites in the
NASICON structure, meanwhile extracting some P compo-
nent from the NASICON phase.8 Figure 1c,d carefully
compares the XRD patterns in the selected regions. The
XRD peaks at 19.1 and 30.5° for the undoped NLZSP0 slightly
shifted to higher angles as upon La doping, while the XRD
peaks at 19.5 and 34.2° shifted to lower angles along with the
increasing La content. Two XRD peaks at around 19° became
one peak, and the peak at 30.5° split into two peaks. These
observations indicated that the crystalline structure of the
NLZSPx samples gradually changed from the monoclinic to
rhombohedra structure as a result of the removal of P from the
NASICON main phase to the phosphate impurity phases.10,18

Zhang et al. reported that the lattice parameters a and b of the
monoclinic structure increased while c decreased with La3+

substitution.8 In addition, for NLZSPx with a high La doping
content, an additional weak peak (2θ = 28.1) related to
monoclinic ZrO2 appeared. The formation of ZrO2 impurity is
common in the synthesis of NASICON-structured SSEs and
difficult to avoid.18−24 Based on previous studies, the effect of a
small amount of ZrO2 is negligible. The effects and roles of
phosphate impurity phases will be discussed in later sections.
The microstructures of NLZSP0 and NLZSP0.3 were

observed by SEM. The NLZSP0 SSE showed a typical
NASICON feature as cubic particles with sides approximately
1−2 μm (Figure 2a). In comparison, as shown in Figure 2b,
two distinct phases with different morphologies were observed
in the NLZSP0.3 sample, where the Na3La(PO4)2 impurity
phase was buried in the middle of the La-doped NASICON
cubes. The EDS mappings of NLZSP0.3 confirmed the
distribution of the two phases (Figure 2c−h). While both
the NASICON phase and the Na3La(PO4)2 impurity phase
shared common elements of Na, La, P, and O, the Si element
which was primarily present in the NASICON phase could
clearly depict the distributions of the two phases. The
irregularly shaped phase in the middle was confirmed as the
impurity phase by the absence of the Si signal. The intense La
signals from the impurity region supported the claim that La3+

ions participated in the formation of phosphate impurity
phases rather than replacing Zr4+ in the NASICON structure,
which is consistent with the XRD results above.
Moreover, based on the fact that the formation of the

Na3La(PO4)2 impurity phase extracted some P components
from the NASICON phase, the atomic ratios between Si and P
elements in the resulted NASICON phase of the NLZSPx
samples must be different from that of the original NLZSP0.

For verification, Si/P atomic ratios for NLZSP0 and NLZSP0.3
were calculated based on EDS analysis on the respective
NASICON phases (Figure S1). The Si/P ratio in the
NASICON phase increased from the original 2:1 to around
3:1 for NLZSP0.3, confirming the loss of P component upon
La doping.

3.2. Ionic Conductivity of NLZSPx SSEs. The ionic
conductivities of the undoped NLZSP0 and the La-doped
NLZSPx (x = 0.1, 0.2, 0.3, 0.4, and 0.5) were measured by EIS.
Au thin films were deposited on both sides of the SSE pellets
by sputtering as the blocking electrodes. Figure 3a compares

the temperature-dependent ionic conductivities of the
NLZSP0 and NLZSPx SSEs from 25 to 100 °C. All SSEs
exhibited Arrhenius behaviors over the temperature range,
based on the good linear fit between the logarithmic ionic
conductivities and the reciprocal of temperatures. Generally, a
higher La doping content led to a higher overall ionic
conductivity until beyond NLZSP0.3. As shown in Figure 3b,
the NLZSP0.3 SSE demonstrated the smallest impedance and
thus optimal ionic conductivity among the NLZSPx SSEs at 25

Figure 2. SEM images of (a) NLZSP0 and (b) NLZSP0.3. Corresponding EDS mappings of (c) Na, (d) La, (e) Zr, (f) P, (g) Si, and (h) O
elements. The dashed line in (b) traces the boundary between the NASICON and Na3La(PO4)2.

