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Abstract Using stable inorganic solid electrolyte to replace
organic liquid electrolyte could significantly reduce potential
safety risks of rechargeable batteries. Na-superionic conduc-
tor (NASICON)-structured solid electrolyte is one of the most
promising sodium solid electrolytes and can be employed in
solid-state sodium batteries. In this work, a NASICON-
structured solid electrolyte Naz Zr; 9sMgp0s51,PO1, was
synthesized through a facile solid-state reaction, yielding high
sodium-ionic conductivity of 1.33 x 107> S-cm™" at room
temperature. The results indicate that Mg>™" is a suitable and
economical substitution ion to replace Zr**, and this synthesis
route can be scaled up for powder preparation with low cost. In
addition to electrolyte material preparation, solid-state bat-
teries with Naj Zr; 9sMgg 0sSi,PO;, as electrolyte were
assembled. A specific capacity of 57.9 mAh-g~' is main-
tained after 100 cycles under a current density of 0.5C rate at
room temperature. The favorable cycling performance of the
solid-state battery suggests that Nas 1Zr; 9sMgg 0551,PO1, is
an ideal electrolyte candidate for solid-state sodium batteries.
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1 Introduction

Renewable energy is of vital importance in the near future
due to global energy crisis and worldwide environmental
issues. Advanced energy storage systems are required to
meet the demands of intermittent energy sources, such as
wind and solar power. Owing to their high energy densities
and long cycle lives, lithium-ion batteries have been
extensively applied in every aspects of society [1, 2].
Nevertheless, as the lithium reserves are limited and
unevenly distributed in the crust, it is crucial to find a
replacement of lithium before it is depleted [3, 4]. In
contrast to lithium, sodium is a naturally abundant element
with low cost and low redox potential (— 2.71 V versus
standard hydrogen electrode), making sodium-ion batteries
an ideal candidate in large-scale energy storage devices
[5-10].

However, safety issues related to flammable liquid
organic electrolyte remain a serious threat to the applica-
tion of conventional sodium-ion batteries [11, 12]. Unlike
liquid sodium-ion batteries, solid-state sodium batteries
with stable nonflammable solid electrolyte can eliminate
the safety problems [13, 14], making them as promising
power sources for the coming future.

The solid electrolyte is a key component in solid-state
sodium batteries, as it conducts the sodium ions between
cathode and anode and affects the energy density, cycle life
and operating conditions of the battery. Among all possible
sodium electrolyte materials, Na-superionic conductor
(NASICON)-structured solid electrolyte has been identified
as a promising solid electrolyte material due to its high ionic
conductivity, good structural stability, wide electrochemi-
cal window, relative low cost, as well as versatility [15-17];
thus, it can be applied in high energy density solid-state
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batteries. In 1976, Hong et al. discovered the NASICON-
structured compound Na, , ,Zr,Si,P; _ ,015 (0 < x < 3)
[18, 19], which is one of the first reported Na-ion conduc-
tors with three-dimensional structure. Since then,
Na; , ,Zr,Si,P; _ (O;, has been extensively studied to
further improve their ionic conducting property. Within this
series of compositions, the typical conductivity values at
ambient temperature are in the order of 1 x 107* S-cm_l,
which are obtained for x = 2 [20, 21]. In addition, substi-
tuting Zr** with suitable cations such as S¢**, Hf*™ and
La>" has been proved to be an efficient way to further
enhance the room temperature ionic conductivity of
Na; , Zr,Si1,P3 _ Oy, compound [21-24].

Although the ionic conductivities of these materials
could meet the application requirements, some expensive
rare-earth elements are used, and the ionic conductivity
needs to be further improved. In this work, Mg2+, an earth-
abundant and cost-effective divalent dopant was employed.
Naj Zr; 95sMgp 0551,PO, was synthesized through solid-
state reaction and systematically characterized. The results
show that Zr*" is partially replaced by low-cost Mg*",
which could enhance the ionic conductivity significantly.
The highest room temperature sodium-ion conductivity
reaches 1.33 x 107 S.em™'. Solid-state battery with
Naj 1Zr} 95sMgp.0551,PO;; electrolyte pellet was assembled,
which exhibited favorable cycling performance at room
temperature, proving that Naj ;Zr 9sMg 0551,PO, could
meet the solid-state sodium battery application require-
ments and is a suitable electrolyte material for high safety
energy storage devices.

