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Phase formation, sintering behavior, and electrical
characteristics of NASICON compounds
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The dependence of phase formation, sintering behavior, and electrical characteristics of
Sodium Superionic Conductor (NASICON) compounds on sintering temperature, time, and
cooling process was investigated. In the von Alpen-type composition Naz 2Zr13Si> 2Py 80105,
Zr0O, second phase is in thermal equilibrium with crystalline NASICON and liquid phase
above 1320°C, and when cooled through 1260-1320°C, the crystalline NASICON was
formed by reaction between the ZrO, second phase and the liquid phase. Maximum
relative densities of 96 and 91% were obtained for compositions NasZr,Si,PO4, and
Nasz,Zrq3Siy 2Pos0105, respectively. For these compositions, the maximum ionic
conductivity and the minimum migration barrier height were 0.45 ohm~"cm~" and 0.07 eV,
respectively. The migration barrier height of the high temperature form (space group: R3c)
is about 30-40% of that of the low temperature form (space group: C2/c). lonic conductivity
increases with increasing sinterability, and a considerably large amount of glass phase in
Naz2Zrq3Si;2Pog0105 ceramics significantly lowers ionic conductivity above the transition
temperature. © 7999 Kluwer Academic Publishers

1. Introduction Weberet al, it has a layer structure, and as a result ex-
Sodium superionic conductor (NASICON) has at- hibits anisotropic characteristics in thermal expansion
tracted scientific and technological attention for the lasand electrical conductivity, causing mechanical failure
decade, especially in view of its technical applicationsafter operation for a few hours [11-13].
in energy-related or environmental fields [1, 2]. Thisis NASICON with a chemical formula of NayZr»
mainly due to its promising electrical properties suit- SixP3_xO12 (0< x <3) was first reported by Hong
able for gas sensors and energy storage systems [3—&t al. The skeleton of this compound consists of €rO
Various battery systems have been developed to practahedra, P@tetrahedra, and SiQetrahedra, and this
vide propulsion energy for electric vehicles or to storecompound has been reported to exhibit a few crys-
excessive electrical energy of power plants to supplyalline forms depending on temperature and compo-
it when necessary. Na-S batteries, having high energgition (x), and most sintered NASICON contain certain
storage capacity and power compared with other batamount of ZrQ second phases [14-16]. Unfortu-
tery systems, have been regarded as one of the potenately, the Zr@ has a monoclinic/tetragonal phase
tial candidates for such applications [3]. In order to betransition at 1100C, below the usual sintering tem-
used as solid electrolytes for the Na-S battery systenperatures of the NASICON compounds [17]. The
the electrolytes should have high ionic conductivity, monoclinic/rhombohedral phase transition of crys-
chemical stability with liquid electrodes, high mechan-talline NASICON around 200C causes a dilatomet-
ical strength and resistivity against degradation afteric anomaly unfavorable for applications [18—-21]. As
operation [8-10]. a way of overcoming such technical problems, vari-
NASICON has some useful and unique characterous compositional modifications have been reported by
istics such as low sintering temperature, three dimenvon Alpen, H. Kohler, S. Fujitset al. to improve its
sional framework, and considerably good ionic conduc-microstructure and physical properties [17, 18, 22, 23].
tivity compared to other solid electrolytes particularly The von Alpen-type NASICON is of a Zr{deficient
B-alumina [8, 9]. ThoughB-alumina has attracted form of the Hong's NASICON with a general formula
much attention for the application as solid electrolytesof NayxZr>_y/3SixP3_xO12-2x/3, containing little
in the Na-S battery system since it was developed byrO, second phase [17]. However, the correlation of
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crystalline NASICON phase formation, sintering be- 1400
havior, and electrical conductivity of the compounds

with synthesis techniques and sintering parameters ha:O q

been rarely reported [24-29]. 1300 |- c

In this study, we try to elucidate the effect of sinter- b

ing temperature, time and cooling processes on the for- i

mation of phases like the ZgOand the crystal- 1200 = a

line NASICON, sintering behavior, and electrical

characteristics for two NASICON compositions of

NagZroSibPO, and Na2Zry 3Sip2PpgO105. These 1100

compositions are one of the Hong-, and von Alpen-type

NASICON, respectively, and, in this paper, referred to

as H- and A-type composition, respectively. Complex b t+1 t,+2

impedance analysis was used to measure the electrice Time (hour)

