Characterization of Na2Zn2TeQO¢ ceramic solid electrolyte densified by hot pressing
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ABSTRACT

In this work, we applied hot pressing (HP) for the densification of Na>Zn>TeOg
(NZTO) at lower temperature than conventional furnace sintering (FS). Calcined NZTO
powder was densified by HP at 700 °C for 1 hour under uniaxial pressure of 20 and 60
MPa using a graphite mold. By increasing the uni-axial pressure to 60 MPa for HP, high
relative density above 90 % was obtained. As-prepared NZTO by HP showed total (bulk
+ grain-boundary) ionic conductivity of 0.29 mS cm™' at room temperature, which is
lower than NZTO prepared by FS at 800 °C (= 0.4 mS cm™') with lower relative density
(< 85 %). It was found that the contribution of grain-boundary resistance in as-prepared
NZTO by HP is larger than NZTO by FS. We confirmed that the grain-boundary
resistance was significantly reduced by post-annealing. Consequently, total conductivity
at room temperature was improved to 0.42 mS cm~! and 0.56 mS cm™! by annealed at 700

°C and 800 °C for 2 hours. X-ray photoelectron spectroscopy analysis indicated the



residual carbon-contained secondary phases were reduced by post-annealing. These
secondary phases could be formed by the carbon contamination from a graphite mold for
HP and their removal by post-annealing results into the improvement ionic conduction at

grain-boundary.
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1. INTRODUCTION

All-solid-state sodium (Na) ion batteries (SiBs) are promising high-safety and low
cost alternative energy storage devices to current lithium ion batteries, particularly
suitable for the application to large-scale energy storage systems.'” Development of
inorganic solid Na-ion conducting materials used for solid electrolyte is most critical issue
to realize all-solid-state SiBs. The solid electrolyte materials should have not only high

Na-ion conductivity above 1 mS cm’!

at room temperature but also chemical and
electrochemical stabilities against both positive and negative electrode active materials.
23 Although oxide based solid electrolyte materials have rather lower conductivity and
deformability than sulfide based one, they have other advantages such as their chemical
stability in air and easiness for handling.’~

Na-ion conducting oxide solid electrolyte NaxZn2TeOs (NZTO) with a P2-type
layered structure is an attractive candidate for the application to all-solid-state SiBs,
because of the high ionic conductivity well above 0.1 mS cm™! at room temperature range
and excellent chemical and electrochemical stability against Na metal.>'> NZTO has a

honeycomb-structured compound with a space group of P6322 and in the layers, each

TeO¢ octahedron is surrounded by six ZnOg octahedra via edge-sharing. Na ions are



located between the layers at three different sites, all of which are partially occupied and
thus Na ions can migrate among them. Interestingly, first-principles calculations display
both high room temperature conductivity of 9.77 mS cm™' and intrinsic and wide intrinsic
electrochemical stability for NZTO.!3 In addition, the processing temperature of NZTO
is much lower than other Na-ion conducting oxides such as Na-f/B” alumina, NASICON-
type Na3Zr2Si>PO12, and sodium silicates NasY SisO12.142* Densification temperature and
room temperature ionic conductivity for NZTO and other Na-ion and Li-ion conductive

oxide solid electrolytes 2+-%°

are compared in Table 1.

As reported in the literature, sintering temperature for densification of NZTO is
usually set to be 800-900 °C.%-!2 Although this temperature may be still high for the
formation of good solid-solid interface with most electrode active materials by co-
sintering process, there is a possibility to suppress the formation of undesired secondary
phases by co-sintering with cathode active materials with similar crystal structure and

constituent elements.3?—>

However, reported relative densities of NZTO by a
conventional sintering are limited to approximately 85 %, mainly due to the non-
uniformity in NZTO grain size and morphology. ®!2 Recently, aerosol deposition process
without any thermal treatment was applied for fabricating NZTO thick film, but the
density and conductivity were not as high as sintered samples.>

In this work, we applied hot pressing (HP) process for fabricating dense NZTO at
lower densification temperature and shorter processing time. Microstructure and ionic

conducting property of NZTO by HP are examined and compared with NZTO prepared

by a conventional furnace sintering (FS).