2 Experimental
2.1 Material synthesis

The NASICON-structured compound NasZr; 9sMgg os-
Si,PO;, was prepared through a facile solid-state reaction
method using Na,COj3 (99.8%, Aladdin), ZrO, (99.99%,
Aladdin), MgO (99.9%, Aladdin), SiO, (99.99%, Aladdin)
and NH4H,PO, (99%, Aladdin) as starting materials. Sto-
ichiometric amounts of starting materials were thoroughly
mixed by planetary ball milling in ethanol for 4 h to
achieve homogeneous state and then dried in an oven over
night. Calcination was performed at 900 °C to release
volatile products from starting materials. The calcined
power was grounded, followed by planetary ball milling in
ethanol for 4 h. The obtained NASICON powder was
pressed into pellets with a diameter of 10 mm and further
processed through isostatic pressing at 200 MPa. These
pellets were then sintered at different temperatures to
obtain the final product. The whole sintering process was
conducted on a platinum sheet to protect the samples from
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reacting with the alumina refractory board. For compar-
ison, Na3Zr,Si,PO;, was synthesized through the same
process as mentioned above in the absence of MgO.

2.2 Material characterization

The phase composition of Nas ;Zr; 9sMgg 0551,PO;> sam-
ples was identified by X-ray diffractometer (XRD, Bruker,
D8 Advance, Germany) using Cu Ko radiation in a 20
range of 10°—80° at a scanning step rate of 2 (°)-min~"'. The
cross-sectional morphology was observed by field emission
scanning electron microscopy (FESEM, Hitachi, S4800,
Japan). For electrochemical impedance spectroscopy (ELS)
measurements, gold blocking electrodes were sputtered on
both sides of as-polished samples. EIS measurements were
taken using an impedance analyzer (Solartron 1470E) with
an alternating current (AC) signal of 10 mV over the fre-
quency range of 1.0 MHz-0.1 Hz. The data were analyzed
by Z-View impedance software. To obtain impedance
values at different temperatures, EIS measurements were
taken in an environmental chamber at various tempera-
tures, and activation energies were calculated from the
temperature dependence of conductivity. Electronic con-
ductivity was examined by direct current (DC) polarization
experiment with an applied voltage of 0.01 V, in which
gold was sputtered on the surface as blocking electrode.
Cyclic voltammetry (CV) measurement was taken at a
range of — 0.5 to 6.0 V to determine the electrochemical
window of the Naj ;Zr; 9sMgg ¢5Si,PO1,. The densities of
the pellet samples were measured with the Archimedes
method. The dry weight, wet weight and buoyant weight
were recorded after each step, with which the relative
densities were calculated and compared.

2.3 Solid-state battery assembling and testing

The solid-state battery was assembled using sodium metal
anode, Najz Zr| 9sMgg 0551,PO, ceramics pellet and
Nag oCug 22Feq 3Mng 480, composite cathode [25] Dense
Naj 1Zr; 95sMg.0551,PO;, ceramics pellets were obtained
through solid-state reaction method as mentioned above.
Fine NagoCugFeg3Mng430, powder and conductive
additives were mixed together first, then polyvinylidene
fluoride (PVDF) organic binder and N-methyl pyrrolidone
(NMP) were added to the mixture to obtain the electrode
slurry. The slurry was then applied onto the surface of
Naj Zr 9sMgp 0551,PO;, pellet with a doctor blade and
dried at 80 °C. A metallic sodium disk was pressed on the
other side of Naj Zr; 9sMgg 0sSi,PO;, pellet and used as
anode. Finally, the battery was fabricated by pressing the
coated electrolyte pellet and metallic sodium disk. To
reduce the interfacial resistance between cathode and
electrolyte, one drop liquid electrolyte was added as the
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interfacial wetting agent at the cathode side. The liquid
electrolyte, which consisted of 1 mol- L~} NaClO,; in
propylene carbonate with 5% fluoroethylene carbonate
(FEC), was used without further treatment. The whole
assemble process was conducted in an argon-filled glove
box.