conductivity of the compounds. Migration loss ofNa o _ _ _
Figure 1 Sintering temperatures and cooling paths for the investigated

ions was observed at a few MHz, and ionic Conduc_samples. The samples were sintered at (a) ZD0(b) 1260°C, (c)

tivity was determined in a frequency-insensitive dc-1300°c, (d) 1320°C, (e) 1340°C, and (f) 1360C for 1 h, respectively,
conductive region below the loss frequency [30, 31].followed by air quench. Some samples were sintered at 1340r 1 h
The conductivity was measured at various temperaturesd then either (g) furnace-cooled to 128D or (h) cooled at £C/h
below 300°K. and migration barrier heights were de- t01260°C, followed by air quench. Cooling path (i) indicates furnace-

. L. At . _ cooling to room temperature after sintering at 134Dfor 1 h. The
termined from the variation of conductivity with tem furnace-cooling rate is about&/min.

Temperature (°C)

perature.
2. Experimental tablets were prepared by polishing with successively
2.1. Calcination and sintering finer grades of AIO; powders followed by diamond

Starting materials used in the preparation of NASI-pastes down to 1 micrometer. Silver paste was applied
CON compounds were highly pure M2Os (Aldrich  as electrodes on both flat sides of the tablets. Conduc-
Chemical Co., 99%), N®O,12H,0 (Kanto Chemical tivities were measured with an impedance/gain-phase
Co., extra pure), Zr@(Aldrich Chemical Co., 99%), analyzer (HP 4194A) in a frequency range of 10
and SiQ (Hayashi Chemical Co., Guaranteed reagent)4 x 10° from room temperature to 30C. A simple
These materials were dried at 1ZDfor 12 h, and then electrically heated furnace was employed. Nitrogen gas
mixed in a polyethylene jar for 2 h according to the was circulated inside the furnace and the temperature
stoichiometric ratio for H- and A-type compositions. was measured with chromel-alumel thermocouples in
ZrO, balls and ethanol were used as mixing agents andontact with the electrode. A schematic of the measure-
mixing media, respectively. ment system is shown in Fig. 2.

NASICON phase formation was examined for the
mixtures calcined at 10081250°C by X-ray diffrac- 3. Results and discussions
tom(_atry_(XRD), a_n_d based on these results, appropriatg 1 NASICON phase formation
calcination conditions for H- and A-type composition y o o rves in Fig. 3 were obtained from A-type sam-
were 1150 and 1250 for 10 h, respectively [29]. The  0¢ gintered at 1200, 1260, 1300, 1320 and $850
ca_Icmed powders were ba"'m'”ed for 30 h, and thefor 1 h, respectively, and then air-quenched to room
dried powders were pressed into tablets under a Pr€%amperature. All the peaks correspond to either mono-
sure 9f 1000 kg/eh L clinic NASICON or ZrQ, phases. The Zropeaks are

Toinvestigate the effect of sintering temperature, thejjcated with arrows. Spectra (b) and () consist of
pressed tablets were sintered from 1160 to X&&br only the crystalline NASICON. However, spectra (d)

1hh on platinum foil in a('jr atmlqsphere. ';'g' 1 S_POWS and (e) show that the samples sintered above 1320
the various smt_erlng ana cooling proceaures. 10 angqniain certain amount of Zrsecond phase. As all
alyze the sintering mechanism, the pressed tablets

%e samples were made by air quench after sinterin
H- and A-type composition were sintered at 1280 P yardg 9

. it is believed that considerable amount of Zr{3 in
for 1-16 h, and at 1300 for 0.5-4 h, respectively.  yharma) equilibrium with the crystalline NASICON at