2. MATERIALS AND METHODS



NZTO powder was synthesized via a conventional solid state reaction method.
Na;COs3 (Kojundo Chemical Laboratory, 99.5%), ZnO (Kishida Chemical, 99.99%) and
TeO2 (Kojundo Chemical Laboratory, 99.9%) weighed with the molar ratio of Na : Zn :
Te=2.2:2:1 (adding 10% excess Na taking into account the volatilization of Na during
the processing '°-!?) were mixed and ground with ethanol for 5 hours by planetary ball-
milling (Nagao System, Planet M2-3F) with zirconia balls with the diameter of 10 mm in
a zirconia pot. As reported in the literature, pure P2-type NZTO phase is obtained at
synthesis temperature of 900 °C and lower synthesis temperature produces the O’3-type
phase.!® On the other hand, there is a possibility to form secondary phases due to the
volatilization of Na during high temperature processing.!! Therefore, we dried the mixture
of precursor at 80 °C and then calcined at 850 °C for 6 hours in air using a SiC crucible.
Calcined NZTO powder was reground and hot-pressed at 700 °C for 1 hour with a graphite
mold in a vacuum chamber of the furnace designed for hot pressing and spark plasma
sintering (CSP-1-02121, SS Alloy Co Ltd.). The densification temperature is 100—150 °C
lower than the temperature for conventional furnace sintering in our previous works.'!!2
During the densification process, the uniaxial pressure of 20 MPa and 60 MPa was applied
to a sample. After removing the pelletized NZTO sample from the graphite mold, the
discolored portion of the pellet surface layer was removed by mechanical polishing with
a sandpaper (grit number #800). For comparison, pelletized NZTO sample was also
prepared by a conventional furnace sintering (FS). Calcined NZTO powder was pelletized
by cold isostatic pressing at 300 MPa, and then sintered at 800°C for 12 hours in air using
a SiC crucible.

The relative densities of all sintered NZTO were calculated by dividing the mass

density by the theoretical one (= 4.88 g cm™).%7 The crystal phase of each sintered NZTO



was evaluated by X-ray diffraction (XRD, RIGAKU Multiflex) using CuKa radiation (4
= 0.15418 nm). Microstructure of each sintered NZTO was observed by a scanning
electron microscope (SEM, Keyence VE-8800). The contamination in NZTO samples
from the graphite mold used in HP were characterized by using an X-ray photoelectron
spectrometer (Quantera SXM, ULVAC-PHI Inc.) with an AlK a X-ray source (1486.6 V).
Ionic conductivity was evaluated at a temperature range from 27 to 152 °C by an AC
impedance measurement with a frequency from 4 Hz to 3 MHz and an applied voltage
amplitude of 0.1 V, using an impedance meter (HIOKI IM3536). Before the conductivity
measurements, both parallel end surfaces of each sintered NZTO pellet were coated with

Au films as ion blocking electrodes.

3. RESULTS AND DISCUSSION

Figure 1 shows X-ray diffraction (XRD) patterns for calcined NZTO powder (before
densification) and hot-pressed NZTO samples with different applied uniaxial pressures.
The calculated patterns for P2-type NZTO phase based on the structure data are also
plotted as the reference.® Although the diffraction peaks of the crystal plane with a c-axis
orientation are emphasized slightly, the peak position from main phase for both calcined
powder and hot-pressed samples agrees well with the calculated pattern for P2-type
NZTO phase, indicating that hot pressing in vacuum condition does not effect on the
crystal structure of NZTO. For calcined NZTO powder and hot pressed NZTO at 20 MPa,
a small peak near 002 reflection is confirmed, which may be attributed to NaOH phase. !
The microstructure of fractured cross sectional surface for hot-pressed NZTO samples
was observed by SEM and the results are shown in Figure 2. As can be seen, shapes and

sizes of NZTO grains in both hot-pressed samples are not uniform, but the porosity in



hot-pressed samples is different depending on the applied uniaxial pressure. The sample
pressure-molded at 60 MPa has fewer voids and a higher density than the one pressure-
molded at 20 MPa. In fact, the relative density of the former reached 91%, while that of
the latter was only 83%, nearly the same for NZTO prepared by conventional furnace
sintering.!1?

