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The low ionic conductivity of solid-state electrolytes (SSEs) and the inferior interfacial reliability between
SSEs and solid-state electrodes are two urgent challenges hindering the application of solid-state sodium
batteries (SSSBs). Herein, sodium (Na) super ionic conductor (NASICON)-type SSEs with a nominal com-
position of Na3+2xZr2–xMgxSi2PO12 were synthesized using a facile two-step solid-state method, among
which Na3.3Zr1.85Mg0.15Si2PO12 (x=0.15, NZSP-Mg0.15) showed the highest ionic conductivity of
3.54mS∙cm�1 at 25 �C. By means of a thorough investigation, it was verified that the composition of
the grain boundary plays a crucial role in determining the total ionic conductivity of NASICON.
Furthermore, due to a lack of examination in the literature regarding whether NASICON can provide
enough anodic electrochemical stability to enable high-voltage SSSBs, we first adopted a high-voltage
Na3(VOPO4)2F (NVOPF) cathode to verify its compatibility with the optimized NZSP-Mg0.15 SSE. By com-
paring the electrochemical performance of cells with different configurations (low-voltage cathode vs
high-voltage cathode, liquid electrolytes vs SSEs), along with an X-ray photoelectron spectroscopy eval-
uation of the after-cycled NZSP-Mg0.15, it was demonstrated that the NASICON SSEs are not stable enough
under high voltage, suggesting the importance of investigating the interface between the NASICON SSEs
and high-voltage cathodes. Furthermore, by coating NZSP-Mg0.15 NASICON powder onto a polyethylene
(PE) separator (PE@NASICON), a 2.42A∙h non-aqueous Na-ion cell of carbon|PE@NASICON|
NaNi2/9Cu1/9Fe1/3Mn1/3O2 was found to deliver an excellent cycling performance with an 88% capacity
retention after 2000 cycles, thereby demonstrating the high reliability of SSEs with NASICON-coated
separator.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Abundant and low-cost sodium (Na) resources provide a com-
pelling reason to promote Na-ion batteries (NIBs) as promising
candidates for large-scale energy-storage systems [1–9]. Solid-
state sodium batteries (SSSBs) based on solid-state electrolytes
(SSEs) have attracted great interest due to the higher degree of
safety without using flammable liquid electrolytes (LEs) [10–13].
However, two main challenges still remain to be solved before
the practical application of SSSBs: the low ionic conductivity of
SSEs and the inferior interfacial reliability between SSEs and
solid-state electrodes [10,11,14–18].

In 1976, Goodenough et al. [19] and Hong [20] conducted a
pioneering work on Na super ionic conductor (NASICON)-type
Na+ SSEs, Na1+xZr2P3–xSixO12 (0 < x<3), which exhibit a consider-
ably high conductivity due to open three-dimensional (3D) chan-
nels for fast Na+ transport. The rigid 3D covalent network of
NASICON-type SSEs consists of corner-sharing PO4 tetrahedrons,
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SiO4 tetrahedrons, and ZrO6 octahedrons; each octahedron is con-
nected to six tetrahedrons, while each tetrahedron is connected to
four octahedrons, and the Na+ cations are located in the interstitial
sites of the network structure. Furthermore, in the range of
1.8� x�2.2, NASICONs show a monoclinic structure with a C2/c
space group, while having a rhombohedral structure with an R3c
space group at the remaining values of x [19,20]. In particular,
monoclinic Na3Zr2Si2PO12, as the most promising NASICON-type
SSE, exhibits the highest Na+ conductivity of 0.67mS∙cm�1 at room
temperature [10,14,17,21,22]. To further improve the ionic con-
ductivity of NASICON-type SSEs, in addition to the traditional
solid-state method [23], various sintering techniques such as a
solution-assisted solid-state reaction [24], spark plasma sintering
[25], the sol–gel route [26], and an additive-assisted solid-state
process [27] have been employed, all of which significantly
enhance the ionic conductivity. Even so, the solid-state method is
still the most facile process. Aside from optimizing the synthesis
process, doping the extrinsic elements is a remarkably efficient
approach. Zhang et al. [26] developed a self-forming composite
NASICON electrolyte by introducing La3+ with a nominal composi-
tion of Na3.3Zr1.7La0.3Si2PO12, and thereby delivering a remarkably
enhanced Na+ conductivity of 3.4mS∙cm�1 at 25 �C. However, lan-
thanum (La) is an expensive rare earth element, which would con-
siderably increase the cost of SSSBs [28,29]. Accordingly, there is an
urgent need to develop SSSBs that can reach a high level of ionic
conductivity using earth-abundant and cost-effective elements.