1340°C.
2.2. Physical property measurements In order to investigate the formation of the crys-
The density of sintered bodies was measured byalline NASICON as well as the existence of the 2rO
Archimedes principle. Phases present in the calcineghase when cooled through 1260-1300two differ-
or sintered bodies were determined by X-ray diffrac-ent cooling paths were employed. First, in samples sin-
tion techniques (Philips, ADP1700) using Kuradi- tered at 1340C for 1 h and then furnace-cooled to
ation with Ni filter in a diffraction angle range of 10 1260°C, followed by air quench to room temperature,
to 40°. The microstructure and chemical compositionthe amount of Zr@ second phase decreases signifi-
of the compounds was analyzed by scanning electronantly as shown in Fig. 4d. This indicates that a peri-
microscopy (SEM, Hitachi, X-650) with an energy dis- tectic type reaction between the crystalline NASICON
persive spectrometry (EDS) system. To measure ele@nd the ZrQ occured around 132@ as shown in the
trical conductivity, the flat surfaces of the sinteredreaction equation below.
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Figure 4 XRD patterns of the samples sintered at 13@0or 1 h. These
samples were (a) furnace-cooled to room temperature, (b) air guenched to
roomtemperature, (c) cooled to 128Dat 1°C/h followed by air quench,

and (d) furnace-cooled to 126Q followed by air quench, respectively.
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Figure 3 XRD patterns of the air quenched samples. These samples were In Flg. 5 are shown the SEM m'CrOgraphs of the sam-

sintered for 1 h at (a) 120, (b) 1260°C, (c) 1300°C, (d) 1320°C,
and (e) 1360C, respectively. Arrows indicate Zgpeaks.

ZrO, second phase- liquid phase

cooling

> crystalline NASICON

heating

Second, in samples sintered at 13@0for 1 h and
then cooled to 1260C very slowly (at 2°C/h), followed

ples sintered at 134, and then air-quenched to R.T.,
furnace-cooled to R.T., cooled to 128D at 1°C/h fol-

lowed by air quench to R.T., respectively. The gen-
eral microstructure of the sintered NASICON has been
described earlier [24]. The bright, grey, and dark re-
gions in Fig. 5a can be attributed to the Zr8econd

phase, the crystalline NASICON, and the glass phase,

respectively. As shown in Fig. 5b, no Zs@ presentin
the furnace-cooled samples. This seems to be in good

agreement with XRD results in Fig. 4a. The crystalline
NASICON presentinthe air-quenched samples exhibits

by air quench to room temperature (Fig. 4c), considera considerably sharp interface with the glass phase,
able amount of the Zr@second phase was present,whereas in the furnace-cooled samples the interface
between the crystalline NASICON and the glass phase

contrary to our expectation.
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Figure 5 Scanning electron micrographs. The samples were sintered at*C3f 1 h, and then (a) air-quenched to R.T., (b) furnace-cooled to
R.T., and (c) cooled at 1C/h to 1260°C followed by air quench to R.T., respectively. In micrograph (a), bright (E), grey (F), and dark (G) regions

correspond to the Zr§) crystalline NASICON, and glass phases, respectively.

is less clearly seen. During the furnace-cooling process,
the ZrG, phase, stable at 134Q, interacts with the
liquid phase to produce the crystalline NASICON.
The amount of the crystalline NASICON increased at
the expense of the liquid phase during the furnace-
cooling process, and consequently the bulk density of
the samples would increase.

A large number of Zr@ grains is observed locally
near the surface of the sintered bodies (Fig. 5c), pre-
pared with a cooling rate ofC/h. The grains seem to
be the source of the prominent Zreaks in Fig. 4c.
EDS results were obtained from a region between the
surface (M) and a line denoted with the letter N, and an
inner region of the sample, respectively. As is shown
in Fig. 6, the amount of Na near the surface region was
less than that of the inner region. This deviation from
the appropriate chemical formula appears to lead to
the absence of crystalline NASICON near the surface,
whereas ZrQgrains and liquid phase coexist.

In cooling below the congruent point, the total vol-
ume ofthe Zr@ second phase would decrease with time
for the phase is unstable thermodynamically. Therefore
slow-cooling in a temperature range of 1260-1320
would be favorable to minimize the amount of the 2rO
second phase in sintered NASICON. But increasing
cooling time through the temperature range resulted

in a decrease in the amount of Na in the sintered bod-. . ) -
Figure 6 Energy dispersive spectra for the samples shown in Fig. 5c.