Figure 3. Temperature-dependent ionic conductivities for the
different NLZSPx (x = 0, 0.1, 0.2, 0.3, and 0.4) SSEs over the
temperature range from 25 to 100 °C. (a) Arrhenius plots of nominal
composition NLZSPx (x = 0, 0.1, 0.2, 0.3, and 0.4) between 25 and
100 °C. (b) Impedance spectra of NLZSPx (x = 0, 0.1, 0.2, 0.3, 0.4,
and 0.5) at 25 °C; the inset is a magnified view of the low-impedance
region. Impedance spectra of (c) NLZSP0 and (d) NLZSP0.3 at
different temperatures.
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°C. NLZSP0.3 possessed a room-temperature ionic con-
ductivity (1.34 × 10−3 S/cm) almost 3 times higher than
that of the undoped NLZSP0 (4.89 × 10−4 S/cm), where the
ionic conductivity of NLZSP0 at 25 °C was comparable with
the reported values.8−13,16 The impedance spectra for NLZSP0
and NLZSP0.3 over the full temperature range are shown in
Figure 3c,d.
3.3. XAS Analysis of NLZSPx SSEs. P K-edge and Si K-

edge X-ray absorption near-edge structure (XANES) analyses
were performed for different La-doped NLZSPx SSEs to
understand the chemical environment electronic states of P
and Si elements in the different resulted NASICON phases
(Figure 4). No such information was available prior to this

work. The K-edge XANES originates from transitions of the 1s
core level of an absorbing element to excited vacant states of
proper symmetry involving the element valence orbitals.
XANES provides information on the oxidation state and
local symmetry. The XANES of a series of standard phosphate
compounds has been recorded, and they show characteristic
features in the main peak (white line) position as well as in the
number and position of pre-edge and postedge peaks that can
be used to identify phosphate species in the XANES spectra.25

Figure 4a shows the normalized P K-edge XANES spectra of
the La-doped NLZSP0.1, NLZSP0.3, and NLZSP0.5 SSEs
together with the reference spectra of the undoped NLZSP0
and impurity Na3La(PO4)2 for comparison. The white line

energy occurred near 2153.2 eV in all P K-edge XANES, which
can be assigned to a transition of the P 1s electron into an
unoccupied valence electronic state formed by the overlap of P
sp3 hybrid- and O 2p-orbitals because the PO4

3− group has a
Td-symmetry. A broader peak occurring at around 2169 eV is
due to oxygen multiple scattering of the tetrahedral first shell
nearest neighboring oxygen in the PO4

3− group.26−29 It can be
seen that when x increased, it was accompanied by a left shift
of the white line peak position, and both the white line peak
and the pre-edge around 2150 eV slightly decreased gradually,
which was due to structural change of the NASICON phase,
such as parameter, ligand field, centrosymmetry, or spin states.
These changes indicated a small distortion as the initially
perfect sp3 became distorted. In addition, the characteristic
peak of impurity Na3La(PO4)2 started to appear and became
stronger gradually.
In order to determine the composition and understand the

composition evolution of the La-doped NASICON phase and
the Na3La(PO4)2 impurity phase in the NLZSPx SSEs, we
conducted linear compound fitting (LCF) analyses on the
XANES spectra for NLZSP0.1, NLZSP0.3, and NLZSP0.5
(Figure 4c−f) on Athena. LCF is a model of fitting a linear
combination of standard spectra to unknown spectra. Since the
EDS results show that the content ratio of Si and P changed
from 2:1 to 3:1, we synthesized NASICON SSE with a
chemical formula of Na3.25Zr2Si2.25P0.75O12, and then LCF
analysis was performed with three reference samples of
NLZSP0, Na3La(PO4)2, and Na3.25Zr2Si2.25P0.75O12. The LCF
results demonstrated good fitting among the three reference
materials. Figure 4f summarizes and compares the LCF results
of the three NLZSPx SSEs. Upon an increasing La doping
content, the NLZSP0 content gradually decreased, accom-
panied by an increase in the Na3La(PO4)2 and
Na3.25Zr2Si2.25P0.75O12 contents.
Figure 4b shows the Si K-edge XANES spectra of the

undoped NLZSP0 and the La-doped NLZSP0.1, NLZSP0.3,
and NLZSP0.5 SSEs. The spectral features were unchanged in
terms of energy position and shape, indicating that the
electronic states and local structure of Si remained relatively
undisturbed in the NASICON SSEs with or without La doping
(impurity formation). The XANES analyses are consistent with
the XRD, SEM, and EDS mapping results. Instead of
substituting the Zr4+ sites in the NASICON structure, the
“doped” La3+ ions tend to extract the PO4

3− units from the
NASICON phase to form phosphate impurities (e.g., Na3La-
(PO4)2), thus altering the Si/P atomic ratios in the NASICON
phase changes but retaining the unchanged Si component.

