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1. Introduction

With superior reliability and energy conversion efficiency, 
rechargeable batteries are one of the most promising storage 
technologies for sustainable energy. Na-ion batteries (NIBs) are 
considered as the most promising candidates to compete with 
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Substitution of liquid electrolyte with solid-state electrolytes (SSEs) has 
emerged as a very urgent and challenging research area of rechargeable 
batteries. NASICON (Na3Zr2Si2PO12) is one of the most potential SSEs 
for Na-ion batteries due to its high ionic conductivity and low thermal 
expansion. It is proven that the ionic conductivity of NASICON can be 
improved to 10−3 S cm−1 by Sc-doping, of which the mechanism, however, 
has not been fully understood. Herein, a series of Na3+xScxZr2−xSi2PO12 (0 ≤ 
x ≤ 0.5) SSEs are prepared. To gain a deep insight into the ion transportation 
mechanism, synchrotron-based X-ray absorption spectroscopy (XAS) is 
employed to characterize the electronic structure, and solid-state nuclear 
magnetic resonance (SS-NMR) is used to analyze the dynamics. In this 
study, Sc is successfully doped into Na3Zr2Si2PO12 to substitute Zr atoms. 
The redistribution of sodium ions at certain specific sites is proven to be 
critical for sodium ion movement. For x ≤ 0.3, the promotion of sodium ion 
movement is attributed to sodium ion concentration increase at the Na2 sites 
and decrease at the Na1 and Na3 sites. For x > 0.3, the inhibition of sodium 
ion movement is due to the phase change from monoclinic to rhombohedral 
and an increasing impurity content.
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the most developed Li-ion batteries (LIBs) 
due to their low price, non-toxicity, and 
abundance.[1–6] To improve safety and dura-
bility, as well as simplify the cell design, 
substituting the flammable liquid electro-
lytes with solid-state electrolytes (SSEs) 
has gained increasing attention. Moreover, 
solid-state NIBs can enable the usage of Na 
metal anode and high voltage cathodes to 
achieve higher energy density.[7–10]

Among different sodium ion based 
SSEs, NA Super-Ionic CONductor 
(NASICON) with a general formula of 
Na1+nZr2SinP3−nO12 (1.6 ≤ n  ≤ 2.4), has 
gained the most attention due to its high 
ionic conductivity and low thermal expan-
sion.[11–18] The NASICON structure, first 
reported by Goodenough et al,[19] consists 
of a rigid 3D network with P/SiO4 tetra-
hedral and ZrO6 octahedral sharing the 
corners. The interconnected channels 
of the framework serve as the conduc-
tion pathway for Na+ ions (Figure  1a). In 

general, the ionic conductivity of Na3Zr2Si2PO12 is at the level 
of 10–4 S cm–1. To further improve it, many efforts have been 
made in past decades.[10–15,18,20–25] One of the most efficient 
way is to substitute portion of the Zr element with other ele-
ments such as Zn, Ce, Zr, Sc, etc. Sc was reported to signifi-
cantly improve the ionic conductivity of NASICON to the scale 
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of 10–3 S cm–1.[12] Sc3+ has an ionic radius of 0.0745 nm, which 
is the closest to that of Zr4+ (0.072 nm), however, the dynamics 
and mechanism of Sc-doping on NASICON have not been 
thoroughly understood. A recent study used NMR to analyze 
Sc-doping on a sodium-poor NASICON Na3ScxZr2−xSi2PO12 
phase,[20] but the sodium-poor Na3ScxZr2−xSi2PO12 phases in 
this study showed relatively low ionic conductivities (around 
10–4 S cm–1). Another recent study investigated the ionic con-
ducting mechanism of one sodium-rich Sc-doped NASICON.[21] 
Nonetheless, the detailed understanding from a compre-
hensive evolution in the series of sodium-rich NASICON 
Na3+xScxZr2−xSi2PO12 (0 ≤ x ≤ 0.5) is still in its infancy.

In this work, in order to achieve a thorough understanding 
of the mechanism of sodium-rich Sc-doped NASICON phase 
with high ionic conductivity of 10–3 S cm–1, synchrotron-based 
X-ray absorption spectroscopy (XAS), and solid-state nuclear 
magnetic resonance (SS-NMR) relaxometry are carried out to 
examine the electronic and local structure of elements such 
as P, Si, and Sc, as well as the Na+ ion transport. Diffusion 
parameters including hopping rates of Na+ ions and activa-
tion barriers for single ion jump are analyzed as well, which 
are directly related to the performance of these solid-state 
electrolytes. Insight into the mechanism and ion migration 
in the NASICON electrolyte can be of significance in further 
improving the ionic conductivity of various solid-state electro-
lytes in the future.