Although the ionic conductivity of NASICON is still lower than
that of an organic LE, the magnitude of 1mS∙cm�1 is high enough
to afford the stable operation of SSSBs at room temperature.
Accordingly, the question of how to improve the reliability of the
interface between SSEs and solid-state electrodes has become
increasingly important [30]. Several interfacial engineering meth-
ods have been developed for alleviating the impedance between
sodium metal and NASICON, such as adding LE [31,32], inserting
an in situ chemically formed interphase [33], sandwiching a poly-
mer electrolyte [33], using a composite anode [34], using a 3D
Na metal anode [35], chemically plating a layer [35–37], and using
higher uniaxial compression [38]. Furthermore, various interfacial
optimization processes have been proposed in order to reduce the
resistance between the cathodes and NASICON, including co-
sintering [39,40], adding an LE [28,31,32,35,36,41], introducing a
plastic-crystal electrolyte [42], adding an ionic liquid [23,26],
inserting a solid-state polymer electrolyte [33], mixing with a
solid-state polymer electrolyte [35,43], using thin-film cathodes
[44,45], and using 3D cathodes [24]. All of the SSSBs mentioned
above adopted low average-voltage cathodes such as Na3V2(PO4)3
[23,24,26,35,36,39–42], sulfur (S) [31,32], NaTi2(PO4)3 [33],
Na2MnFe(CN)6 [43], Na0.9Cu0.22Fe0.3Mn0.48O2 [28], or NaxCoO2

[44,45], although almost all of the values reported for the anodic
electrochemical stabilities exceed 5V [28,31,33,35,41]. It is worth
noting that low average-voltage cathodes are unable to demon-
strate the advantage of the high voltage of SSSBs or verify the fea-
sibility of high-voltage NASICON-based SSSBs. Therefore, it is
necessary to evaluate the sustainability of NASICON at a high
potential by employing a high-voltage cathode.

Transition metal (TM)-based layer oxides are some of the most
investigated cathodes in NIBs; however, numerous issues still exist
and restrict the further improvement of NIB performance. One
such problem is the dissolution of TM elements such as manganese
(Mn), which would damage the crystal structure and induce the
capacity fade, due to the decrease of valence-variable TM elements
[46]. Furthermore, the dissolved TM cations may migrate and
deposit onto the anode, thereby deteriorating the composition of
the solid electrolyte interphase (SEI) and resulting in an unfavor-
able performance of the NIBs [47]. The use of a functional polymer
separator with a coating layer is considered to be an effective
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strategy to suppress TM dissolution. Recently, Yan et al. [48] coated
a compact NASICON-type Li1.5Al0.5Ti1.5(PO4)3 (LATP) SSE layer onto
a polyethylene (PE) separator, which efficiently inhibited TM disso-
lution from the LiCoO2 and LiMn2O4 cathodes, as well as deposition
on the anode electrode. In addition, coating an SSE layer onto a
polypropylene (PP) and/or PE separator can remarkably enhances
the wettability of the separator toward the LE and thus decrease
the internal resistance of a battery, which facilitates the capacity
release and enhances the battery’s rate capability [49].

In this work, magnesium (Mg), an earth-abundant and cost-
effective element, is introduced into NASICON by means of a facile
solid-state method, resulting in significantly enhanced ionic con-
ductivity, mainly contributed from the grain boundary. With the
optimal nominal composition of Na3.3Zr1.85Mg0.15Si2PO12 (NZSP-
Mg0.15), a high conductivity of 3.54mS∙cm�1 is achieved at 25 �C;
to the best of our knowledge, this is the highest value that has been
achieved among Mg-doped NASICON electrolytes. Based on the
NZSP-Mg0.15, SSSBs were constructed by employing a high-
voltage Na3(VOPO4)2F (NVOPF) cathode and a metallic Na anode.
To improve the electrode/electrolyte interfacial compatibility,
around 5lL∙cm�2 of LE was added at the cathode side and carbon
nanotubes (CNTs) were integrated with the Na metal anode. By
comparing the electrochemical performance of the NVOPF|LE|
NZSP-Mg0.15|Na SSSBs cell with those of the NVOPF|LE|Na cell
and the Na3V2(PO4)3 (NVP)|LE|NZSP-Mg0.15|Na cell, it was found
that the cathode-side interface was not stable enough. Further-
more, the results from the X-ray photoelectron spectroscopy
(XPS) analysis of the after-cycled NZSP-Mg0.15 pellets suggested a
rise in the valence state of the NZSP-Mg0.15. Our study therefore
reveals the importance of studying the interface between NASICON
SSEs and high-voltage cathodes in the future.

