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Abstract

Glass-ceramics of the phosphorus-containing®&i;0;, (N5)-type (R =rare earth element; Sm)Nsuperionic conductors (NaRPSi) were
prepared by crystallization of glasses with the compositiofSay sPo 3Si> 70s. The optimum conditions for crystallization were discussed

with respect to the conduction properties and the preparation of uncracked N5-type glass-ceramics. Most of the N5-type NaSmPSi compounds
were obtained as uncracked glass-ceramics when the heating time for nucleation was more than 6 h. Also studied were the microstructural
effects on the conduction properties, which were dependent upon the heating conditions of crystallization. Large enhancement of electrical
conductivity was observed in the glass-ceramics as the grain growth was promoted with the increase of the heating time for crystallization.
The ionic conductivity of the glass-ceramic NSy ¢Po.3Si» 70s heated at 906C for 42 h was 9.0% 1072 S/cm at 300C.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction tion formula, Na+ 3, yR1 — P,Siz_ y09.5° These materi-
als are reportedly comparable to the conventional ceramic
Glass-ceramics are polycrystalline materials which are Na*-conductors such as NASICOM- and B’- aluminas
produced by controlled crystallization of glassés addition (e. g., NaAL1017 and NaAkOg). The R elements have a
to their easy fabrication into desired shapes, glass-ceramicssignificant effect on the crystallization of glasses, as well
generally have advantages over conventional sintered ceramas on the conduction properti#slo date, polycrystalline
ics in mechanical properties and chemical durability becauseN5-type NaRPSi has been obtained with Sc, Y, Gd or Sm
of their pore-free and small grained (gin) microstructure. as the R element. In the following, these NaRPSi com-
Glass-ceramics of Nasuperionic conductors are therefore pounds will be referred to as NaScPSi, NaYPSi, NaGdPSi
expected to overcome the difficulties in the fabrication of and NaSmPSi, respectively. The size of the R ions has
practical devices such as tubes for Na/S secondary bat-heen expected to have a significant effect on the crystalliza-
teries. The conventional Nesuperionic conductors, how-  tion of the phase. Although the precise structural analysis
ever, have not yet been produced in the form of glass- of the silico-phosphate N5-type NaRPSi has not yet been
ceramics. The present authors have successfully prepared @ompleted, it is currently assumed from the analogy with
new family of the phosphorus-containing RS O12 (N5)- NasYSi401,10 that all the R ions can be octahedrally coor-
type (R=rare earth elemef) Na'-superionic conductors  dinated with the non-bridging oxide ions of the (I®Qy)-
(NaRPSi} by crystallization of glasses with the composi- tetrahedra of the 12-membered rings. The reported results
on the silicate ceramiésshow that the conductivity of the
* Corresponding author. Tel.: +81 426 28 4149; fax: +81 426 28 4149.  NS-type NaRPSi increases with increasing size of its R ions,
E-mail address: okura@cc.kogakuin.ac.jp (T. Okura). giving the order NaSmPSi > NaGdPSi > NaYPSi>NaScPSi.
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It can be expected that NaSmPSi is the most conductive.
However, this order was not always true in glass-cerandics.
Although most of the NaRPSi compounds were obtained
as uncracked glass-ceramics, NaSmPSi was difficult to pre-
vent from cracking during crystallization. It was found that
uncracked NaGdPSi with larger &dons was the most con-
ductive; however, NaSmPSi with the largest®rions was
less conductive than NaYPSi with medium*fons.

In the present study, the N5-type NaSmPSi ionic con-
ductors were prepared by crystallization of glasses. The
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optimum conditions for crystallization were discussed with

. . . a-b b-c c-d
reference to the conduction properties and the preparation of
uncracked N5-type glass-ceramic NaSmPSi. The microstruc- A 1 7 17
ture of glass-ceramics, including neck growth among grains (B) 3 8 10
as well as grain size, is generally affected by the crystal-
L . ) o € o 8 5
lization proces$.As the above mentioned devices utilize dc
conduction properties of Nasuperionic conductors, another (D) 6 8 8
aimwas to study the microstructural effects on the conduction (E) 6 8 25
properties of whole glass-ceramics. E 6 8 0

(G) 10 8 2

2. Experimental procedure a-b: nucleation c-d: crystal growth
Fig. 1. The programs of temperature and time for the production of glass-

2.1. Preparation of glasses and glass-ceramics )
ceramics.

The precursor glasses were prepared from reagent-grade

oxides of anhydrous N&Oz, SnpO3, NH4H,PO, and SiQ;

the mechanically mixed powders according to the composi-

tion formula N& +3,— ySmy _ P, Siz_ ;Og with the parame-
tersx=0.4 andy=0.3 were melted at 135 for 1 h after
calcinations at 900C for 1h, in the air. The melts were

tance loci of glass-ceramics were analyzed by an equivalent
circuit.