2. Results and Discussion

2.1. Crystal Structure and Morphology of the Ceramic 
Electrolytes

Na3+xScxZr2−xSi2PO12 (denoted as NSZSPx, where 0 ≤ x ≤ 0.5) 
SSEs were synthesized by a sol-gel method. The NSZSPx pel-
lets were sintered at 1250 °C and polished before use. Based on 
the XRD result shown in Figure 1b, the NASICON-type phase 
Na3+xScxZr2−xSi2PO12 is the major crystalline phase of all the 
NSZSPx samples. Two small diffraction peaks at 28.1° and 31.4° 
indicates the formation of monoclinic ZrO2 impurity which is 
inevitable during the synthesis of NASICON SSEs.[26–31] Based 

on previous studies, the effect of a small amount of ZrO2 is 
negligible. No diffraction peak of any Sc-related impurities can 
be found in the XRD pattern, it is demonstrated that Sc has 
been successfully doped into the NASICON structure, which is 
consistent with some previous studies.[12,20]

With increasing Sc-doping, the diffraction peaks at 19.1° and 
30.5° slightly shift to higher angles (Figure  1c), while those at 
19.5° and 34.2° shift to lower angles (Figure 1d). The two XRD 
peaks at around 19° become one peak as and the peak at 30.5° 
splits into two peaks. These observations suggest that the 
increasing Sc-doping change the crystal parameters, that is, 
from monoclinic phase to rhombohedral phase.[12,19] Ma  et  al. 
reported that the lattice parameters a and b of the monoclinic 
structure increased while c decreased with Sc3+ substitution. 
For the rhombohedral structure, cell parameter a increased 
while c decreased. These changes might be caused by the radius 
difference between Zr4+(0.072  nm) and Sc3+(0.0745  nm), and 
the increased Na+ concentration in the formula unit of sodium-
rich Na3+xScxZr2−xSi2PO12.

Scanning Electron Microscope (SEM) was used to compare 
the microstructures of NSZSP0 (Figure  2a) and NSZSP0.3 
(Figure  2b). The NASICON grain sizes of both are around 
1–2 µm. The result of EDS mapping on NSZSP0.3 reveals that 
the distribution of elements including Sc, Na, Zr, Si, P, and O 
are all quite uniform (Figure 2c–h). This is basically consistent 
with the XRD results.

2.2. Ionic Conductivities of NSZSPx Solid Electrolytes

The ionic conductivity of pristine NSZSP0 and doped NSZSPx 
(x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) at different temperatures were 
measured by electrochemical impedance spectroscopy (EIS). 
An Au thin film as blocking electrodes was deposited on both 
sides of the electrolyte pellets by sputtering. Figure 3a,b com-
pare the Nyquist plots of the pristine NSZSP0 and the doped 
NSZSPx (x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) at 25 and 100 °C,  
respectively. Figure  3c shows the impedance of NSZSP0.3 
from 25 to 100 °C. The total conductivities of NSZSP0.3 and 
NSZSP0.4 are almost 4 times higher than that of the pristine 
NSZSP0 at 25 °C. The NSZSP0 exhibits an ionic conductivity 

Figure 1. a) Schematic of a general NASICON structure. b) XRD patterns of NSZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5). c,d) Magnified views of selected 
regions.
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of 4.9 × 10–4 S cm–1 at 25 °C, which is comparable with pre-
vious results.[10–15,18] With increasing amounts of Sc, the total 
ionic conductivity at 25 °C goes up to 1.9 × 10–3 S cm–1 at 
x = 0.3 and 0.4. Then, the further increase of Sc-doping leads 
to a decrease in total ionic conductivity. Ma et al. reported that 
the bulk conductivities basically showed the same increase 

trend as total ionic conductivities.[12] Arrhenius plots of the 
total ionic conductivity for NSZSP0 and NSZSPx electrolytes 
are shown in Figure  3d. The logarithm values of ionic con-
ductivity are linear with 1/T within the temperature range of 
25–100 °C. The total ionic conductivity of NSZSP0.3 can go up 
to 1.1 × 10–2 S cm–1 at 100 °C.