Moreover, kilogram-scale NZSP-Mg0.15 NASICON powders were
prepared and coated onto PE separators (PE@NASICON) after parti-
cle refinement, and a 2.42A∙h non-aqueous Na-ion cell of carbon|
PE@NASICON|NaNi2/9Cu1/9Fe1/3Mn1/3O2 using the coated PE sepa-
rator was found to deliver an excellent cycling performance of
88% capacity retention after 2000 cycles at 1C rate, thereby demon-
strating the high reliability and stability of a separator coated with
NASICON-type SSEs.
2. Materials and methods

2.1. Materials

The reagents, which included sodium carbonate (Na2CO3,
99.95%, Acros Organics, USA), zirconium dioxide (ZrO2, 99.99%,
Shanghai Aladdin Bio-Chem Technology Co., Ltd., China
(hereinafter referred to as Aladdin)), silicon dioxide (SiO2, 99.9%,
Alfa Aesar, USA (hereinafter referred to as Alfa)), ammonium phos-
phate monobasic (NH4H2PO4, 99%, Aladdin), magnesium oxide
(MgO, 99%, Alfa), vanadyl sulfate hydrate (VOSO4�xH2O, 99.9%,
Alfa), sodium phosphate monobasic dihydrate (NaH2PO4�2H2O,
99%, Sigma-Aldrich, USA), sodium fluoride (NaF, 99.99%, Aladdin),
vanadium(III) oxide (V2O3, 99.7%, Alfa), sucrose (Alfa),
hard carbon (HiNa Battery Technology Co., Ltd., China), and
NaNi2/9Cu1/9Fe1/3Mn1/3O2 (NNCFM, HiNa Battery Technology Co.,
Ltd., China), were used as received with no further treatment.
2.2. Preparation of NASICON ceramic pellets

Nominal composition of Na3+2xZr2–xMgxSi2PO12 (x=0, 0.05, 0.10,
0.15, 0.20) was synthesized and sintered into ceramic pellets using
a traditional two-step solid-state method, as previously reported
[23]. In a typical synthesis, under a stoichiometric ratio, Na2CO3,
ZrO2, SiO2, NH4H2PO4, and MgOwere ball-milled in a planetary ball
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mill (PM 400, Retsch GmbH, Germany) at 400 r∙min�1 for 12h. The
as-prepared mixture was sintered at 1000 �C for 10h in air. The as-
sintered product was further ball-milled under the same condi-
tions as mentioned above. The obtained powders were pressed into
pellets with 15mm in diameter; this was followed by a final sinter-
ing process at 1200 �C for 20h, when the pellets were covered with
mother powder.

2.3. Synthesis of NVOPF and NVP@C

NVOPF was synthesized using a facile low-temperature
hydrothermal strategy, as previously reported [50]. In brief, all
raw materials containing VOSO4�xH2O, NaH2PO4�2H2O, and NaF
were dissolved in deionized water to form a homogeneous solu-
tion, where the total molar ratio of V:P:F was 1:3:1.7. The homoge-
neous solution was then transferred to a polytetrafluoroethylene
(PTFE)-lined stainless steel autoclave and maintained at 120 �C
for 10h. After the reaction, the products were collected by centrifu-
gation and washed adequately with distilled water, followed by
drying at 120 �C for 10h to obtain the final products. The as-
synthesized NVOPF has a single phase (Appendex A Fig. S1(a)) with
a nano-sized morphology (Appendex A Fig. S1(b)). In addition, the
lattice finger of the (103) plane in the transmission electron micro-
scopy (TEM) image (Appendex A Fig. S1(c)) and the binding energy
of the vanadium (V) element in the XPS spectrum (Appendex A
Fig. S1(d)) further prove the composition of the as-prepared NVOPF
cathode. NVP was prepared via a one-step solid-state method,
according to our previous report [51]. In brief, the precursors con-
taining V2O3 (10mmol), NaH2PO4�2H2O (30mmol), and sucrose
(1g) were ball-milled in a planetary ball mill (PM 400) at
400 r∙min�1 for 12h, and then the mixture was sintered at 900 �C
for 24h under argon (Ar). The X-ray powder diffraction (XRD) pat-
tern and scanning electron microscopy (SEM) image of the synthe-
sized NVP cathode are presented in Figs. S2(a) and (b) in Appendex
A, showing a pure phase with a nano-sized morphology.