3.4. SS-NMR. SS-NMR was employed to study the local
structures of different nuclei and Na+ dynamics at different Na
sites in the NASICON materials. 23Na MAS NMR spectra
(Figure 5a) were recorded at 21.1 T magnetic field for a high
resolution. With an increase of La doping content, the broad
peak at around −1.76 ppm gradually increased in intensity,
suggesting the continuous formation of a new phase with the
addition of La. Correlating with the XRD and XANES results,
this new phase should be attributed to Na3La(PO4)2.
Figure 5b shows the 31P MAS NMR spectra of NLZSPx with

different La doping contents. A strong peak at around −11
ppm is assigned to the NASICON phase. In the spectrum of
NLZSP0, the weak peaks between 0 and 7 ppm are assigned to
the impurity phases formed during the synthesis process. With
the addition of La, two new peaks at around 3.0 and 1.2 ppm
were observed, which are assigned to Na3La(PO4)2, whose

31P

Figure 4. (a) P K-edge and (b) Si K-edge XANES spectra for
NLZSP0.1, NLZSP0.3, and NLZSP0.5 SSEs and the reference
NLZSP0 SSE and Na3La(PO4)2. Corresponding LCF analysis for
(c) NLZSP0.1, (d) NLZSP0.3, and (e) NLZSP0.5. (f) Fitted content
of three reference samples including NLZSP0, Na3La(PO4)2, and
Na3.25Zr2Si2.25P0.75O12.
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MAS NMR spectrum is shown in Figure S2. With more La
doping, the content of the NASICON phase decreased, but the
Na3La(PO4)2 content increased. Beyond NLZSP0.3 (i.e.,
NLZSP0.4 and NLZSP0.5), the Na3La(PO4)2 phase eventually
became the main component in NLZSPx samples (Figure S3).
Furthermore, the 23Na T1 measurement on pure Na3La(PO4)2
was performed to understand its transport property and
yielded a T1 value of 2 s, implying the presence of a very slow
ionic motion in Na3La(PO4)2 (Figure S4), well in accordance
with the impedance results. Therefore, the enhanced ionic
conductivity of the La-doped NASICON material was actually
not due to the generation of Na3La(PO4)2.
When considering the influence of La doping on the

NASICON phase, we notice that the chemical shift and
content of the NASICON phase varied with the formation of
Na3La(PO4)2. Figure 5b,c shows that both 31P and 29Si
chemical shifts of the NASICON phase shifted to lower field
with increasing content of La doping in the NLZSPx materials,
suggesting that the electron spin densities decreased around
the nuclei. The results demonstrated that Na+ occupancy
increased with La doping, giving rise to the biases of the
electron spin density on the oxygen atom toward sodium ions,
which is consistent with previous reports18 deriving the same
conclusion for Sc-doping NZSP materials by density functional
theory calculations. In addition, the 29Si MAS NMR spectra
indicated no evidence for the Si-containing impurity. However,
the formation of Na3La(PO4)2 upon La doping still changed
the proportion of Si to P in the NASICON phase of the
NLZSPx SSEs.

Measurements of 23Na T1 provide an in-depth insight into
the ionic motion of Na+ ions. For NASICON materials, a
smaller T1 value indicates faster movement of the studied
nucleus at room temperature.30 Figure 6 shows the fitting
results. All magnetization recovery trajectories could be well
described using two relaxation components. The component
(blue line) having a larger portion with faster ionic motion was
attributed to the NASICON phase, while the other (red line)
was assigned to the impurity phase Na3La(PO4)2. The results
showed that with the increasing of addition amount of La3+,
the content of the NASICON phase declined with the
increasing content of the impurity phase. This was in
accordance with the 31P MAS NMR and XANES results.
More importantly, the 23Na T1 value of the NASICON phase
reached the minimum for NLZSP0.3, demonstrating the fastest
ionic motion and proving the ionic conductivity results. In the
view that NMR is sensitive to the bulk ionic motion, the results
verified that La doping had an effect on the ionic motion in the
NASICON phase. Beyond NLZSP0.3, the Na3La(PO4)2
component dominated in NLZSPx material, causing a decline
in ionic conductivity because of the sluggish motion of Na+ in
Na3La(PO4)2. Therefore, we conclude that the formation of
Na3La(PO4)2 caused an atomic ratio of Si to P greater than 2
in the NASICON phase, resulting in a charge unbalance based
on our 31P and 29Si MAS NMR spectra. This charge unbalance
must be compensated by introducing more Na+ ions, thus
forming a Na-rich NASICON phase with faster ionic motion
than that of nonmodified samples.