Figure 2. SEM images of a) NSZSP0 and b) NSZSP0.3. Corresponding EDS mappings of c) Zr, d) Sc, e) O, f) P, g) Na, and h) Si elements.

Figure 3. Temperature dependent ionic conductivities for the different NSZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6) SSEs over the temperature range 
from 25 to 100 °C. a) Impedance spectra of NSZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6) at 25 °C. b) Impedance spectra of NSZSPx (x = 0, 0.1, 0.2, 0.3, 
0.4, 0.5 and 0.6) at 100 °C; the inset is a magnified view of the low impedance region. c) Impedance spectra of NSZSP0.3 at different temperatures.  
d) Arrhenius plots of nominal composition NSZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6) between 25 and 100 °C.
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2.3. X-Ray Absorption Spectroscopy (XAS) Analysis of NSZSPx 
Solid Electrolytes

To unveil the ion tranport mechanism of the Sc-doped 
NASICON with improved ionic conductivities, P K-edge, Si 
K-edge, and Sc L3,2-edge X-ray absorption spectroscopy (XAS) 
have been utilized for the first time to investigate the chem-
ical environment of different elements and electronic state of 
NSZSPx electrolytes in the conduction band (Figure  4). The 
K-edge X-ray absorption near edge structure (XANES) origi-
nates from the transition of the 1s core level of an absorbing 
element to excited vacant states of proper symmetry involving 
the element p orbitals (dipole selection rules), hence the energy 
of the edge jump threshold and the peak intensity at the edge 
jump (often called the white line) are characteristic of the 
chemical environment, which is often understood by being 
compared with the standard samples. Different standard phos-
phate compounds have their characteristic features in main 
peak position as well as in the number and position of pre-edge 
and post-edge peaks that can be used to identify phosphate spe-
cies in the XANES spectra.[32]

Figure  4a,b shows normalized P K-edge XANES spectra of 
NSZSPx electrolytes with increasing x from 0 to 0.6. The main 
white line energy occurring near 2153.2 eV in all the P K-edge 
XANES can be assigned to a transition of the P 1s electron into 
an unoccupied valence electronic state formed by the overlap of 

P sp3 hybridization and O 2p orbitals, because the PO4
3− group 

has Td-symmetry. A broader peak occurring at around 2169 eV 
dues to the multiple scattering of the tetrahedral, first shell 
nearest oxygen neighbors in the PO4

3− group.[23−36] All spectra, 
including NSZSP0, NSZSP0.2, NSZSP0.4, and NSZSP0.6 
almost entirely overlap. A tiny variation on the left shoulder 
is due to a minute quantity of impurity containing P, which is 
confirmed by the following SS-NMR analysis. It can be seen 
that, with an increasing x, both the white line peak and the pre-
edge around 2150  eV decreases gradually, which is the result 
of the structural change of NASICON, e.g., parameter, ligand-
field, centrosymmetry or spin-states. These changes indicate a 
small distortion as the initially perfect sp3 becomes distorted.

For Si K-edge (Figure  4c), all spectra overlap well with no 
apparent new peak or peak shift, implying that Si local struc-
ture is essentially intact. The slight variation of Si K-edge may 
be caused by the change of secondary structure beyond the first 
sphere as seen in the XRD analysis. The P K-edge and Si K-edge 
XANES analysis indicates that there is no apparent change on 
the electronic states of P and Si. Most P and Si occupy the 
center of the tetrahedron in NSZSPx, as is apparent from 
the similarity of the XANES for both elements in the tetrahe-
dral environment of oxygen. In addition, Sc L3,2-edge spectra 
(Figure  4d) are clearly intensified along with the increasing 
Sc-doping amount. These spectra probe the unoccupied d states 
(2p3/2,1/2 to 3d5/2,3/2 transitions) with strong perturbation from 

Figure 4. a) P K-edge XANES spectra for NSZSPx (x = 0, 0.2, 0.4, and 0.6) SSEs. b) A magnified view of the low photo energy region in P K-edge spectra. 
c) Si K-edge XANES spectra for NSZSPx (x = 0, 0.2, 0.4, and 0.6) SSEs. d) Sc L-edge XANES spectra for NSZSPx (x = 0.2, 0.4, and 0.6) SSEs.
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spin orbit coupling and crystal field effects. Meanwhile, no shift 
of these peaks or appearance of any new peak prove that there 
is no impurities containing Sc in NSZSPx. The XANES anal-
ysis, which is consistent with XRD, SEM and EDS mapping 
results, indicates that the Sc has been successfully doped in to 
NASICON to substitute Zr, leading to the observed structure 
change.