2.4. Material characterization

XRD was carried out on a D8 ADVANCE X-ray diffractometer
(Bruker Corporation, Germany) using copper (Cu) Ka radiation
(k=1.5405Å). SEM images were obtained on a Hitachi S-4800
(Hitachi, Japan). TEM was conducted on a JEOL JEM-2100F (JEOL,
Japan) microscope equipped with a Gatan spectrometer Gif Quan-
tum 965 (Gatan Inc., USA). XPS was conducted using a Thermo Sci-
entific ESCLAB 250Xi (Thermo Fisher Scientific, USA) equipped
with monochromic aluminum (Al) Ka radiation, and all spectra
were calibrated for the charging effect with the C 1s peak at
284.8 eV. Linear sweep voltammetry (LSV) was recorded on a
CHI800D electrochemical workstation (Shanghai Chenhua Instru-
ment Co., Ltd., China). Electrochemical impedance spectroscopy
(EIS, ZAHNER-elektrik GmbH & Co. KG, Germany) was performed
on a Solartron electrochemical workstation with a frequency range
from 10MHz to 1Hz and an alternating current amplitude of
10mV. Nuclear magnetic resonance (NMR) spectra were recorded
on a 400MHz AVANCE III HD spectrometer (Bruker Corporation,
Germany). The chemical shift of 31P was referenced to 1mol∙L�1

H3PO4 aqueous solution (0part per million (ppm)), respectively.
The 31P magic-angle spinning (MAS) NMR spectra were obtained
using a single pulse with a recycle delay of 60 and 90 s at a
spinning frequency of 12kHz.

2.5. Electrochemical measurements

All the galvanostatic measurements of the solid-state batteries
assembled in Swagelok cells and the liquid-state batteries assem-
bled in coin cells were conducted on a Land BT2000 battery test
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system (Wuhan LAND Electronic Co., Ltd., China). The NVOPF cath-
ode sheets were prepared by mixing NVOPF, Super phosphorus (P),
and PTFE in a mass ratio of 7:2:1, followed by rolling the composite
into thin square slices that were subsequently dried at 120 �C
under a high vacuum overnight. The active material loading was
about 3mg∙cm�2. The NVP cathode sheets were prepared by mix-
ing NVP, Super P, and polyvinylidene fluoride (PVDF) at a weight
ratio of 7:2:1 in an appropriate N-methyl pyrrolidone (NMP) solu-
tion to make a homogeneous slurry to spread on Al foil, which was
subsequently dried at 120 �C under a high vacuum overnight. The
active material loading was about 3mg∙cm�2. The cut-off voltage
was maintained between 2.8 and 4.3V for the NVOPF cathode
and between 2.7 and 3.7V for the NVP. The anode was prepared
by mixing sodium metal and CNT in a mass ratio of 90:10 under
300 �C, and then cooling it to room temperature for application.
In particular, in order to assemble the solid-state batteries, sodium
was attached on one side of the NASICON pellet and 5lL∙cm�2 of
1mol∙L�1 NaClO4/PC and 5% (mass fraction) fluoroethylene car-
bonate (FEC) LE was added at the cathode side to improve wetta-
bility. All liquid-state coin cells used the same LE as mentioned
above. All cells were assembled in a glove box under Ar. During
the charge and discharge process, the same current rate was used.
Furthermore, based on the PE@NASICON separator, 2.42A∙h
26650-type cylindrical Na-ion cells using hard carbon as the anode
and NNCFM as the cathode were manufactured by HiNa Battery
Technology Co., Ltd.
3. Results and discussion

Doping extrinsic elements in Na1+xZr2P3–xSixO12 (0 < x<3) is a
remarkably efficient approach to improve the ionic conductivity;
the elements that have been doped are summarized in Appendix
A Table S1. However, it should be noted that most of the
doped-NASICONs exhibited several impure phases in comparison
with undoped-NASICON, probably due to the large difference in
ionic radius and charge. Thus, the most likely case when doping
NASICON is that extrinsic elements are precipitated in the grain
boundary and the composition of the grain is modified; the
composition of the grain boundary and grain are then adjusted
simultaneously to achieve better performance.

Fig. 1(a) shows XRD patterns of the undoped and Mg-doped
NASICON, labeled as NZSP-Mg0, NZSP-Mg0.05, NZSP-Mg0.10,
NZSP-Mg0.15, and NZSP-Mg0.20, respectively. All XRD results
reveal the ZrO2 impurity phase in agreement with previous
reports, which is difficult to eliminate. The Mg-doped NASICON
presents more ZrO2 along with a new NaMgPO4 impurity phase.
It has been reported that Mg2+ cannot act as the framework ions
in NASICON [52,53]. Accordingly, here Mg translates into
NaMgPO4 and is distributed in the grain boundary. Thus, the
contents of the Na and P in the NASICON decrease, while the
silicon (Si) content relatively increases. Meanwhile, ZrO2

dissolves poorly in silicate-containing compounds [54], so the
ZrO2 impurity phase was found to increase due to the increase
in Si content after doping Mg in NASICON. In addition, according
to the relationship between Na content and the NASICON phase
formation mentioned above, NZSP-Mg0.15 and NZSP-Mg0.20
should be rhombohedral R3c NASICON [19,20]. However, all of
the as-synthesized materials exhibit a monoclinic C2/c crystal
structure, which can be confirmed by the diffraction peaks
located at around 19.2� and 27.5�, as shown in Figs. 1(b) and
(c). The XRD results further confirm that the Mg element does
not substitute for Zr, whereas NaMgPO4 consumes Na in the
nominal composition Na3+2xZr2–xMgxSi2PO12 (x=0, 0.05, 0.10,
0.15, 0.20). In brief, doping with Mg decorates the grain and
the grain boundary of NASICON simultaneously.