Figure 3(A) shows the comparison of Nyquist plots for complex impedance at 27 °C
for hot-pressed NZTO densified at 60 MPa and NZTO prepared by FS. Here, Z’ in a
horizontal axis and Z” in a vertical axis are the real and imaginary parts of impedance,
and the units for both components are Q cm for direct comparison among the samples
with different geometrical parameters. It is evident that the plots for both samples are
composed of the part of a distorted semicircle at high frequency range and a linear tail at
low frequency range. These data belong to the ionic conduction at NZTO grain boundaries
and the response by ionic blocking electrodes.'"!? Since the upper limit of measurement
frequency in this work was limited to 3 MHz, the data reflecting the ionic conduction in
NZTO grain is not observed clearly. The values for constant phase angle element (CPE)
of distorted semicircle in Nyquist plot for NZTO by FS and NZTO by HP are 7.45 x 10-®
F and 4.63 x 10~ F, respectively. These values are close to the specific CPE value for
grain boundary contribution,?” so that the diameter of distorted semicircle corresponds to
the grain-boundary resistivity Rg in each sample. Although the relative density of hot-
pressed NZTO was 91 % and higher than NZTO by FS (= 83 %), Rg of the former seems
to be much larger than the latter.

In Figure 3(A), the intercept point of an extrapolation line of the linear tail in low
frequency range and horizontal Z” axis corresponds to the total (grain + grain boundary)

resistivity Riotal Of €ach sample. Mainly due to the larger Rgp, hot-pressed NZTO has larger



Riotal than NZTO prepared by FS. The total (bulk + grain-boundary) conductivity Giotal 1S
calculated by the inverse of Riotal. Ototal Of hot-pressed NZTO is estimated to be 0.29 mS
cm™! at 27 °C and lower than that for NZTO prepared by FS (= 0.40 mS cm™). Figure
3(B) shows the variation oital as a function of inverse of temperature 7. It is confirmed
that the temperature dependence of oiota in each sample is well expressed by the Arrhenius
equation oiotal T = o0 exp (— Eu / ksgT). Here, oy is constant, E, is the activation energy for
Oiotal and kg is Boltzmann constant (= 1.381 x 102} J K ™), respectively. E, for both samples
are nearly the same (= 0.26 eV), and close to the £, values for NZTO (= 0.25-0.30 V)
reported in the literature.” !

To modify the grain-boundary resistivity for Na-ion conduction in hot-pressed
NZTO, post-annealing in air at 700 °C or 800 °C for 2 hours was applied to hot-pressed
NZTO prepared at 60 MPa. Change in relative density of NZTO by post-annealing was
within 0.5 %. Figure 4 shows XRD patterns for hot-pressed NZTO before and after
applying post-annealing. The main peaks in hot-pressed NZTO after post-annealing are
indexed as P2-type NZTO phase. In sample annealed at 700 °C, several minor peaks
(marked by triangles) are detected at 26 = 16.5 ° and 32—41 °, possibly due to the
formation of 0’3 NZTO phase.'? The detailed mechanism for the formation of O’3 phase
by post annealing at 700 °C is under investigation.

Figure 5 shows X-ray photoelectron (XPS) spectra measured on a fractured cross
sectional surface of hot-pressed NZTO before and after post-annealing at 800 °C. As
shown in Figure 5(A), the XPS spectra of both samples are almost identical except for the
Cls peak. It is clearly confirmed that the intensity for Cls peak is reduced remarkably
after post-annealing. Enlarged Cls spectra in hot-pressed NZTO before and after post-

annealing are plotted in Figure 5(B) and (C). Before applying post-annealing (Figure



5(B)), Cls spectra is composed of large contribution of C—C bonding (284.2 eV) and
small contribution O—C=0 bonding (288.5 eV), suggesting that carbon is contained as
main secondary phase in hot-pressed NZTO, which comes from a graphite mold used in
densification process. The contribution of C—C bonding is still dominant after post-
annealing, but its fraction is decreased significantly and the fraction of O—C=0 bonding
and C—O bonding (286.1 eV) are increased (Figure 5(C)). These carbon-based impurities
remain on the NZTO grain surface, and are presumed to be a factor that inhibits Na-ion
conduction between NZTO grains.