2.4. Solid-State Nuclear Magnetic Resonance (SS-NMR)

Solid-state nuclear magnetic resonance (SS-NMR) is a powerful 
tool to investigate the local structure and microscopic diffusion 
parameters such as hopping rates of mobile ions and activa-
tion barriers for single ion jump, with a time scale slower than 
X-ray absorption. To study the mechanism and ion migration in 
NASICON, NMR was conducted to characterize the local struc-
ture and the Na dynamics at different Na sites.

Multinuclear 23Na, 31P, and 29Si MAS NMR spectra are shown 
in Figure 5a–c, respectively. High field 23Na MAS NMR spectra 
clearly show two signals centered at the −10.5 ppm (peak 1) and 
−7.5  ppm (peak 2) for all compositions, as indicated through 
deconvolution shown in Figure  6. Peak 1 can be assigned to 
the main phase, which contains all three sodium sites which 
cannot be resolved by ultrahigh magnetic field, signaling the 
fast exchange between these three sodium sites in the NSZSPs 
lattice. Peak 2 (centered at 7.5 ppm) shows a tiny integral inten-
sity (10%), it does not correspond to any sodium sites within 
the NSZSP0 lattice. Thus, Peak 2 is ascribed to impurity phase. 
No significant change in the spectra line-shape is observed 
until x is larger than 0.3. After that, at around 0 ppm, a slightly 
broaden line shape is observed, suggesting that the local struc-
ture of the Na+ ion has changed with excessive scandium ions.

In the 31P MAS NMR spectra of NSZSPx (x = 0, 0.1, 0.2, 
0.3, 0.4, 0.5), each line contains two peaks centered at −11 and 
6  ppm. The strong peak at −11  ppm is ascribed to the main 
phase of NSZSP0, while the small peaks (ranged from −5 ppm 

to 10  ppm) are assigned to the impurities formed during the 
synthesis. 31P and 23Na MAS NMR spectra indicate that no sig-
nificant change in line shape when x  ≤ 0.3, while for x  > 0.3 
samples, the impurity-peak increases in 31P MAS NMR spectra, 
with a new signal emerging at around 0  ppm in 23Na MAS 
NMR spectra, suggesting that increasing the contents of scan-
dium ions can cause the formation of more impurities. How-
ever, no impurity is found in the 29Si NMR spectra, suggesting 
complete incorporation of Si into the main phase. Therefore, 
the multinuclear NMR spectra demonstrate that Sc can be 
easily doped into a crystal lattice in a x ≤ 0.3 regime. However, 
in a x > 0.3 regime, the formation of impurities that only con-
sist of Na and P suggest that Sc may be difficult to incorporate 
into the main phase.

T1 relaxometry is a common method to study the ionic 
motion in solid-state electrolytes. For most solids, the smaller 
value of T1 denotes a faster movement of the nucleus studied. 
The inversion recovery experiment was herein performed to 
probe the dynamics of sodium ions. The curves of integral 
intensity against the delay time were deconvoluted by three 
components, according to the different T1 values, namely 
SLOW (S), FAST (F), and Ultraslow (US). All curves are well 
fitted with these three components (Section S1, Supporting 
Information). Figure 7 shows the specific fitting results.

T1(US) value is around 10–2 s, which is much bigger than the 
others (≈10–4 s), demonstrating that the US component has a 
much slower motion of sodium ions. Furthermore, the ratio of 
this component is relatively small (10%). This ratio is the same 
as the contents of impurities from 23Na and 31P quantitative 
results (Figure S2, Supporting Information). Therefore, the US 
component is assigned to the impurities. The other two compo-
nents correspond to different sodium ions in the main phase 
of NASICON. In order to further understand the mechanism 
of Sc-doping, we attribute these two components to different 
crystallographic sites: 1) from the XRD refinements results, the 
occupancy of different crystallographic sites of sodium ions is 
1:1:1 in NSZSP0, while the ratio of the F component and the 