Fig. 1. (a) XRD patterns of the nominal composition Na3+2xZr2–xMgxSi2PO12 (x=0, 0.05, 0.10, 0.15, 0.20) samples corresponding to NZSP-Mg0, NZSP-Mg0.05, NZSP-Mg0.10, NZSP-
Mg0.15, and NZSP-Mg0.20, respectively. (b, c) Magnifications of the angles range from (b) 18.5� to 20.0� and (c) 27.0� to 28.0� from (a). 2h: diffraction angle; a.u.: arbitrary unit.
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To obtain more information about the structure and composi-
tion of the as-synthesized products, solid-state 31P NMR spectra
were acquired for quantitative analysis. In Fig. 2, an additional
peak can be observed for Mg-doped NASICON, compared with
undoped NASICON. The peak located at around �11ppm can be
recognized as the phosphate in NASICON, whereas the peak located
at around 6ppm is attributed to NaMgPO4, as demonstrated in
Fig. 1(a). Furthermore, with an increase of Mg content, the peak
of NASICON gradually shifts to the lower field, corresponding to
the increment of the Si/P ratio. In addition, the intensity of the peak
located at around 6ppm gradually increases with more Mg con-
tent, suggesting that the amount of NaMgPO4 is increased.
Fig. 2. Solid-state 31P NMR spectra of NZSP-Mg0, NZSP-Mg0.05, NZSP-Mg0.10, NZSP-
Mg0.15, and NZSP-Mg0.20 samples.
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In order to investigate the distribution of NaMgPO4 more intu-
itively, transmission electron microscopy–electron energy loss
spectroscopy (TEM–EELS) mapping was conducted, as shown in
Fig. 3. It is noticeable that the Mg element is mainly distributed
at the edge of the particles representing the grain boundary, while
the P element is also distributed differently between the inner area
and the outer edge, due to different concentrations of P in
NaMgPO4 and Na3+2xZr2–xSi2PO12. These results further confirm
the existence of NaMgPO4 in the grain boundary, and are consis-
tent with the conclusion obtained from XRD.

The microstructure of NASICON usually exerts a significant
influence on the final ionic conductivity [23,55,56], and a
larger grain size usually induces a higher ionic conductivity [57].
Fig. 4 presents an optical photograph (Fig. 4(a)) and SEM images
(Figs. 4(b)–(f)) of the as-synthesized products. It can be seen that
NZSP-Mg0.05 exhibits a similar micromorphology to undoped
NASICON due to the low Mg content, while a higher Mg content
results in a larger grain size. Therefore, we expect that the ionic
conductivity of NASICON can be improved by doping with Mg.

The resistances of the as-prepared nominal composition
Na3+2xZr2–xMgxSi2PO12 (x=0, 0.05, 0.10, 0.15, 0.20) electrolytes
were measured by EIS at temperatures ranging from �100 to
40 �C. The ionic conductivities were calculated according to the
following equation [58,59]:

r ¼ l
RS

where r is the ionic conductivity, l is the thickness of the ceramic
pellet, R is the measured resistance, and S is the area of the ceramic
pellet. Information on the sizes of the ceramic pellets is listed in
Appendix A Table S2, and the resulting Arrhenius behaviors are
summarized in Figs. 5(a)–(c). The activation energies were calcu-
lated via the Arrhenius equation [16,58,60]:

r ¼ A
T
e�

Ea
kBT

where A is the pre-exponential factor, T is the absolute temperature,
Ea is the activation energy of diffusion, and kB is the Boltzmann
constant.



Fig. 3. TEM–EELS mapping of the NZSP-Mg0.15 sample.

