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Abstract 

Electrical properties of the high oxide ionic con- 
ductive ceramic REreSi60z7 (RE= La, Pr, Nd, Sm, 
Gd, Dy) sintered at 1700-1800°C by the use of 
MgO-stabilized zirconia setter during a sintering 
have been investigated. The lowest activation energy 
and the highest conductivity at 200°C were achieved 
for Pr1eSidOz7 (55.4 kJmol_I) and LaloSi6027 
(1.32x 10e5 S cm-‘), respectively. The conductivity 
of La&60z7 at 200°C was higher by order of 
1.5~ 10’ times than that (8.82~10~~ Scm-’ at 
200°C) of (Bi203)o_75( YzOj)o.22. The three-point 
bending strength of La10Si60z7 was 100 MPa. 
0 1998 Elsevier Science Limited. All rights reserved 

1 Introduction 

The oxide ionic conductor is one of the most 
important ceramic electrolytes and has much 
potential for the application to sensors, fuel cells 
and oxygen pumps. Many oxide ionic conductors 
have been found and investigated actively over the 
last five decades. Among them, (ZrO&.92 
(y203)0.08, (Ce02)o.t@%s)o.2 and @i203)o.75 

(Y3O3)0.25 having the fluorite-type structure and 
the perovskite type oxides, L~.$ro.iGae.sMgo.20~ 
and BaTho.~Gdo.iOs, are well known to show the 
relatively high conductivities.1-5 Recently, we 
reported that REXSi60i2+ 1.5x (RE=La, Nd, Sm, 
Gd, Dy and X= 8-11) having a hexagonal apatite 
structure as the major phase shows oxide ionic 
conductivity.6,7 Among these REx(Si)60r2+ 1.5x, 
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LalOSi(& showed the highest conductivity. The 
conductivity at 300°C was 5.54x low6 Scm-’ and 
this was almost equal to the conductivity 
(3.75~10~~ Scm-’ at 300°C) of (Zr02)o.s2 
(Y203)a.os. Here, the sintering temperature was 
1550°C because Lai&& reacts with the alumina 
setter used for the support of LaiOSi6027 disc dur- 
ing a sintering above 1600°C. However, the sinter- 
ing was not full at 1550°C. Fortunately, in this 
work we found that the MgO-stabilized zirconia 
does not react with La&&j027 below 1800°C. This 
enabled us to raise the sintering temperature above 
16OO”C, resulting in the higher densification and 
the higher conductivity. 

In this work, we present the electrical properties 
of the dense oxide ionic conductor REi&i&7 
(RE = La, Pr, Nd, Sm, Gd, Dy ) sintered by the use 
of the MgO-stabilized zirconia setter instead of the 
alumina setter at 1700-1800°C. 

2 Experimental 

2.1 Samples 
RE203 (99.9% - purity, Shin-etsu chemical Co., 
Ltd.) and SiO2 (99.9% - purity, Kisan Metal Co., 
Ltd.) were used as the starting materials. The raw 
materials were mixed in ethanol with a ball-mill 
using Yz03-stabilized zirconia ball (Daiichi 
Kigenso Kagaku Kogyo Co., Ltd.) and plastic pot, 
dried and then calcined in air at 1200°C for 2 h. 
The resultant powders were ball-milled into fine 
powders. After being dried, discs were prepared 
under a pressure of 100 MPa and sintered in air for 
2 h. The sintered temperatures are given in Table 1. 
During the sintering process, discs were supported 
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by a (Zr02)o.915(MgO)o.oss setter (Daiichi Kigenso 
Kagaku Kogyo Co., Ltd.). 

The samples of (~~~2)0.92~2~3)0~08 and 

(Biz03)o.75(Y203)o.2s were pressed at 100 MPa and 
sintered for 2 h at 1650 and 1 IOOC, respectively, 
after the ~alcination of powder prepared by the 
conventional oxide mixing method. Zr@ (SPZ- 
grade), Bi203 (99.9%“purity) and Y203 (99.9%- 
purity) were purchased from Daiichi Kigenso 
Kagaku Kogyo Co., Ltd., Kisan Metal Co., Ltd. 
and Shin-etsu Chemical Co., Ltd., respectively. 