Figure 5. a) 23Na MAS NMR spectra of NSZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5) acquired at 21.1T. b) 31P MAS NMR spectra of NSZSPx (x = 0, 0.1, 
0.2, 0.3, 0.4, and 0.5) at 9.4T; peaks marked by * indicate the impurities. c) 29Si MAS NMR spectra of NSZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5) at 9.4T.
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S component is about 2:1. It seems that there are two sodium 
sites overlap in the F component; 2) as for local structure, Na1 
and Na3 have the same coordination number with 6 oxygen 
atoms while Na2 has 8 oxygen atoms. Thus, Na1 and Na3 have 
the same coordination number and may overlap in one compo-
nent; 3) Park et  al.[27] reported that the smallest transport bot-
tleneck of sodium ions in NSZSP0 was close to the Na2 sites, 
which restrained the mobility of Na2. Based on these three 
aspects discussed above, we ascribe the S component to Na2 
sites and the F component to the overlap of Na1 and Na3 sites. 
Specific assignments are shown in Figure 7.

In addition, Figure  7a shows T1(Na2) and T1(Na1 and Na3) 
reach the minimum at x = 0.3, representing that the transport 
of sodium ions is enhanced when x ≤ 0.3, and then restrained. 
Therefore, the best composition is Na3.3Sc0.3Zr1.7Si2PO12. It is 
noteworthy that the integral intensity also behaves normally 
for the main phase, which demonstrates that the incorpora-
tion of Sc affects the distribution of sodium ions at different 
chemical sites, resulting in more Na+ with a faster transfer rate 
at favorable sites. In the x ≤ 0.3 regime, with Sc3+ incorporating 
into NSZSP0, the excess Na ions prefer occupying the Na2 
sites, as seen from the increase of Na2 integral intensity. At the 

Figure 6. a–f) The deconvolution results of 23Na MAS NMR spectra of NSZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5) obtained at 21.1T.

Figure 7. a) The fitting results of T1 relaxation time for NSZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5). b) Relative contents of the impurities, Na1 and Na3, 
and Na2 in the NSZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5).
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same time, the contents of sodium ions in Na1 and Na3 sites 
decrease. This means that Sc doping has caused a different 
distribution of sodium ions within the NSZSP0 structure. This 
is also found in Li-based NASION-type solid-state electrolyte 
LATP, in which this distribution caused by element doping is 
considered as the true reason for the enhancement of ionic 
conductivity.

In the x > 0.3 regime, the T1 time increases for all three com-
ponents, indicating that the sodium ion motion slows down 
with excessive Sc3+, which is consistent with the EIS results. 
Figure 7b shows that the amount of Na2 declines while Na1 and 
Na3 rise. Combined with XRD results, a phase change occurred 
when x > 0.3 can give rise to this discrepancy in different chem-
ical sites. Ma et al.[12] have done XRD refinements on Sc-doping 
NSZSPx, which show that the phase change from monoclinic 
phase to rhombohedral phase can lead to a decline in Na2 
occupancy. This result is consistent with the T1 fitting results 
reported here. Thus, it is reasonable to connect the decline in 
Na2 occupancy with the phase change.

Based on the above analysis, we ascribe the enhancement 
of ionic motion to the distribution of sodium ions at different 
sites. At solid-solution area (x  ≤ 0.3), Sc-doping brings exces-
sive sodium ions which prefer occupying Na2 sites, decreasing 
the amount of Na1 and Na3. After x  = 0.3, the phase change 
causes the occupancy of Na2 to decrease again, along with the 
increase in Na1 and Na3 occupancy. Such a mechanism makes 
the optimal sodium ion ratio appear at x = 0.3, which has the 
fastest ion mobility.

Compared to the previously reported sodium-poor Sc-doped 
NASICON, our results are different in terms of ionic conduc-
tivity. A much higher ionic conductivity can be achieved herein 
with different stoichiometry.[20,21] Accordingly, it can be con-
cluded that the number and distribution of Na ions, as well as 
phase structure are very important parameters to optimize for 
further increased ionic conductivity of NASICONs.