Fig. 4. (a) Optical photographs of NZSP-Mg0, NZSP-Mg0.05, NZSP-Mg0.10, NZSP-Mg0.15, and NZSP-Mg0.20 samples. (b–f) SEM images of (b) NZSP-Mg0, (c) NZSP-Mg0.05, (d) NZSP-
Mg0.10, (e) NZSP-Mg0.15, and (f) NZSP-Mg0.20.
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It can be seen from Fig. 5(a) that, with increasing amounts of Mg
substitution, the total conductivity (rt) of NASICON also increases
in the whole range of measured temperatures until reaching
NZSP-Mg0.15. In complex impedance spectra, it is difficult to distin-
guish the resistances from the grain and the grain boundary
because the plots will merge at a high measuring temperature.
Based on the equation xmaxRC=1 (where xmax is the frequency
of maximum loss in the impedance spectrum, R is the resistance
of the constituent component, and C is the capacity of the con-
stituent component, which is usually constant for a definite com-
ponent) [61], it is necessary to decrease the measuring
temperature to obtain a higher R value so that the impedances of
the grain and grain boundary can be separated at the frequency
range of the workstation, as exemplified by the impedance spec-
trum of NZSP-Mg0.15 at �100 �C (Appendex A Fig. S3). Figs. 5(b)
and (c) show the Arrhenius behaviors of the grain boundary and
the grain, respectively, at temperatures from �100 to �10 �C. It
can be seen that the r of the grain boundary (rgb) changes more
drastically than that of the grain (rg), and the rgb increases with
the increment of Mg substitution until reaching NZSP-Mg0.15.
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Given the XRD results, the enhancement of rgb is attributed to
the generation of NaMgPO4 (Mg-doped Na3PO4), which is an ionic
conductor [29,60]. The effect of space charge contributes to fast
ionic diffusion at the grain boundary as well [26]. Moreover,
NZSP-Mg0.20 exhibits a similar rgb, so the higher rt possessed by
NZSP-Mg0.15 in comparison with NZSP-Mg0.20 is due to the higher
rg, as evidenced in Fig. 5(c). This is because NZSP-Mg0.20 consumes
more Na to form NaMgPO4, thereby decreasing the Na+ concentra-
tion in the grain; therefore, NZSP-Mg0.20 exhibits a lower rg and
thus a lower rt in comparison with NZSP-Mg0.15.

The densities of the as-synthesized products were measured
and are presented in Table 1, showing that the density of NASICON
decreases with increasing amounts of Mg substitution, which is
believed to be adverse to the rt [57,62]. Therefore, the density
results further confirm the crucial role of the grain boundary in
increasing the ionic conductivity. Fig. 5(d) shows the impedance
spectrum of NZSP-Mg0.15 at 25 �C. This sample has the highest ionic
conductivity (3.54mS∙cm�1 at 25 �C) among the as-prepared
NASICON samples; this value is also the highest among the
reported Mg-doped NASICON electrolytes. It should be noted that



Fig. 5. Arrhenius plots of (a) total conductivity, (b) grain boundary conductivity, and (c) grain conductivity vs reciprocal temperature. (d) Complex impedance plane plot of
the NZSP-Mg0.15 sample at 25 �C.

Table 1
Densities of the NZSP-Mg0, NZSP-Mg0.05, NZSP-Mg0.10, NZSP-Mg0.15, and NZSP-Mg0.20
samples.

Sample Density (g∙cm�3)

NZSP-Mg0 3.27
NZSP-Mg0.05 3.27
NZSP-Mg0.10 3.23
NZSP-Mg0.15 3.15
NZSP-Mg0.20 3.11
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a Mg-doped NASICON was previously claimed to have a high con-
ductivity of 3.5mS∙cm�1 at room temperature [31], but a contem-
poraneous article proved that the reported value was incorrect
[29].

The interfacial compatibility between NASICON and the elec-
trodes plays a key role in determining the electrochemical perfor-
mance of SSSBs. In particular, low interfacial resistance, a
chemically stable interphase, and a wide electrochemical stability
window ensure the stable cycling of SSSBs. It has been reported
that there is a high interfacial resistance between sodium metal
and NASICON, which induces an inferior electrochemical perfor-
mance of SSSBs, especially at room temperature
[33,35,36,38,39,63]. Herein, in order to alleviate the interfacial
impedance of the NASICON/Na anode, we introduced 10% (mass
fraction) CNT into the sodiummetal to decrease the surface tension
and increase the wettability. The impedance spectrum of the
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symmetric Na|NZSP-Mg0.15|Na cell at room temperature exhibits
a small resistance, as shown in Fig. 6(a), which is low enough to
allow the room-temperature operation of SSSBs. Moreover, gal-
vanostatic Na stripping/plating at a current density of 0.1mA∙cm�2

demonstrates high stability despite a minor increment in the volt-
age polarization due to the formation of a passivation layer, as
shown in Fig. 6(b) [43,63], suggesting a high interfacial stability
between sodium metal and NASICON. Galvanostatic Na stripping/
plating at different current densities was also carried out, as shown
in Appendix A Fig. S4, and the critical current density of 1mA∙cm�2