Electrochemical measurements of the fabricated solid-
state battery were taken under galvanostatic conditions
using a Land-CT2001A battery test system (Jinnuo Wuhan
Corp., China). The experiment was carried out at a current
of 0.5C (1C = 120 mAh-g™") in the voltage range of 2.5 to
4.0 V (vs. Na/Na™) at 25 °C.

3 Results and discussion
3.1 Characterization of NASICON solid electrolytes

XRD patterns of the obtained samples and Na;Zr,Si,PO,
are shown in Fig. 1. Four different sintering temperatures
were employed in order to determine the optimum sintering
temperature, which are 1100, 1200, 1225 and 1250 °C,
respectively. The NASICON-type phase Na3;Zr,Si,POy; is
found to be the major crystalline phase of all samples,
suggesting that this solid-state synthesize procedure could
synthesize NASICON-structured compound effectively.
The results also indicate that Mg®" substitution at low
concentration has little effect on crystalline structure, as no
difference could be observed between major crystalline
phase and that of Na3Zr,Si,PO,. Apart from NASICON-
type phase, small diffraction peaks related to ZrO, were
detected. The peak intensities of ZrO, peaks increase with
temperature, showing that the presence of ZrO, is origi-
nated from the decomposition of major crystalline phase at
elevated temperatures [26-29]. Actually, the presence of
ZrO, impurity in NASICON-structured solid electrolyte
material is a common phenomenon, especially in the solid

electrolytes prepared through solid-state reactions
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Fig. 1 XRD patterns of Na3;Zr,Si,PO;, and Naj;Zr; 9sMgg os.
Si,PO;, samples sintered at different temperatures
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[27, 28, 30, 31]. Moreover, NasZr,Si,PO,-based materials
prepared with less ZrO, impurity through a sol-gel method
were reported [32, 33]; however, no significant improve-
ment in conductivity is achieved for these materials.

To investigate the effects of sintering temperatures on
the microstructure, cross-sectional morphologies of
Naj 1Zr} 95sMg.0551,PO1, samples sintered at different
temperatures were further investigated by FESEM, as
shown in Fig. 2. In Fig. 2a, obvious pores distributed in
grain boundary regions could be observed, suggesting that
the sintering temperature is too low for the densification of
the sample. By contrast, no apparent defect could be
detected in Fig. 2¢c, d. It is worth noticing that samples
sintered above 1100 °C possess much denser microstruc-
ture compared with their counterpart sintered at 1100 °C.
This phenomenon proves that proper sintering temperature
could reduce the pores within the structure, attributing to
favorable contact between the grains and larger grain
boundary contact area.

As sintering temperature has significant influences on
phase composition and microstructure, the electrical property
could be affected as well. Figure 3 exhibits the impedance
profiles measured at 25 °C of Naj ;Zr; 9sMgp 0551,PO15
samples sintered at different temperatures. All impedance
spectra contain a semicircle which is attributed to the grain
boundary resistance (Rgp). The intercept of the semicircle
with the real axis at high frequency represents the bulk
resistance (Ry,). The total resistance (R,) equals with the sum
of Ry, and Ry, Itis observed that R, value decreases drastically
as the sintering temperature increases from 1100 to 1200 °C.
Though both Ry, and Ry, value decrease in this process,
however, the change in R, value is the major influence factor.
The sample sintered at 1225 °C exhibits the lowest R, value
among all samples. R, value is elevated with further increase
in sintering temperature. The temperature dependence of total
ionic conductivity (a,) of Nas 1Zr; 95sMgg 0551,PO, samples
is demonstrated in Fig. 4. The calculated conductivity values
of all samples show good linear fitting results, indicating that
no phase transformation took place during the measuring
process. The activation energies were calculated from
Arrhenius plots, using the conductivity values measured in
the temperature range from — 10 to 100 °C. To unravel the
mechanism that leads to the changes in conductivity values,
the relative densities of these Nas 1Zr; 9sMgg 05Si,PO;, pel-
lets were measured. The calculated values of bulk conduc-
tivity, grain boundary conductivity, total conductivity,
activation energy and relative density of Nas 1Zr; 9sMgg os-
Si,PO;, samples sintered at different temperatures are listed
in Table 1. It could be concluded that the optimum sintering
temperature is 1225 °C, and the sample sintered at this tem-
perature possesses the highest ionic conductivity and relative
density as well as the lowest activation energy. The highest
jonic conductively among all sampleis 1.33 x 107> S-cm™".