3. Conclusion

In this work, the influence of Sc3+ substitution on the local 
structures as well as the ionic motion of sodium ions has been 
revealed by XANES and SS-NMR study on a series of sodium-
rich Sc-doped NASICON SSEs. XRD and XANES analysis 
show that Sc has been successfully doped in to NASICON to 
substitute Zr atoms, leading to a slight structural change. The 
NMR signals corresponding to Na2, Na1, and Na3, and impu-
rities are resolved by fitting the spin-lattice relaxation time 
(T1). It is determined that the distribution of sodium ions at 
different sites is directly responsible for the changes in ionic 
motion. In samples with x ≤ 0.3, the reason for the accelera-
tion of sodium ion movement is attributed to the increase of 
sodium ions at the Na2 sites and accompanying decrease at the 
Na1 and Na3 sites. For x >  0.3, the motion becomes sluggish 
because of the dramatic change in the distribution of sodium 
ions, which is caused by a phase change from monoclinic 
phase to rhombohedral phase. Insight into the mechanism 
and ion migration in the NASICON electrolyte can be of sig-
nificance to inspire future study on sodium ion based SSEs 
and solid-state batteries.

4. Experimental Section
Materials Synthesis: Nominal compositions of Na3+xScxZr2−xSi2PO12 

(x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6), henceforth denoted as NSZSPx 
(x  =  0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6), were synthesized by a sol-gel 
method using NaNO3 (≥99.0%, Sigma-Aldrich), Sc2O3 (≥99.9%, Sigma-
Aldrich), NH4H2PO4 (≥98%, Sigma-Aldrich), Si(OC2H5)4 (tetraethyl 
orthosilicate, ≥98%, Sigma-Aldrich), C12H28O4ZR (zirconium(IV) 
propoxide solution, 70 wt% in 1-propanol, Sigma-Aldrich) as the starting 
materials, and citric acid as a chelating agent. First a mixture of tetraethyl 
orthosilicate, zirconium (IV) propoxide solution, citric acid, ethanol, 
and H2O was stirred under 60 °C over night. Then Sc2O3 was subjected 
to ultrasound in deionized water, 10% excessive of NaNO3 and 10% 
excessive of NH4H2PO4 and were dissolved into deionized water and 
then added to the previous solution. Afterwards, the collosol was heated 
at 70 °C and always keeping stirring until a dried gel was achieved for 
several hours. Then, the dry xerogel thus obtained was first calcined in 
air at 500 °C for 2 h and then at 1050 °C for 10 h. The calcined powder 
was grounded and pressed into pellets (diameter 13  mm, thickness 
3.5 mm) and sintered at 1250 °C for 12 h. White ceramic pellets with a 
diameter between 11.2–11.5 mm and a thickness of around 3.2 mm can 
be obtained after sintering, demonstrating a considerable amount of 
shrinkage post-sintering.

Materials Characterization: The crystal structure and phase 
composition of NSZSPx (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5) were 
investigated via the X-ray diffraction (XRD) using D8 Advance by Bruker 
with Cu Kα X-ray source in the range of 10–70° with a step of 0.01° per 
seconds. The scanning electron microscopy (SEM) pictures and energy 
dispersive spectrometer (EDS) mapping were taken using Hitachi 4800 
SEM equipped with EDS detector. The working voltage employed for 
EDS mapping was 20 kV.

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

Electrochemical Measurement: The ionic conductivities of NSZSPx 
(x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6) were measured by electrochemical 
impedance spectroscopy (EIS). Au electrodes were coated on the 
NSZSPx pellets by sputtering before conductivity measurement. 
Nyquist plots were recorded by a Gamry Electrochemical system in 
the frequency range of 100 mHz and 100  kHz with an AC voltage of 
5 mV.

NMR Experiments: 23Na MAS NMR spectra were acquired on an 
ultra-wide bore 900  MHz NMR spectrometer at the National High 
Magnetic Field Lab (NHMFL) using a home-made transmission line 
3.2 mm MAS probe with a spinning rate of 10 kHz. 23Na spin-lattice 
relaxation time (T1) measurements, 29Si, and 31P MAS NMR spectra 
acquired on an AVANCE-400 Bruker spectrometer (9.4T) working at 
105.9, 79.5, and 162.0 MHz respectively. A 4 mm Bruker MAS probe 
was employed for magic-angle spinning (MAS) experiments with spin 
rates of 12 kHz. The 23Na T1 time was determined using inversion 
recovery experiment. The chemical shift of 23Na was referenced 
to aqueous 1 m NaCl solution (0  ppm). 29Si and 31P signals were 
recorded using direct polarization with a pulse length of 3 and 2.25 
µs pulse. The chemical shifts of 29Si and 31P were referenced to 
Trimethylsilyl propanoic acid (0  ppm) and Ammonium dihydrogen 
phosphate (1  ppm). Recycle delays of 5 × T1 were used for all 
experiments.
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