indicated high interfacial stability. In addition to cathodic stability,
the anodic electrochemical stability of NASICON is crucial for
SSSBs; high oxidation resistance would make it possible to use
high-voltage cathodes for high energy density. Most reports claim
that the anodic electrochemical stability of NASICON exceeds 5V
by using LSV or cyclic voltammetry (CV) tests [28,31,33,35,41]. In
the present study, we also carried out LSV measurement of Au|
NASICON|Na to determine the anodic stability (Fig. 6(c)). According
to the LSV curve, the anodic electrochemical window is around
4.62V if the value is based on the crossover point of two tangent
lines, as is done in the literature, while the threshold value is
3.75V if the oxidation current is taken as the starting point.
Fig. 6(d) presents schematic illustrations of the Na|NZSP-Mg0.15|
Na cell and the Au|NZSP-Mg0.15|Na cell.

Running a battery is a direct way to verify the feasibility of
NASICON functioning under a high voltage. Sodium cathodes with
an average voltage lower than 3.75V have commonly been used in



Fig. 6. (a) Complex impedance plane plot of the Na|NZSP-Mg0.15|Na symmetric cell at 25 �C. (b) Galvanostatic Na stripping/plating cycling of a Na|NZSP-Mg0.15|Na symmetric
cell at a current density of 0.1mA∙cm�2 with a capacity of 0.1mA∙h∙cm�2 at 25 �C. (c) LSV of NZSP-Mg0.15 at a scan rate of 0.01mV∙s�1. (d) Schematic illustration of the Na|
NZSP-Mg0.15|Na cell and the Au|NZSP-Mg0.15|Na from top to bottom.
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NASICON-based SSSBs, and the high stability of NASICON is
confirmed in the reports [26,35,42]. Herein, for the first time, we
constructed SSSBs by employing a high-voltage NVOPF cathode.
The fabricated NVOPF|LE|NZSP-Mg0.15|Na SSSB delivered an initial
discharge capacity of 113.9mA∙h∙g�1 with a retention of 90.5%
after 100 cycles at 1C at room temperature, as shown in Fig. 7(a).
In order to investigate the reason for the capacity decay of
NVOPF|LE|NZSP-Mg0.15|Na SSSB, a controlled cell NVOPF|LE|Na
liquid-state battery was constructed and operated under the same
conditions as NVOPF|LE|NZSP-Mg0.15|Na SSSB. The controlled cell
battery exhibited a high first discharge capacity of 114.9mA∙h∙g�1

with a high retention of 98.6% after 100 cycles, as presented in
Fig. 7(b). This result indicates the high reliability of NVOPF with
LE, and shows that NVOPF and LE are not the key factors resulting
in the capacity decay of NVOPF|LE|NZSP-Mg0.15|Na SSSBs. NVP|LE|
NZSP-Mg0.15|Na SSSB was also prepared and, as expected,
demonstrated a high stability with a capacity retention of 98.8%
after 100 cycles under the same working conditions as NVOPF|LE|
NZSP-Mg0.15|Na SSSB due to the low average working voltage, as
shown in Fig. 7(c).

Fig. S5 in Appendex A presents the first and 100th charge–
discharge curve of the NVOPF|LE|NZSP-Mg0.15|Na cell (Fig. S5(a)),
the NVOPF|LE|Na cell (Fig. S5(b)), and the NVP|LE|NZSP-Mg0.15|Na
cell (Fig. S5(c)) at 1C. Fig. 7(d) presents schematic illustrations of
the NVOPF|LE|NZSP-Mg0.15|Na cell, the NVOPF|LE|Na cell, and the
NVP|LE|NZSP-Mg0.15|Na cell, respectively. Accordingly, we infer
that NASICON may be unstable under high voltage. The evolution
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of NZSP-Mg0.15 on the cathode-side surface of the NVOPF|LE|
NZSP-Mg0.15|Na SSSBs was probed by XPS before and after galvano-
static cycling tests, as shown in Fig. 8. The Zr 3d, Si 2p, P 2p, and
Mg 1s peaks all shift toward higher binding energies, indicating
that the NZSP-Mg0.15 has been oxidized under high voltage during
the electrochemical charge–discharge processes. The experimental
results are in accordance with previous theoretical calculations,
which revealed that the anodic electrochemical stability of
NASICON was lower than 4V [64,65]. Thus, the decomposition
potential of NASICON should be recognized based on the starting
point of the oxidation current rather than the crossover point of
two tangent lines of the LSV or CV profiles.