2.2 Measurement 
The microstructures and crystal structures were 
determined by scanning electron microscopy and 
powder X-ray diffraction, respectively. The pre- 
pared discs were 8 mm in diameter and 2mm in 
thickness after sintering. After coating both sides 
of the disc with a Pt paste, it was baked at 950°C. 
The ac and de electrical properties were measured 
using a multifrequency LCR meter (YHP 419214) 
in the frequency range of 100 Hz to 10 MHz and an 
electrometer (Advantest TR8652), respectively. 
The sample was heated to 300°C in order to elim- 
inate absorbed water prior to each measurement. 
The electromotive force, EMF, of the O2 con- 
ten tration cell, 02 + N2, Pt~La~*Si~02~~Pt, 
Air(2-1 x lo4 Pa-02), was measured using an elec- 
trometer (Advantest TR8652) at each temperature 
in the 02 partial pressure range of lo3 to 105Pa, 
The disc of La10Si6027 was sintered at 1700°C. 
After coating each side of the disc with a Pt paste, 
the disc was backed at 800°C. Then, Pt wires were 
connected. The disc was fixed on one-end of an 
alumina pipe with a glass cement. The reference 
electrode (air side) was inside. The O2 + N2 and air 
were passed through the measuring and reference 
electrode at the flow rate of 100cm3min-i, respec- 
tively. The three-point bending test was conducted 
according to the JIS R 1601 using the sintered 
samples ground to a size of 3 x4x40 mm. 

3 Results and Discussion 

3.1 Microstructure and crystal structure 
The densification was recognized above 1650°C 
and the highest density for each REi$i6027 
(RE = La, Pr, Nd, Sm, Gd, Dy) was obtained at the 
sintering temperature shown in Table 1. The frac- 
ture surface microstructures of REi0Sis027 
(RE = La, Pr, Nd, Sm, Gd, Dy) are shown in Fig. 1. 
The densification is well progressed for all samples. 

The major phases of all REi$is027 (RE=La, 
Pr, Nd, Sm, Gd, Dy) sintered at 15.50-L 850°C were 
the hexagonal apatite structure of composition, 
RE9.3300.67(Si04)602.8 However, REi,$i6027 were 

not a single phase and the mixture of the apatite 
phase and a small amount of other crystal phases 
(RE$jiOs, etc.). The crystal structure (space group: 
P6&n) of the hexagonal apatite structure can be 
proposed as shown in Fig. 2. The a- and c-lattice 
constants estimated for each sample were constant 
regardless of the sintering temperature. The a- and 
c-lattice constants of REieSi6027 (RE = La, Pr, Nd, 
Sm, Gd, Dy) increase monotonically with an 
increase in the ionic radius of RE, as can be seen 
from Fig. 3. 

A hexagonal apatite structure phase was also 
confirmed as a major phase for La$ieOr2 + 1.5~ 
(X=8--1 1) and very weak peaks assignable to 
La2SiOs were observed in their XRD patterns, 
indicating that these samples are not also a single 
phase. In La SI 0 x ‘6 Iz+1.5x (X=8-1 l), the lattice 
constants were little changed by an increase in the 
X values. 

3.2 Electrical properties 
In order to determine the conductivity, complex 
plane impedance analysis was performed. The 
typical complex impedance plot obtained for 
Smi&i6027, GdiOSi6027 and Dyt0Si602, gives two 
semicircles as shown in Fig. 4: one in the higher 
frequency region corresponds probably to the bulk 
component, whereas another in the lower fre- 
quency region corresponds to the grain boundary 
component. When the temperature increased, the 
size of the semicircle in the lower frequency 
decreased compared with that in the higher fre- 
quency. From these results, the conductivity (the 
sum of the bulk and grain boundary) was deter- 
mined by extrapolation to zero reactance of the 
complex impedance plot. Figure 5 shows the typi- 
cal complex impedance plot obtained for 
LaroSihO2;i, Pri$i60z7 and Ndi$i602,. In the 
lower temperatures, the result was represented by a 
semicircle, probably corresponding to the bulk 
component, which passed through the origin in the 
high frequency region and had a spur, probably 
arising from the electrolyte-electrode behavior, in 
the low frequency region. The semicircle attribu- 
table to the grain boundary component is not 
observed, probably because the resistance of its 
component is fairly lower compared with that of 
bulk component. When the temperature was 
increased, the semicircle diminished and only a 
spur was observed. From these results, the con- 
ductivity was determined by the extrapolation to 
zero reactance of the complex impedance plot in 
the low frequency region. On the other hand, the 
complex impedance plots for La10Si6027, 
PrlOSi6027 and Ndi&,O27 sintered below 1600°C 
were simiiar to the typical complex impedance plot 
shown in Fig. 4. 
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Table 1. Sintering temperature and parameters of electrical properties 

Material Simtering temperature 
(“C) 

Activation energy 
(kJmol-‘) 

Conductivity 
(Scm-‘) 