Rare Met. (2018) 37(6):480-487
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Fig. 2 Cross-sectional FESEM images of Nas 1Zr; 9sMgg 05Si,PO;, samples sintered at different temperatures: a 1100 °C, b 1200 °C, ¢ 1225 °C

and d 1250 °C
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Fig. 3 Impedance profiles measured at 25 °C of Naj 1Zr; 9sMgg os.
Si,PO, samples sintered at different temperatures, where Z’ and Z”’
representing real and imaginary parts of impedance value,
respectively

The ionic conductivity and relative density increase as the
sintering temperature elevates from 1100 to 1225 °C. As the
temperature continues to rise to 1250 °C, the ionic conduc-
tivity and relative density decrease. On the contrary, the
activation energy shows an opposite trend, which is in good
accordance with conductivity values.

In contrast, the Na3;Zr,Si,PO,, samples deliver lower
conductivities and densities, as shown in Table 1. There-
fore, these results confirm that Mg>" substitution could
effectively enhance the ion conducting capability. The
addition of Mg®" elevates the concentration of Na™ in the
formula and induces dense microstructure, which are
helpful for ion conduction.
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Fig. 4 Temperature dependence of total ionic conductivity of
Naz 1Zr; 95sMgo05Si,PO;, samples sintered at different temperatures

The relationship between ionic conductivity, activation
energy (E,), density and sintering temperature of
Naj 1Zr} 95sMgp.0551,PO;, and NazZr,Si,PO;, samples is
exhibited in Fig. 5. It is worth noticing that the total con-
ductivity of Nas 1Zr; 9sMgg 0551,PO;, samples drastically
increases from 3.39 x 107*to 1.01 x 107 S-cm™" when
sintering temperature increases from 1100 to 1200 °C,
which could be attributed to the increase in grain boundary
conductivity. The rise of grain boundary conductivity
indicates that the sintering temperature mainly affects the
grain boundary region, which could be further confirmed
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Table 1 Bulk conductivity, grain boundary conductivity, total conductivity, activation energy and relative density of Najz 1Zr; 9sMgg ¢5S1,PO;»
and Na3Zr,Si,PO;, samples sintered at different temperatures

Samples

Bulk conductivity/

Grain boundary conductivity/

Total conductivity/

Activation energy/

Relative density/

(S-em™Y) (S-em™Y) (S-em™Y) eV %
Nas 1 Zr| 9sMgo.05S1,PO >
1100 °C 125 x 1073 4.66 x 1074 339 x 1074 0.38 74.42
1200 °C 1.54 x 1073 2.89 x 1073 1.01 x 1073 0.35 93.61
1225 °C 2.06 x 1073 3.75 x 1073 133 x 1073 0.34 97.82
1250 °C 148 x 1073 2.54 x 1073 937 x 107* 0.35 95.65
Na3Zr28i2PO 12
1100 °C 5.11 x 107* 488 x 1074 250 x 107* 0.39 70.05
1200 °C 5.88 x 107* 453 x 1074 2.56 x 107* 0.38 73.40
1225 °C 6.47 x 1074 4.16 x 107* 253 x 107 0.38 78.84
1250 °C 6.55 x 107* 3.24 x 1074 217 x 107* 0.41 84.02
0.45 100
14 a Na, Zr, 5sMg0,0sSi,PO b
95 Na, \Zr, 95Mg«» 0s91,PO,,
12 F 1042
~ ® 90
= 10 2
g 4039 £ ol
| — T §°
l% Al Na,Zr,Si,PO,, 1036 I é 80 -
& 3 g5t Na.Zr,Si,PO,,
4r Nay,Zr, 55Mgg4sS1,PO,, 1 0.33 70 b
2 Na.Z1,Si,PO
1 1 1 .30 65 1 1 1 1
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Temperature / °C