Intensity

(a) Zr LatP Kot

0 1 2

3
Energy (KeV)
(b) Zr La+P Ka

Intensity

Energy (KeV)

|e_s. This appear§ t? OC_CUI’ ma'”'Y _near the surface reSpectra (a) and (b) were obtained from a region near surface and an inner
gion. Such a deviation in composition from that of the region, respectively. Letters andn denote the ratios of Néw/SiK,
starting materials prevents the formation of crystallineand zZi,/SiK,, respectively.
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Figure 7 Bulk density of the samples as a function of sintering temperature. The samples were sintered at each temperature for 1 h.

NASICON. This indicates that cooling rate should notactions between 2 or 3 phases may produce some liquid
be too slow to lose sodium near surface excessively. phase with a composition of corresponding sites at rel-

evant liquidus lines in a temperature range from 900

to 1200°C [32]. In the calcination process of A-type

3.2.1. Effect of sintering temperature composition, so-called “hard powder cakes” were pro-

; ; ; duced, while very few of such cakes were observed in
Fig. 7 shows the density of samples with H- and A-type - A
composition sintered at each temperature for 1 h. Théhe calcined H-type powders. This indicates that much

density of H-, and A-type samples increases with raisiore liquid phases were produced in A-type compo-

ing temperature up to 1280 and 13%X) respectively, sition during calcination process than in H-type com-

and the samples were extensively melted above the&ositipn. As a result, more liquid phase is involved in
sintering process for A-type than for H-type samples.

temperatures. Maximum density for A-type samplesThe densification requires much shorter time in A-type

is higher than that for H-type samples. In particular, g . "
A-type samples have higher melting temperature thaﬁomposmon t'har) in H-type composmon. On the other.
and, Such liquid phases remain as a glass phase in

H-type samples. These phenomena are believed to Og:ue sintered bodies after cooling process. Consequently
cur mainly because A-type samples contain less P (g he relative density of H-type samples is higher than

more Si) than H-type samples [13]. The lower value oft

the density for H-type samples than for A-type sampleéA'type samples. The resultant microstructural features

in the temperature range can be attributed to the relcdre strongly related with the difference in the electrical

vant sintering mechanism, and this will be mentionedCh"jlraCterIStICS of the two different type samples.
in the following section.

3.2. Sintering behavior

3.3. Electrical characteristics

3.2.2. Effect of sintering time A frequency range of R0to 4x 10° Hz was used to
Shown in Fig. 8 is the density of samples with H- andmeasure the ionic conductivity of the sintered
A-type composition sintered at 1280 and 1300 re-  NASICON. The dc conductivity was taken as the value
spectively for up to 18 h. The density of H-type sam-of the frequency independent plateau in thef
ples reaches its maximum value after 10 h-sinteringplot [30,31]. At various conductivity measurement
and then exhibits little change with time. On the othertemperatures between room temperature andGa0
hand, the maximum density of A-type samples waghis investigation, a part of this plateau was observed
obtained after 2-h sintering, indicating that densifica-within the range of experimental frequencies, and dc
tion of A-type samples was achieved much faster tharonductivity at each temperature could be determined
H-type samples. However, the maximum density offrom relevant plots. In Fig. 9, a frequency independent
A-type samples is lower than that of H-type samples. region is clearly seen on the curve obtained at@0

Phase diagram of N®-ZrO,-Si0,-P,Os relevantto  from a H-type sample sintered at 128D for 8 h.
NASICON compounds indicates that a few eutectic re-The measured conductivities were ploted over a wide
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Figure 8 Relative density of the samples as a function of sintering time. The samples with (a) H-type composition and (b) A-type composition were
sintered at 1280C and 1300C, respectively.

temperature range so that Arrhenius equation could beere obtained from the slopes in the corresponding log
applicable. oT vs. /T plots. In both of the two different type
Fig. 10a shows the ionic conductivity measured in asamples (H-, and A-type), a significant change in the
temperature range from room temperature to@fbr  migration barrier height occurs at about 2@ This
H-type samples sintered at 1280 for 1-16 h, and at change seems to be related with the structural change
1260°C for 1 h, respectively. Fig. 10b shows the ionic between monoclininc (G2) and rhombohedral (R3c)
conductivity in the same measuring temperature rangerystal systems, and is far from the second-order tran-
for A-type samples sintered at 1300 for 0.5-4 h. sition suggested by a few research groups [18-21].
Based on the temperature dependency of the ionic con- In Fig. 10a, H-type samples sintered at 1280or 4—
ductivity, the migration barrier heights for Naons 16 h have a similar ionic conductivity, but the samples
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Figure 9 Electrical conductivities for a NASICON compound with H-type composition sintered at 1286r 8 h.