Based on the highly conductive NZSP-Mg0.15 SSE, a PE@
NASICON separator was prepared. Fig. 9(a) provides an SEM image
of the surface morphology of the PE@NASICON, which shows that
the irregular NZSP-Mg0.15 particles with a size distribution in the
range of 500–1000nm are uniformly coated on the surface of the
PE separator. Based on the PE@NASICON separator, we then con-
structed 2.42A∙h 26650-type cylindrical Na-ion cells using hard
carbon as the anode and NNCFM as the cathode; the average volt-
age of these cells is 3V versus Na+/Na. According to the results
above, the PE@NASICON is electrochemically stable with an
NNCFM cathode. The first formation cycle was carried out to con-
struct a stable SEI on the electrode surfaces; the charge and dis-
charge profile is presented in Fig. S6 in Appendex A. A discharge
capacity of 2.74A∙h was obtained at 0.1C in the voltage range of
1.5–4.0V. After the first formation cycle, the full cell was cycled



Fig. 7. Cycling performance of (a) the NVOPF|LE|NZSP-Mg0.15|Na cell, (b) the NVOPF|LE|Na cell, and (c) the NVP|LE|NZSP-Mg0.15|Na cell at room temperature. (d) Schematic
illustration of the NVOPF|LE|NZSP-Mg0.15|Na cell, the NVOPF|LE|Na cell, and the NVP|LE|NZSP-Mg0.15|Na cell, respectively, from top to bottom.

Fig. 8. Characterization of the surface of the NZSP-Mg0.15 sample (a) before and (b) after the galvanostatic cycling test from the SSSBs. XPS spectra of C 1s, Zr 3d, Si 2p, P 2p,
and Mg 1s.
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Fig. 9. (a) Surface morphologies of PE@NASICON; (b) charge–discharge curve of hard carbon|PE@NASICON|NNCFM at 1C; (c) cycling performance of hard carbon|
PE@NASICON|NNCFM at 1C. Inset is a digital photo of the 2.42A∙h 26650-type cylindrical Na-ion cell.
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under a 1C current rate, delivering a 2.42A∙h discharge capacity, as
presented in Fig. 9(b). The full cell exhibits outstanding cycling
performance, with 88% capacity retention after 2000 cycles, as
shown in Fig. 9(c). The inset in Fig. 9(c) is a digital photo of the
2.42A∙h 26650-type cylindrical Na-ion cell. The remarkable perfor-
mance benefits from the high reliability and stability of the
PE@NASICON separator. NZSP-Mg0.15 is compatible with the
NNCFM cathode, and the functional coating layer can suppress
TM dissolution and maintain the structural stability of the NNCFM
cathode. Furthermore, coating an NZSP-Mg0.15 SSE layer onto the
PE separator remarkably enhances the wettability of the separator
toward the LE and thus decreasing the internal resistance of the
battery to achieve the outstanding performance of the full cell.
Therefore, NASICON SSEs are a promising functional material for
application in separator optimization.
4. Conclusions

In conclusion, a cost-efficient Mg-doped NASICON was synthe-
sized using a facile solid-state method, and the highest conductiv-
ity of 3.54mS∙cm�1 at 25 �C was achieved among the reported Mg-
doped NASICON electrolytes with the nominal composition of
NZSP-Mg0.15. By means of XRD, NMR, and TEM–EELS mapping, it
was confirmed that the Mg element is not located in the crystal lat-
tice of NASICON; instead, the Mg precipitates in the grain boundary
in addition to forming NaMgPO4 ionic conductor. This behavior of
Mg simultaneously modifies the composition of the grain and the
grain boundary, and thereby enhancing the ionic conductivity of
the NASICON. Furthermore, based on the optimized NZSP-Mg0.15,
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we were the first to adopt the high-voltage NVOPF as the cathode
in order to verify the feasibility of high-voltage NASICON-based
SSSBs. By comparing the electrochemical performance of the
NVOPF|LE|NZSP-Mg0.15|Na SSSBs cell with those of the NVOPF|LE|
Na cell and the NVP|LE|NZSP-Mg0.15|Na cell, the anodic electro-
chemical stability of NZSP-Mg0.15 was evaluated, and was shown
to be insufficiently stable. XPS examination of the after-cycled
NZSP-Mg0.15 pellets suggested a rise in the valence state of NZSP-
Mg0.15, further demonstrating the poor stability with high-
voltage cathodes. Our study demonstrates that it is urgent to
develop effective strategies to enable a stable interface between
NASICON SSEs and high-voltage cathodes. In addition, based on a
PE@NASICON separator, a 2.42A∙h 26650-type cylindrical full cell
was built and exhibited a remarkable cycling performance with
88% capacity retention after 2000 cycles. This result suggests that
NASICON SSEs are a promising functional material for application
in separator modification.
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