To examine the effect of post-annealing on ionic conducting properties in hot-
pressed NZTO, we measured complex impedance of hot-pressed NZTO after post-
annealing. Figure 6(A) is the change in Nyquist plots for complex impedance at 27 °C for
hot-pressed NZTO before and after applying post-annealing. The dashed line in Figure
6(A) represents the fitting curve for the equivalent circuit consisting of (Rp)(Rgp—Qeb)(Qel),
where Ry, Rgb, QOgb and Qe correspond to the bulk resistance, grain-boundary resistance,
CPE of grain boundary and electrodes. Bulk resistivity Ry, and Rgp for hot-pressed NZTO
before and after post-annealing were estimated from the fitting based on equivalent circuit
model. The obtained results are summarized in Figure 6(B). It is found that the change in
Ry by post-annealing are small, suggesting the influence of post-annealing on the ionic
conducting property in NZTO grain is negligible.

QOqb values for hot-pressed NZTO after annealed at 700 °C and 800 °C are estimated
to 1.84 x 10® F and 1.11 x 10~® F. These values are slightly lower than hot-pressed NZTO
without post annealing (= 4.63 x 10~® F), but close to the specific values for grain-
boundary contributuion.’” Rg, is significantly reduced by post-annealing and its

temperature. Rgp shows the highest value (= 2433 Q cm) in hot-pressed sample without



post-annealing, but is decreased to 1449 Q) cm and 870 Q cm by post-annealing at 700 °C
and 800 °C. It is noted that NZTO prepared by FS at 800 °C has R, = 966 Q2 cm and Rgp
= 1353 Q cm. The fraction of Rgp in Riotal (= Rp + Reb) shows the lowest value (= 0.49) in
hot-pressed NZTO after post-annealing at 800 °C, which is smaller than the value for
NZTO prepared by FS (= 0.58). The reduction of Rg in hot-pressed NZTO by post-
annealing is correlated well to the decrease in carbon-based secondary phase after post-
annealing.

Bulk and total ionic conductivity op and oiotal at 27 °C for hot-pressed NZTO samples
with or without post-annealing is calculated by Ry and Rioal Value and summarized in
Figure. 7(A). The calculated results of obuik and oiotal for NZTO prepared by FS are also
plotted for comparison. It is evident that the difference in o, among the all samples is
very small and the values are ranged from 1.03 mS cm™' to 1.1 mS cm™'. On the other
hand, Gt is increased from 0.29 mS cm ! to 0.42 mS cm™' and 0.56 mS cm™! by applying
post-annealing at 700 °C and 800 °C, due to the decrease in Rg, contribution by post-
annealing as mentioned above. Both are higher than NZTO by FS at 800 °C, but to discuss
the difference in ot values among the samples further, the difference in relative density
should be considered. Wu et al have reported about the calibration of conductivity for
sintered NZTO samples corrected for porosity according to the Bruggeman symmetric
model for the 3—3 connectivity of spherical grains and pores (assuming the latter to have
zero conductivity).® In this model, true conductivity oi is expressed as ot = oc / (1 —
1.5fpore), Where ot is the conductivity of porous ceramic body and fpore is the fraction of
pore in a sample.*®*° Using this relational expression, Giotal for NZTO by FS and hot-

pressed NZTO after annealed at 800 °C is calibrated to 0.54 mS cm! and 0.65 mS cm™".



Even considering the difference in relative density, ol of the latter is approximately
20% higher than that of the former. Figure. 7(B) shows the Arrhenius plots for hot-pressed
NZTO with and without post annealing. It is found that the magnitude relationship of Gtotal
among the samples does not change within the measurement temperature range. E,
showed the lowest value (= 0.24 eV) in hot-pressed NZTO after post-annealed at 800 °C,

which is attributed to the lowest contribution of Rgp in Riotal among the all samples.

