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Abstract

Glass-ceramics of the phosphorus-containing Na5RSi4O12 (N5)-type (R = rare earth element; Sm) Na+-superionic conductors (NaRPSi) were
prepared by crystallization of glasses with the composition Na3.9Sm0.6P0.3Si2.7O9. 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
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ere obtained as uncracked glass-ceramics when the heating time for nucleation was more than 6 h. Also studied were the mic
ffects on the conduction properties, which were dependent upon the heating conditions of crystallization. Large enhancement
onductivity was observed in the glass-ceramics as the grain growth was promoted with the increase of the heating time for crys
he ionic conductivity of the glass-ceramic Na3.9Sm0.6P0.3Si2.7O9 heated at 900◦C for 42 h was 9.07× 10−2 S/cm at 300◦C.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Glass-ceramics are polycrystalline materials which are
roduced by controlled crystallization of glasses.1 In addition

o their easy fabrication into desired shapes, glass-ceramics
enerally have advantages over conventional sintered ceram-

cs in mechanical properties and chemical durability because
f their pore-free and small grained (<1�m) microstructure.1

lass-ceramics of Na+-superionic conductors are therefore
xpected to overcome the difficulties in the fabrication of
ractical devices such as tubes for Na/S secondary bat-

eries. The conventional Na+-superionic conductors, how-
ver, have not yet been produced in the form of glass-
eramics. The present authors have successfully prepared a
ew family of the phosphorus-containing Na5RSi4O12 (N5)-

ype (R = rare earth element)2,3 Na+-superionic conductors
NaRPSi)4 by crystallization of glasses with the composi-
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tion formula, Na3 + 3x − yR1− xPySi3− yO9.5–9 These mater
als are reportedly comparable to the conventional cer
Na+-conductors such as NASICON,�- and �′′- aluminas
(e. g., NaAl11O17 and NaAl5O8). The R elements have
significant effect on the crystallization of glasses, as
as on the conduction properties.2 To date, polycrystallin
N5-type NaRPSi has been obtained with Sc, Y, Gd or
as the R element. In the following, these NaRPSi c
pounds will be referred to as NaScPSi, NaYPSi, NaGd
and NaSmPSi, respectively. The size of the R ions
been expected to have a significant effect on the crysta
tion of the phase. Although the precise structural ana
of the silico-phosphate N5-type NaRPSi has not yet b
completed, it is currently assumed from the analogy
Na5YSi4O12

10 that all the R ions can be octahedrally co
dinated with the non-bridging oxide ions of the (SiO4, PO4)-
tetrahedra of the 12-membered rings. The reported re
on the silicate ceramics2 show that the conductivity of th
N5-type NaRPSi increases with increasing size of its R
giving the order NaSmPSi > NaGdPSi > NaYPSi > NaSc
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.07.029
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It can be expected that NaSmPSi is the most conductive.
However, this order was not always true in glass-ceramics.11

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 Gd3+ ions was the most con-
ductive; however, NaSmPSi with the largest Sm3+ ions was
less conductive than NaYPSi with medium Y3+ ions.

In the present study, the N5-type NaSmPSi ionic con-
ductors were prepared by crystallization of glasses. The
optimum conditions for crystallization were discussed with
reference to the conduction properties and the preparation of
uncracked N5-type glass-ceramic NaSmPSi. The microstruc-
ture of glass-ceramics, including neck growth among grains
as well as grain size, is generally affected by the crystal-
lization process.1 As the above mentioned devices utilize dc
conduction properties of Na+-superionic conductors, another
aim was to study the microstructural effects on the conduction
properties of whole glass-ceramics.

2. Experimental procedure

2.1. Preparation of glasses and glass-ceramics

The precursor glasses were prepared from reagent-grade
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Fig. 1. The programs of temperature and time for the production of glass-
ceramics.

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
(SEM) for microstructural analysis.

3. Results and discussion

3.1. Preparation of uncracked glass-ceramics:
crystallization condition

The N5 single phase NaSmPSi ionic conductors with the
Na3.9Sm0.6P0.3Si2.7O9 composition were successfully pro-
duced by crystallization of glasses. The glass samples heated
by the program pattern (A) shown inFig. 1 broke during
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
NaSmPSi glass-ceramics obtained by the patterns (C), (F) and
(G). The grain sizes of the specimens by the patterns (C) and
( th
i ion.
T heat-
i gh
g ult
xides of anhydrous Na2CO3, Sm2O3, NH4H2PO4 and SiO2;
he mechanically mixed powders according to the comp
ion formula Na3 + 3x − ySm1− xPySi3− yO9 with the parame
ersx = 0.4 andy = 0.3 were melted at 1350◦C for 1 h after
alcinations at 900◦C for 1 h, in the air. The melts we
uickly poured into cylindrical graphite, and then anne
t 500◦C for 3 h, giving NaSmPSi glasses.

