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Table 1 Ionic conductivities 6 of NMZSPx samples at different temperatures
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NMZSPx samples

025 °C 030 C 040 C 050 C 060 C o70C 030 C
x=0 492x107* 5.98 x 107 8.81 x 107 136 x 107 1.98 x 107 275 %107 3.65x 107
x=0.04 6.07 x 107 7.04 x 107 1.03x 107 1.47 x 107 2.12x10° 2.90 %107 3.96 x 107
x=0.08 7.52 %107 9.00 x 107 131x107 1.74 x 107 240 x 107 334 %107 449x107
x=0.12 1.54 x 107 1.79 x 107 2.45x% 107 3.58x 107 449 %107 6.40 x 107 8.04 x 107
x=0.16 1.17 x 107 137 %107 1.90 x 107 2.67% 107 3.98 x 107 5.04 %107 6.97 x 107
x=0.20 8.81 x 107 1.07 x 107 1.55 %107 2.18 x 107 3.05x 107 4.09 x 107 5.60 x 107
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Fig. 1

EIS results of NMZSPx samples at 25 ‘C



+ 136 - (RERR L2230 J Chin Ceram Soc, 2026, 54(1): 133142 2026 4F
1.0F 18
05} Lor
Z ool 14}
£ <ol
2 —05F g 12
2 5
£ L =x=0 € 10}
=1 —LYr x=0.04 %/
- A x=0.08 0sl
—-15F v x=0.12 . u
* x=016 _—
< x=0.20 0.6 L
_20 1 1 1 1 1 1 ./
2.8 29 3.0 3.1 32 33 3.4 0.4 L L L L L L
0.00 0.04 0.08 0.12 0.16 0.20
1000,
T x in NMZSPx

(a) Arrhenius plots over the temperature range from 25 °C to 80 C

(b) Plot of ionic conductivity vs. x at 25 C

B2 NMZSPx ¥ i B T K R

Fig. 2

P 3 3 NMZSPx £ & ) XRD i DL 2 NASICON
SERI 2 PPARAE AL, BN TR R EE A1 S R
ZERIBE Mg™ B 28 BN ARSI o R A5 J4BE 5 (¥ XRD
T 5 R Y (C 2/e) b E R (PDF 84-1200) 0775
W 5E 4L . ART, BEE Mg g\, &l 3b HY
1T 19.2°H0 19.6°17 2 /M7 506 2 18] F 1) By 128 T 246
/No X x > 012 fIFES, ALT 30.5°F1 34.3°1 2
ANRT IR R B H R ET R S, Wl 3 c s
BhAh, ER N EEE T S (R 3 o) AR dE R F (PDF
84-1577)n] LR B, B4 x > 0.12 FESLTE 30.2°
Wb LT 2507 R AR ERT ST . X R IIREE Mg
BRI, NMZSPx 125 5 BU7E B8 MR 5

Ion transport properties of NMZSPx samples

B 3877 s A8 . BR T NASICON FAH4F, XRD
TSR R T 24, XS A AR AT S I (S S
FEREE x (M KT, @i b brviE R A, TR
BN 3a T =ML IRTHIE R ZrO, fiM. T
RLF 21.0°FI IE J7 T bnic AT S 062 o b — Fhik
FRERII A, fE LRI Fed, X AT IEsE 08
F NayMg(PO,), Bi# Na;PO, @Al ¢ 4, i F
NasMg(POy), 55 NasPO, fnAH7E 21.0°4bH A ESR
i, (U XRD 255 T0HEHEf I WX > 0 AH 2
PRSI — R A, 2 AT B FR AT 4 IR
PEAEW XA S A B )R . SR, A% A0 18
XTI B S R | AL B R

A 710,
x=0.20

[ A A

= Phosphate heterophase

x=0

Intensity

C 2/c (PDF 84-1200)
w il

| M I T
L. “. | | ‘ .

20 30
20/(°)

(a) Full XRD patterns

R3¢ (PDF 84-1577)
1 I Ll l|

10 40 50

K3 NMZSPx ¥ i) XRD i

(b) 20 = 18.5°~20.5°

M b
NL A A
. J\fL . N A
N 3l
)

-

18.5 19.5 20.5
26/(°)
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The unclear signal marked as * refers to impurities generated during the preparation process
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Fig. 5 MAS NMR spectra of the NMZSPx samples
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%2 NMZSPx #% *'PMAS NMR i EMHE D ¥Si MASNMR &, 4 P T&E AL, UREHEPH SV/P ELH
Table 2 Centroid of the main phase of the *'P MAS NMR spectra, the centroid of the 2Si MAS NMR spectra, the proportion
of P element in the main phase, and the Si/P ratio in the main phase in the NMZSPx samples

Centroid of the main phase of the

Centroid of the ’Si MAS NMR

Proportion of P element in the Si/P ratio in the main

NMZSPx samples *'P MAS NMR spectra/Hz (£ 20) spectra/Hz (£ 20) main phase/% (+ 0.5) phase

x=0 -2146.0 -8882.9 94.1 2.1
x=0.04 -2125.1 -8853.1 87.9 23
x=0.08 -2085.3 —-8843.1 82.5 2.4
x=0.12 —-2065.2 -8823.2 732 2.7
x=0.16 -2024.9 -8793.2 64.5 3.1
x=0.20 —-2004.7 -8763.3 60.8 33
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Fig. 6 *'P MAS NMR spectra of x = 0.20 sample, NMP
sample, and Na;PO, crystal
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Fig. 7 Micromorphology and elemental distribution maps of
x =0.20 sample
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Extended Abstract