Crystalline phases of glass-ceramic specimens were iden-
tified by X-ray diffraction (XRD) method. Glass-ceramic
NaSmPSi were subjected to scanning electron microscope

quickly poured into cylindrical graphite, and then annealed (SEM) for microstructural analysis.

at 500°C for 3 h, giving NaSmPSi glasses.
Fig. 1 shows the program of temperature and time for

the production of glass-ceramic NaSmPSi employed in the 3. Results and discussion

present work. Bulk glasses were heated with an increasing

rate of 75°C/h to 580°C above ca. 50C of the glass transi-

3.1. Preparation of uncracked glass-ceramics:

tion point, which had been determined in advance by differ- crystallization condition

ential thermal analysis (DTA). This pretreatment was done in

order to obtain homogeneous nucleatloifter the anneal-
ing for 1-10 h, specimens were heated at 900or 2—42 h,

The N5 single phase NaSmPSi ionic conductors with the
Nag 9Shy.6Po.3Siz. 709 composition were successfully pro-

thereafter slowly cooled in a furnace with a decreasing rate duced by crystallization of glasses. The glass samples heated
of 150°C/h to room temperature. These glass-ceramic speci-by the program pattern (A) shown ifig. 1 broke during

mens were polished down with Qusn diamond paste, there-
after subjected to the conductivity measurements.

2.2. Measurements and characterization

lonic conductivities were measured by the complex

crystallization and the glass-ceramic NaSmPSi obtained by
the pattern (B) was difficult to prevent from cracking during
crystallization. Most of the NaSmPSi compounds by the pat-
terns (C)—(G) (i.e. longer nucleation time) were obtained as
uncracked glass-ceramics.

Fig. 2 shows SEM photographs of microstructure of the

impedance method on cylindrical glass-ceramics of typically NaSmPSi glass-ceramics obtained by the patterns (C), (F) and
15mm in diameter and 2 mm in thickness. Electrodes were (G). The grain sizes of the specimens by the patterns (C) and
prepared by sputtering of gold on polished surfaces. The (F) were about 6 and 30m, respectively. The grain growth

applied ac field ranged from 5 to 10 MHz in frequency. The

is promoted with increase of heating time for crystallization.

temperature dependence of the conductivity was measuredrl he glass samples broke during crystallization when the heat-
in a similar way at several temperatures ranging from room ing time for crystallization was more than 42 h. Although

temperature to 350C. The complex impedance or admit-

grain growth may cause high conductivity, it was difficult
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Fig. 3. Complex admittance diagrams of the glass-ceramics crystallized by
the pattern (F).

Fig. 4. Equivalent circuit employed for the admittance analysis. E-B INT,
GB andG representthe electrode-bulk interface, grain boundaries and grains,
respectively, andRs, C1), (R2, C2) andR3 are their resistances and capaci-
tances.

equivalent circuit shown ifrig. 4. The complex admittances

of the measured glass-ceramic specimens consisted of two
semicircles below 300C. The two intercepting points on the
real axis are interpreted as the resistance of crystallized grains
(Rg) and the total resistance of grains and remaining glassy
grain boundariesRg).

Shown inFig. 5are examples of the temperature depen-

dence Arrhenius plots made on the basis of the calculated

Fig. 2. SEM photographs of the glass-ceramics: (a) pattern (C); (b) pattern
(F); (c) pattern (G).

to prevent the sample heated for a long time from cracking
during crystallization. The microstructure of the specimen
by the pattern (G) was denser and the grain size was about
5um. The glass samples broke during crystallization when
the heating time was over 2 h.

3.2. Conduction properties of grains and grain
boundaries

Fig. 3 shows the complex admittance diagrams of the
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glass-ceramic NaSmPSi Cr)_/Sta"ized by the program pat- Fig. 5. Arrhenius plots of conductivities of grain€) grain boundaries
tern (F). Those admittance diagrams were analyzed with the(GB) and total bulk {) for the glass-ceramics crystallized by the pattern (F).
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Table 1 4.

Conduction properties of the glass-ceramics

Program 0300 Ea (kd/mol)

pattern 2

(10~ S/cm) T G GB

(©) 6.59 22.77 14.36 44.65

(D) 7.39 20.78 13.57 42.02

(E) 7.57 21.56 14.92 46.61 1

F) 9.07 22.34 14.75 44.22

(G) 3.10 22.43 20.77 2388 2.

o300: conductivity at 300C. E5: activation energyX: total; G: grain; GB:

grain boundary). 3
4

conductivity values of grains and grain boundaries of the
glass-ceramic NaSmPSi, in which the geometrical ratios of

thickness to surface area for grains were also used for con-5.

venience for those of grain boundaries because of their inde-
finable shapes. The conductivity of the total bulj (s as
close as to that of graingz] at higher temperatures, while
the resistance of grain boundaries (GB) dominates the whole

T. Okura et al. / Journal of the European Ceramic Society 26 (2006) 619—-622

Conclusions

The uncracked N5-type NaSmPSi glass-ceramics were

successfully produced by crystallization of glasses with the
composition Na.gSmy gPo.3Si2.709. The main features of
this work are as follows:

. Grain growth cause high conductivity.

The grain growth is promoted with increase of heating

time for crystallization.

. Conduction properties of these glass-ceramics were
strongly dependent upon the crystallization conditions.

. Complex admittance analysis confirmed that this depen-

dence was attributed to the conduction properties of grain

boundaries.

The ionic conductivity of the glass-ceramic NaSmPSi

heated at 900C for 42 h was 9.0%10-2 S/cm at 300C.
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