Temperature / °C

Fig. 5 a Total conductivity and activation energy versus sintering temperature for Naz ;Zr| 9sMgp05Si,PO1, and Na;3Zr,Si,PO;, samples;
b dependence of relative density on sintering temperature for Nasz ;Zr; 9sMgg 0sSi,PO;, and Na3Zr,Si,PO,, samples

by FESEM observations. Owing to the increase in sintering
temperature, the pores between the grains vanish. Hence,
the migration of sodium ions at grain boundary region is
promoted, leading to higher grain boundary conductivity
and total conductivity. This could also be proved by the
improvement in relative density. In addition, samples with
higher Mg substitution level were also prepared, and the
ionic conductivities were evaluated. Naz,Zr; Mg .
Si,PO;, sample, prepared through the same method and
sintered at 1225 °C, shows a room temperature ionic
conductivity of 1.23 x 107> S-cm™', which is slightly
lower than that of Najz ;Zr; 9sMgg 0551,PO;, sample.
From the EIS results above, the total conductivity of
Naj 1Zr; 95sMg.0551,PO;, sample sintered at 1225 °C is
more than 1 x 107> S-cm™" and could meet the applica-
tion requirements as electrolyte material. However, the
electronic conductivity of NasZr; 9sMgg0sSi,PO;, also
needs to be determined, as electronic conduction through
the electrolyte in the battery would lead to short circuit and
self-discharge. Figure 6 shows the result of DC

@ Springer

polarization measurement of sintered NasZr;9sMggos-
Si,PO, pellet at room temperature. The electron conduc-
tivity is calculated to be 1.12 x 1077 S~cm71; thus, the
sodium-ion transference number is close to 1, ty,+=(o —
og)lo, = 0.9999, where fy,+, o, and o, are sodium-ion
transference number, total conductivity and electron con-
ductivity, respectively, suggesting that sodium ion is the
dominant charge carrier in NasZr; 9sMggosSi,PO;5.
Besides high ionic conductivity, the solid electrolyte
materials also require a wide and stable electrochemical
window to remain stable during charge—discharge process.
The electrochemical stability of Nas Zr; 9sMgg 0551,PO >
against metallic sodium was analyzed through CV mea-
surement using a Na/Naj 1Zr; 95sMgp.0551,PO;2/Au cell, as
demonstrated in Fig. 7. Clearly, except two peaks related to
sodium dissolution and sodium deposition in the low
potential range, no other peaks are observed up to 6 V (vs.
Na/Nat), showing that Najz Zr;9sMgg0sSi-POy, s
stable in direct contact with metallic sodium within the
tested voltage range. Therefore, Nas 1Zr; 9sMgg 0551,PO >

Rare Met. (2018) 37(6):480-487
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Fig. 6 DC polarization curve of Najz ;Zr; 9sMgp 0551,PO;, sample

material possesses a wide electrochemical window up to
6 V (vs. Na/Nat), which is sufficient to most cathode
materials. The wide electrochemical window of electrolyte
material indicates the possibility of applying high voltage
cathode materials in the battery; thus, the energy density of
the battery using Naj ;Zr; 95sMgg 05S1,PO;, as electrolyte
could be increased. Based on the results of ionic and
electronic conductivity as well as electrochemical window,
it is viable to employ Naj Zr 9sMgg 0551,PO;, as elec-
trolyte material in solid-state batteries.