Introduction Sodium-ion batteries (SIBs) have garnered significant attention as a promising alternative to lithium-ion batteries
(LIBs) due to the abundance and cost-effectiveness of sodium resources. However, the development of high-performance solid-state
electrolytes remains a major challenge in the advancement of SIBs. NASICON-type solid electrolytes, specifically Na;Zr,Si,PO,
(NZSP), are known for their excellent ionic conductivity and structural stability, making them ideal candidates for use in SIBs. To
further enhance their ionic conductivity, one common strategy is to dope low-valence cations into the structure, potentially replacing
Zr*" jons and increasing the concentration of Na* ions. Despite the widespread use of Mg®" doping in NASICON materials to enhance
ionic conductivity, the underlying mechanism remains underexplored. Therefore, the aim of this study is to investigate the effect of
Mg2+ doping on the microstructure and ionic conductivity of Nas., Mg, Zr, ,Si,PO;, (NMZSPx) solid-state electrolyte ceramics and
elucidate the underlying mechanism of ionic conductivity enhancement.

Methods In this study, a series of Mg% doping Naz;», Mg, Zr, . Si,PO;; (NMZSPx, 0 < x < 0.20) ceramics were synthesized via a
traditional sintering method. The samples were characterized using several techniques, providing insights into the electrical properties
and conductivity mechanisms. Electrochemical impedance spectroscopy (EIS) measurements were performed to evaluate the ionic
conductivities of the samples across a range of temperatures. X-ray diffraction (XRD) analysis was employed to investigate the phase
composition and crystalline structure of the samples. Solid-state nuclear magnetic resonance (SSNMR) spectroscopy, including *'P,
»Si, and **Na Magic Angle Spinning (MAS) NMR, was used to analyze the local atomic environments and determine the distribution
of different elements in the ceramics. Scanning electron microscopy (SEM) was used to examine the microstructure of the ceramics,
with individual elemental maps to assess the distribution of Na, Mg, Zr, Si, P, and O elements.

Results and discussion The results of this study reveal that Mg doping significantly affects both the microstructure and the ionic
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conductivity of Nas, Mg, Zr, ,Si,PO;, ceramics. As the Mg2+ doping concentration increases, the ionic conductivity initially
increases, reaching a peak value at x = 0.12, with a conductivity of 1.54 x 10~ S-ecm™ at 25 °C, which is 3.13 times higher than that of
the undoped sample. However, further doping beyond x = 0.12 leads to a decrease in conductivity, indicating an optimal doping
concentration for ionic conductivity enhancement. XRD analysis indicates that the samples with doping amount x > 0.12 exhibit a
characteristic diffraction peak of rhombohedral crystal at 30.2°. This indicates that as the amount of Mg®* doping increases, the
NASICON main phase of NMZSPx samples gradually transitions from monoclinic phase to rhombohedral phase. Mg®* ions do not
replace Zr*" ions in the NASICON main phase as previously assumed. Instead, a large portion of Mg®" ions preferentially forms
sodium magnesium phosphate heterogeneous phases at the grain boundaries. This observation is consistent with the results from
SSNMR, where the chemical shifts of those signal peaks in the *'P, ’Si, and Na MAS NMR spectra show significant changes in the
local environments of these elements, reflecting the influence of Mg** doping on the phase composition and atomic distribution. The
formation of these magnesium phosphate secondary phases indirectly increases the concentration of Na* by altering the Si/P ratio in
the NASICON structure. However, the increase in Na' concentration is not the primary reason for the enhanced ionic conductivity.
The key factor contributing to the increased ionic conductivity is the improvement in the microstructure of the NMZSPx ceramics.
SEM images show that appropriate Mg*" doping significantly reduces the porosity of the ceramic samples and enhances the
connectivity at the grain boundaries, facilitating easier Na' transport. Specifically, x = 0.12 sample exhibits the densest microstructure,
with good contact between grains and no noticeable defects, resulting in the highest ionic conductivity. However, excessive Mg*"
doping (x > 0.12) leads to the formation of more impurity phases and increased porosity, which hinders ion transport across the grain
boundaries, resulting in a decrease in ionic conductivity. This suggests that while Mg®" doping can improve the ceramics’
microstructure and reduce grain boundary resistance up to a certain point, excessive doping leads to the formation of impurity phases
that impede ionic conduction.

Conclusions This study demonstrates that Mg2+ doping in Naj.,,Mg,Zr, ,Si,PO;, ceramics enhances ionic conductivity by
improving the microstructure, particularly by reducing porosity and enhancing grain boundary connectivity. The optimal doping
concentration of Mg>" ions is found to be x = 0.12, which exhibits the highest ionic conductivity. However, excessive Mg>" doping
leads to the formation of sodium magnesium phosphate heterogeneous phases and increased porosity, which hinders ion transport and
reduces the overall conductivity. The results also suggest that Mg”* ions primarily influence the NMZSPx ceramics’ conductivity by
modifying the microstructure and inducing the formation of impurity phases at the grain boundaries, rather than directly substituting
for Zr*" ions in the NASICON structure. These findings provide new insights into the role of Mg*" doping in enhancing the ionic
conductivity of NASICON-type solid-state electrolytes and highlight the importance of optimizing doping concentrations to balance
the formation of impurity phases and the improvement of microstructural properties.

Keywords NASICON; solid-state electrolyte; ionic conductivity; magnesium ion doping; solid-state nuclear magnetic resonance