300” c 500” c 700°C 

La10Si6027 1700 62.2 (36.8) 2.42x 1O-4 4.30x 10-s 1.08x 1O-2 

PrlOSi6027 1750 55.4 (30.4) 9.62x 1O-5 2.83x 1O-3 6.00x 1O-3 

Nd&W27 1750 59.1 (47.3) 2.10x 10-5 3$x 10-4 1.89x 1O-3 

Sml0%027 1800 73.6 (69.1) - 4.69X IO-5 3.90x 10-4 

Gdu&& 1800 88.1 - 1.26x 1O-6 1.71x10-4 

Dy&%% 1800 105.1 - 7.20x lo-* 1.86x1o-6 

Parentheses denote the activation energy estimated in a higher temperature region. 

Fig. 1. Scanning electron micrographs of REIOSi6027 (RE = La, Pr, Nd, Sm, Gd, Dy). 
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6h site(RE) 

4f site(RE) 

Fig. 2. Hexagonal apatite structure proposed to major phase 
of RE1eSi6027 (RE = La, Pr, Nd, Sm, Gd, Dy). 

o-**65 
ionic radius of RE3+ f nm 

Fig. 3. Relationship between the ionic radius of RE3+ and the 
lattice constants of REt&027 (RE= La, Pr, Nd, Sm, Gd, 

DY). 
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Fig. 4. Complex impedence plot of GdI,-,Si6027 at 600°C. 
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Fig. 5. Complex impedence plot of LalsSi6027 at 200°C. 

where G, GO, E, k and Tare the conductivity, pre- 
exponential factor, activation energy, Boltzmann 
constant and absolute temperature, respectively. 
Table 1 summarizes the electrical parameters of 
RE1eSi6027 and the Arrhenius plots are shown in 
Fig. 6. The lowest activation energy and the high- 
est conductivity at 200°C are achieved for 
&-i&O27 (55.4 kJ mol- i) and Lai0Si6O27 
(1.32 x 10e5 S cm-*), respectively. As can be seen in 
Fig. 7, the conductivity of Lal0Si6O27 is higher 
than that of (ZrO&..&Y20&.os below 600°C and 
that of (Bi203)o.,5(Y203)o.25 below 350°C. It is 
noteworthy that the conductivity (1.32x 1 OS5 
Scm-‘) of La&e027 at 200°C is higher by order 
of 1=5x10’ times than that (8.82~10-~ Scm-i) of 

t/T 

800 600 400 

0 La10Si602, 1 
,I .‘r, 

L 

The conductivity data were parameterized by the 
Arrhenius equation. 

CT = GO exp(-E/kT) Fig. 6. 

T-’ f 10-3K‘1 

Temperature dependence of conductivity. 
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Fig. 7. Temperature dependence of conductivity. 

(Biz03)o.75(Y203)o.2s which is known to show the 
high conductivity at low temperature thus far. On 
the other hand, the conductivity of La10Si6027 is 
lower than the typical conductivities of 
(CeO&.s(Gd01.5)0.2, La0.$r0.1Ga0.sMg0.20~ and 
BaTh0.sGd0.103, in the higher temperature.2,4,5 The 
appearance of inflection point in the slope of 
Arrhenius plots for RE1$i6027 (RE= La, Pr, Nd, 
Sm) was concluded not to be attributable to a 
phase transformation from the results of the high 
temperature powder X-ray diffraction pattern in 
the room temperature to 1200°C. Furthermore, the 
conductivities of RE10Si60Z7 did not change for 3 
months in air. 

Figure 8 shows the relationship between the ionic 
radius of RE3+ and the electrical properties of 

I I I I 

12 Dy Gd Sm Nd Pr La 2 -0 

I I I I I I 1 
ionic radius of RE3+ / nm 

Fig. 8. Relationship between the ionic radius of RE3 + and the 
electrical properties of RE10Si6027 (RE = La, Pr, Nd, Sm, Gd, 

DY). 

RE1&i602, (RE= La, Pr, Nd, Sm, Gd and Dy). 
The conductivity at 500°C increases with an 
increase in the ionic radius of RE3+ for 
REIOSi6027. On the other hand, the activation energy 
increases with increasing ionic radius of RE3+ from 
Pr to La and decreasing radius from Pr to Dy. 

As shown in Fig. 9, the highest conductivity and 
the lowest activation energy in LaxSi6012+ 1_5x 
(X=8-1 1) were observed for X= 10, where the 
X-values is a little larger than X=9.33 for the 
composition of apatite structure, La9.33 q o.67 

W&02. 