3.5. Crystal Structure and Ionic Conducting Property
of Na3.25Zr2Si2.25P0.75O12. Based on the conclusion that the
unbalanced Si/P ratio (more specifically, SiO4− to PO4

3− ratio)
had led to a favorable Na-rich NASICON phase in the
NLZSPx SSEs, we intentionally synthesized a pure NASICON
sample with an offset Si/P ratio, Na3.25Zr2Si2.25P0.75O12. The
XRD results in Figure 7a show that NLZSP0 and

Figure 5. (a) 23Na MAS NMR spectra of NLZSPx (x = 0, 0.1, 0.2,
0.3, 0.4, and 0.5) acquired at 21.1 T. (b) 31P MAS NMR spectra of
NLZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5); peaks marked by * indicate the
impurities. (c) 29Si MAS NMR spectra of NLZSPx (x = 0, 0.1, 0.2,
0.3, 0.4, and 0.5).

Figure 6. (a) Fitting results of T1 relaxation time for NLZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5). (b) Normalized contents of the NASICON phase
and the impurity Na3La(PO4)2.

Figure 7. (a) XRD patterns and (b) impedance spectra of the
different NLZSP SSEs.
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Na3.25Zr2Si2.25P0.75O12 shared the same crystal structure; a
mixture of Na3.25Zr2Si2.25P0.75O12 and a small amount of
Na3La(PO4)2 actually yielded an XRD pattern highly similar to
that of the NLZSP0.3 sample. The amount of Na3La(PO4)2
impurity added in Na3.25Zr2Si2.25P0.75O12 was comparable to
that formed in the NLZSP0.3 sample. Impedance spectra of
the pure Na3.25Zr2Si2.25P0.75O12 and the Na3La(PO4)2-added
Na3.25Zr2Si2.25P0.75O12 exhibited small impedances similar to
that of NLZSP0.3 at 25 °C and correspondingly a high ionic
conductivity of 1.34 × 10−3 S/cm (Figure 7b). This confirmed
that an increased Si/P ratio and enhanced Na+ occupancy for
NASICON SSEs could lead to improved ionic conductivities.

4. CONCLUSIONS
Different amounts of La doping are projected to form a series
of La-doped NACISON structures of Na3+xZr2−xLaxSi2PO12 (0
≤ x ≤ 0.5), where an x value of 0.3 yields an optimal ionic
conductivity of 1.34 × 10−3 S/cm at 25 °C. However, based on
the XRD, SS-NMR, and XANES analyses, these “La-doped”
NASICON SSEs are found to consist of mainly a Na-rich
NASICON phase and a Na3La(PO4)2 phase. The resulted
Na3La(PO4)2 content increased along with the increasing La
content, which meanwhile altered the Si/P ratio in the
NASICON phase. The 31P and 29Si MAS NMR spectra reveal
a Si/P ratio to be greater than 2 in the NASICON phase. The
charge unbalance leads to an increase in Na+ occupancy. The
measurements of spin−lattice relaxation time confirm the
accelerated Na+ ionic motions in the Na-rich NASICON phase
rather than the sluggish Na3La(PO4)2 phase, verifying an
optimal x of 0.3. An intentionally synthesized Na-rich
Na3.25Zr2Si2.25P0.75O12 with an offset Si/P ratio also achieve a
similarly high ionic conductivity in the order of 10−3 S/cm at
25 °C. XANES linear combination fitting confirmed the
important presence of the Na-rich phase. Despite the efforts of
La doping into the NASICON structure for improving the
ionic conductivity, direct alteration of Si/P ratio in the
NASICON structure can be a promising and efficient strategy
for developing advanced NASICON SSEs without ionic
sluggish impurities. This provides new opportunities for
high-performance SSEs for solid-state sodium batteries.
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