Fig. 1 shows the program of temperature and time
he production of glass-ceramic NaSmPSi employed in
resent work. Bulk glasses were heated with an increa
ate of 75◦C/h to 580◦C above ca. 50◦C of the glass trans
ion point, which had been determined in advance by di
ntial thermal analysis (DTA). This pretreatment was don
rder to obtain homogeneous nucleation.1 After the anneal

ng for 1–10 h, specimens were heated at 900◦C for 2–42 h
hereafter slowly cooled in a furnace with a decreasing
f 150◦C/h to room temperature. These glass-ceramic s
ens were polished down with 0.5�m diamond paste, ther
fter subjected to the conductivity measurements.

.2. Measurements and characterization

Ionic conductivities were measured by the comp
mpedance method on cylindrical glass-ceramics of typic
5 mm in diameter and 2 mm in thickness. Electrodes
repared by sputtering of gold on polished surfaces.
pplied ac field ranged from 5 to 10 MHz in frequency.

emperature dependence of the conductivity was mea
n a similar way at several temperatures ranging from r
emperature to 350◦C. The complex impedance or adm
F) were about 6 and 10�m, respectively. The grain grow
s promoted with increase of heating time for crystallizat
he glass samples broke during crystallization when the

ng time for crystallization was more than 42 h. Althou
rain growth may cause high conductivity, it was diffic
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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
5�m. 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
glass-ceramic NaSmPSi crystallized by the program pat-
tern (F). Those admittance diagrams were analyzed with the

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 represent the electrode-bulk interface, grain boundaries and grains,
respectively, and (R1, C1), (R2, C2) andR3 are their resistances and capaci-
tances.

equivalent circuit shown inFig. 4. The complex admittances
of the measured glass-ceramic specimens consisted of two
semicircles below 300◦C. 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 boundaries (RGB).

Shown inFig. 5 are examples of the temperature depen-
dence Arrhenius plots made on the basis of the calculated

Fig. 5. Arrhenius plots of conductivities of grains (G), grain boundaries
(GB) and total bulk (T) for the glass-ceramics crystallized by the pattern (F).
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Table 1
Conduction properties of the glass-ceramics

Program
pattern

σ300 Ea (kJ/mol)

(10−2 S/cm) T G GB

(C) 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
(F) 9.07 22.34 14.75 44.22
(G) 3.10 22.43 20.77 23.88

σ300: conductivity at 300◦C. Ea: activation energy (T: total; G: grain; GB:
grain boundary).

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-
venience for those of grain boundaries because of their inde-
finable shapes. The conductivity of the total bulk (T) is as
close as to that of grains (G) at higher temperatures, while
the resistance of grain boundaries (GB) dominates the whole
conductance at lower temperatures. It should be noted that,
concerned with the conduction properties of grain bound-
aries, only the activation energies are significant, since the
conductivity of grain boundaries were calculated using the
geometry ratio of surface area to thickness of the whole glass-
ceramic bulk.

Table 1summarizes the measured conductivities at 300◦C
(σ300) and the calculated activation energies (Ea) of the glass-
ceramic NaSmPSi specimens. The samples crystallized by
the program patterns (C) and (F) showed the ionic conduc-
tivities of 6.59× 10−2 and 9.07× 10−2 S/cm, respectively.
It was found that the conductivity increased with the grain
growth. The samples crystallized by the pattern (G) showed
much lower conductivity of 3.10× 10−2 S/cm.

It was found that uncracked NaSmPSi with the largest
Sm3+ ions was more conductive than NaYPSi with medium
Y3+ ions; however, NaSmPSi was less conductive than
NaGdPSi. Further grain growth can expect the increase in
the conductivity of NaSmPSi.
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4. Conclusions

The uncracked N5-type NaSmPSi glass-ceramics were
successfully produced by crystallization of glasses with the
composition Na3.9Sm0.6P0.3Si2.7O9. The main features of
this work are as follows:

1. Grain growth cause high conductivity.
2. The grain growth is promoted with increase of heating

time for crystallization.
3. Conduction properties of these glass-ceramics were

strongly dependent upon the crystallization conditions.
4. Complex admittance analysis confirmed that this depen-

dence was attributed to the conduction properties of grain
boundaries.

5. The ionic conductivity of the glass-ceramic NaSmPSi
heated at 900◦C for 42 h was 9.07×10−2 S/cm at 300◦C.
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