3.3 EMF of oxygen concentration cell with 
Lal&& electrolyte 
The 02 gas concentration cell was used to confirm 
the ionic conduction of La10Si6027 sintered at 
1700°C. The EMF between the two electrodes 
obeys the Nernst equation, 

EMF = (Rr/nq In(Po2/po,) 

where R, T, n, F, POT and pb2 are the gas constant, 
absolute temperature, electron transfer number, 
Faraday constant, O2 partial pressure at the mea- 
suring electrode, and O2 partial pressure at the 
reference electrode (PO2 = 2.1 x lo4 Pa), respec- 
tively. Table 2 summarizes the theoretical and 
experimental Nernstian slopes and electron trans- 
fer numbers for the 02 gas concentration cell at 
each temperature. The observed EMF was in good 
agreement with the theoretical value and the n 
values were close to 4, indicating that this response 

t/ c 

800 600 400 200 100 
I 

(3 La8Si6024 

A hIsi 5 

-51 I I I I -I 
1 1.5 2 2.5 

T-’ / 10-3K-’ 

Fig. 9. Temperature dependence of conductivity. 
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Table 2. Theoretical and experimental Nernstian slopes and 
electron transfer number (n) for O2 gas concentration cell 

using La&&,O~~ as the solid electrolyte 

Temperature Shoe 
PCI (m V decade-‘) 

450 
500 
600 
700 

Theoretical Observed n 
(n=4) 

36.82 22.0 6.5 
38.30 35.6 4.3 
43.26 42.1 4-1 
48-21 44.0 4.4 

must be caused by the four-electron reaction of 02 
molecules at the electrodes above 500°C. The cur- 
rent responses for a potential change from+ 1 to 
-1 V of PtlLa&6027/Pt were measured in an N2 
atmosphere. A current flowed momentariIy after 
the polar changes and then gradualIy approached 
zero. Furthermore, the conductivity determined by 
the dc method was considerably lower than that 
determined by the ac method. These results show 
that the major charge carriers are not electron and 
not also hole but ion, though the kind of ion is not 
unclear at present. 

3.4 Mechanical property of La&.!+027 
The three-point bending strength of La&i6027 
sintered at 1700°C was lOOMPa. This strength is 2 
times higher than that (50 MPa) of (Bi203)0.75 
(Y20&,.25 and equal to that of the reaction-bonded 
silicon nitride which is known as the engineering 
ceramics, whereas it is lower than that (200MPa) 
of (Zr02)0.92(Y203)0.08. 

4 Conclusions 

New type high oxide ionic conductors RE&$6027 
(RE = La, Pr, Nd, Sm, Gd, Dy) were synthesized 
by the use of MgO-stabilized zirconia setter during 
a sintering. Their microstru~tures, crystal struc- 
tures and electrical properties and the experimental 
electromotive force of oxygen concentration cell 
with LaIoSi602, were examined. The results are 
summarized as follows: 

I The densification was well progressed for 
RE10Si6027 (RE==La, Pr, Nd, Sm, Gd, Dy) 
sintered at 1700-I 800°C. The major phases of 
all samples were the hexagonal apatite struc- 
ture. The a- and c-lattice constants of 
REIOSi6027 increased monotonically with an 
increase in the ionic radius of RE3 +. 

2. The lowest activation energy and the highest 
conductivity at 200°C were achieved for 
PrIoSi6027 (55.4 kJ mol-‘) and La&i602, 

3. 

4. 

(1.32 x 10v5 S cm-l), respectively. The con- 
ductivity of LaloSi602, was higher than that 
of (ZrO~)~.~~(Y~O~)~.os below 600°C and that 
of (Bi203)0.75(Y203)0.25 below 350°C. The 
conductivity of La&!&j027 at 200°C was 
higher by order of 1.5x 10’ times than that 
(8.82x IO-? Scm-’ at 200°C) of (Bi203)0.75 

(‘21203jO.25 The activation energy of 
RE10Si6027 (RE= La, Pr, Nd, Sm, Gd, Dy) 
was increased with increasing ionic radius of 
RE3 + from Pr to La and decreasing radius 
from Pr to Dy. 
The EMF in the O2 gas concentration cell 
comprising LaioSi6027 agreed with the theo- 
retical electromotive force calculated from the 
Nernst equation above 5Oo”C, suggesting that 
the response is due to the four-electron reac- 
tion of 02 molecules at the 
conductivity determined by 
was considerably lower than 
by the ac method. 
The three-point bending 
La&!&O27 was 100 MPa. 

electrodes. The 
the dc method 
that determined 

strength of 
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