4. CONCLUSION

In summary, we applied hot pressing (HP) for the densification of NZTO ceramic
electrolyte at lower temperature than conventional furnace sintering (FS). Calcined
NZTO powder was densified by HP at 700 °C for 1 hour under uniaxial pressure of 20
MPa and 60 MPa using a graphite mold. By increasing the applied pressure to 60 MPa
for HP, high relative density above 90% was obtained. As-prepared NZTO densified by

HP showed lower total ionic conductivity of 0.29 mS cm™!

at room temperature than
NZTO prepare by FS at 800 °C (= 0.4 mS cm ') with lower relative density. It was found
that the grain-boundary resistance of NZTO by HP was significantly reduced by post-
annealing in air. Total ionic conductivity at room temperature was improved to 0.42 mS
cm ! and 0.56 mS cm™! in post-annealed samples at 700 °C and 800 °C. This is mainly

attributed to the elimination of secondary phases formed by the carbon contamination

from graphite die used for HP.
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TABLE 1. Comparison of densification temperature and total (bulk + grain boundary)
ionic conductivity at room temperature (RT) for Na-ion and Li-ion conductive oxide-

based solid electrolyte

Materials Densification Tota} i.onic References
Temperature conductivity at RT

NayZn,TeOs 850 °C 0.63 mS cm™! 7
NaxZn;TeOs 800 °C 0.40 mS cm™! 12
Na-/’-alumina 1600 °C 1.67 mS cm™! 16
Na3.4Z12S12.4P0.6012 1250-1300 °C 4.8 mS cm™! 20
NasYSi4O12 1050 °C 1.59 mS cm™! 21
Li14Alo3Cro.1Ti1.6(PO4)3 1070 °C 1.27 mS cm™! 24
Lii 4Al4Gei1.6(PO4)3 900 °C 0.34 mS cm™! 25
Lio29Lao.57TiO3 1450 °C 0.5 mS cm™ 26
LizgSt716TasaZr1403 1300 °C 0.27 mS cm™ 27
Lis.ssLasZr1.s5Tao.asO12 1150 °C 0.93 mS cm™! 28
LiTa,POs 1050 °C 0.70 mS cm™ 29

16



FIGURE CAPTIONS

FIGURE 1. XRD patterns of calcined NZTO powder and hot-pressed NZTO densified
under uniaxial pressures of 20 MPa and 60 MPa. Calculated pattern for P2-type NZTO

phase is plotted as the reference.®

FIGURE 2. SEM images for fractured surface microstructure of NZTO densified under

uniaxial pressures of 20 MPa (a) and 60 MPa (b).

FIGURE 3. (A) Nyquist plots of complex impedance at 27°C for NZTO prepared by FS
and HP under uniaxial pressure 60 MPa. Arrhenius plots of total conductivity Giotal for

both NZTO samples are shown in (B).

FIGURE 4. XRD patterns for NZTO densified by HP under 60 MPa with or without post
annealing at 700 °C and 800 °C. Calculated patterns for P2-type and O’3-type NZTO

phases are also plotted in graph.%!°

FIGURE 5. XPS spectra for NZTO densified by HP under 60 MPa with or without post
annealing at 800 °C: (A) spectra in whole measurement range, (B) enlarged Cls peak

before post-annealing, (C) enlarged C1s peak after post-annealing.

FIGURE 6. (A) Nyquist plot for complex impedance at 27 °C for hot-pressed NZTO

before and after post-annealing (PA) at 700 °C and 800 °C. (B) Calculated R, and Ry by

equivalent circuit fitting for hot-pressed NZTO before and after post-annealing at 700 °C

17



and 800 °C.

FIGURE 7. (A) Bulk and total conductivity at room temperature for hot-pressed NZTO

before and after post-annealing at 700 °C and 800 °C. The data for NZTO prepared by FS
at 800 °C 1is also plotted as the reference. (B) Arrhenius plots of total conductivity Giotal

for hot-pressed NZTO with or without post-annealing.
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