TABLE | lonic conductivities of superionic conductors

Specimen o (ohm1 cm™1) at 300°C E (eV) Reference

Single crystaB-alumina 0.213 0.13 9

Polycrystallingg-alumina 0.08 0.25 9

Polycrystalline8”-alumina 0.2-0.4 0.16-0.22 9

Polycrystalline Na, xZroPs_xSixO12 0.2-54x 104 (0.24-0.3%8 2

(x=0.4102.8)

Na,O-Ga 03 (Na B-gallate) 0.03 0.2% 33

Polycrystalline NaZroPSpO12 0.45 0.07 Present data
(0.20¥

Polycrystalline Na2Zr1 3Si» 2Po.gO105 0.22 (0.07-0.09) Present data
(0.16-0.18)

aThe energy barriers were measured-800°C.
The energy barriers were measured in a temperature range from room temperatureGo 200

sintered at 1260C for 1 h, or 1280C for 1 h have on sintering time, compared with the difference seenin
much lower conductivity than the others. On the otherH-type samples.
hand, all these samples have the same migration barrier Below —200°C, the ionic migration barrier height
height. The maximum conductivity of H-type samplesfor A-type samples exhibits a range of 0.16—0.18 eV,
is 0.45 ohnt! cm™1, while the migration barrier heights compared to nearly a single value of 0.20 eV for H-type
for the low and high temperature forms are 0.20 andsamples. Such a variation seenin A-type samples seems
0.07 eV, respectively. This suggests that for H-type samto be due to their microstructural features; the amount
ples, the migration barrier height is strongly affected byof glass phase in A-type samples is variable depend-
the dominant presence of the crystalline NASICON,ing on its sintering time. The apparent ionic migration
while the conductivity is related with the density of barrier height of the samples is the sum of that in the
the sintered bodies. All the samples therefore seem tglass phase as well as that in the crystalline NASICON,
have nearly the same crystallinity of NASICON. Thesedue to the composite-like microstructure ofthe samples.
values appear to be lower than the results reported pré&onsidering that, based on the barrier height for H-type
viously for similar ionic conductors, as listed in Table | samples with little glass phase, the barrier height of the
[9, 33]. It is of course necessary to be careful to makecrystalline NASICON is—-0.20 eV below the transition
a simple direct comparison with other conductors betemperature, the migration barrier height for thetNa
cause the physical conditions as well as the preparatioions in the glass phase is regarded lower than that in
techniques are not the same. the crystalline NASICON. As measurement tempera-
In Fig. 10b, A-type samples have the maximum con-ture increases over the transition poirt200°C), the
ductivity of 0.22 ohnt! cm™, half of the correspond- migration barrier height in the glass phase is higher
ing value of H-type samples. For A-type samples, therghan that in the crystalline NASICON, resulting in
is little difference in its density with one another, and a little higher resistivity, compared to that in H-type
also no significant difference in conductivity dependingsamples.
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4. Conclusion

and the liquid phase above 132D, but when cooled
through 1260-1320C, the crystalline NASICON was
formed by reaction between the Zr@econd phase
and the liquid phase. The NASICON compounds sin-
tered above the congruent point should be cooled slow
through 1260-1320C so that the Zr@second phase
could be completely dissolved into the crystalline NA-
SICON. However, cooling rate should not be too slow
to lose sodium near surface excessively.

As was expected, denser sintered bodies are favor-
able for higher electrical conductivity. In our investiga-
tion, maximum conductivity of 0.45 ohm cm~* was
obtained at 300C from the sintered NASICON with
maximum relative density of 96%. The migration bar-
rier height for N& ions in the glass phase is lower
than that in the crystalline NASICON below the tran-
sition temperature, but the situation is reversed above
the temperature. In the sintered NASICON, the migra-
tion barrier height is 0.07—0.09 eV above the transition
temperature, and 0.16-0.20 eV below the temperature.
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