3.2 Application in solid-state battery

As described in the experimental section, Naj ;Zr; 9sMg os-
Si,PO;, pellet was sandwiched between NagoCugoo.
Feg3Mng 430, cathode and metallic sodium anode. The
electrochemical performance of the solid-state battery oper-
ated under a current density of 0.5C after two activation
cycles at room temperature is illustrated in Fig. 8. The cell
can deliver a reversible capacity of 71.9 mAh-g~'. After 100
cycles, the discharge capacity remains at 57.9 mAh-g~ ',
showing a capacity retention ratio of 80.5% at 0.5C. It can be
inferred that the highly conducting Na; ;Zr; 9sMgp 0551,PO1»

-0.02 1

Current density / (mA-cm™)
S
T

-0.04 -

—0.06 I I I I I I I
1

Voltage / V

Fig. 7 Cyclic voltammetry of Najz Zr;9sMg 0551,PO1, with a Na/
Najs 1Zr1 95sMgo 05S1,PO1/Au cell from — 0.5 to 6.0 V
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pellet leads to the satisfactory cycling performance of the
solid-state battery.

In solid-state batteries, it is crucial to investigate the ion dif-
fusion kinetics at the interfaces, which affects the electrochem-
ical performance of the batteries. Sodium-ion transfer within the
electrolyte and through the interfaces between electrode and
electrolyte under different cycles at room temperature was
studied by EIS measurements, as depicted in Fig. 9. A semicircle
and a line are observed in the impedance spectra. The intercept of
semicircle at high frequency is mainly ascribed to the resistance
of NajyZr;95MgyosSi,PO;, pellet, while the semicircle
appeared at lower frequency is attributed to the charge-transfer
resistance, including Naj 1Zr; 9sMgp 05S1,PO1,/Na interface and
Naj 1Zr} 9sMg0.05512PO 12/Nag oCug 2oFe 3Mng 430, interface
[34-36]. Obviously, the impedance of the solid-state battery is
mainly arising from the interfacial resistance. As known, in the
traditional batteries, the cathode and anode materials are
immersed in liquid electrolyte, which facilities the ion transport.
However, for solid-state batteries, the interfacial contact is
basically point to point contact [14], showing much lower
transfer rate of charge carriers and leading to larger interfacial
impedance. It can be observed that the battery exhibits good
cycling stability as the impedance profiles are almost changeless
after 100 cycles, showing that the battery could remain stable and
operate without undesirable side reactions at room temperature.
Compared with the resistance of Najz;Zr;9sMggsSi,PO;»
electrolyte, the interfacial resistance value is much larger. As the
interfacial resistance could significantly affect the cyclic per-
formance and rate performance, it is suggested that the interfaces
within solid-state batteries need to be further improved in ion
conduction capability to achieve superior battery performances.

4 Conclusion

In summary, a NASICON-type sodium-ion conducting
solid electrolyte Nas 1Zr; 9sMgg 05sSi,PO;, was synthesized
through facile solid-state reaction and systematically
characterized. The highest total conductivity of
1.33 x 107 S-cm™" at room temperature is obtained for
Naj 1Zr; 95sMgo.0sS5i,PO, pellet sintered at 1225 °C,
proving that the ionic conductivity could be effectively
enhanced by the substitution of Mg*". Through FESEM
observation and the result of relative density calculation, it
is confirmed that proper sintering temperature could reduce
the number of pores in grain boundary area, resulting in
higher grain boundary conductivity and higher density. The
electron conductivity of the sample is negligible with
respect to the ionic conductivity, showing that the sample
is a pure ionic conductor. A wide electrochemical window
up to 6 V vs. Na/Na™ of the sample is observed. Solid-state
battery with Nag oCugoFep3Mng 430, cathode and metal-
lic sodium anode was assembled, and the battery showed
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Fig. 9 Impedance profiles after different cycles of solid-state battery
assembled with Naj ;Zr; 9sMgg 05Si,PO1, electrolyte pellet

favorable cycling performance in terms of high capacity
and cycle stability under a current rate of 0.5C at room
temperature. The outstanding electrochemical performance
could be ascribed to the superior ionic conductivity of
Naj Zr 9sMgp 05s51,PO, material. The cycling perfor-
mance of the solid-state battery suggests that
Naj 1Zr; 95sMgp.0551,PO1, could be potentially extended to
other high energy density solid-state battery systems.
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