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Lag 33(SisV,) O, ceramics were fabricated by the mixed oxide method for solid oxide electrolytes. Lag 33(SisV,) O,
specimens showed the hexagonal, space group P63 or P63/m, and the unit cell volume increased when the sintering
temperature increased. The specimen sintered at 1,400°C showed the X-ray patterns of the homogeneous apatite
single phase without the second phase, such as La,SiO; and SiO,. The specimen sintered at 1,400 C showed the
maximum sintered density of 4.93 g/cm®. When the sintering temperature increased, the electrical conductivities
increased, the activation energy decreased and the values were 7.83x10™" S/cm, 1.61 eV at 600C, respectively.
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1. INTRODUCTION

Solid electrolyte fuel cells or solid oxide fuel cells (SOFC),
which is a fuel cell using the ion conductor, is the effective ener-
gy conversion mechanism that directly converts chemical energy
into electrical energy. Because of the high power generation effi-
ciency of the conventional heat engine, the ability to operate it at
a high temperature and the potential for combining heat within
the power plant, small-scale distributed power between the pow-
er supply, the thermal power plants and large-scale commercial-
ization are possible. On the other hand, solar, green energy, such
as a bio-energy, and wind energy, has attracted much interest to
solve the energy shortage problem due to the exhaustion of fossil
fuel and the environmental problems caused by the use of fossil
fuels. In particular, a solid electrolyte fuel cell using hydrogen as
a fuel has recently been studied. In general, the solid electrolyte
used the ion conduction mechanism according to the oxygen
vacancies that are generated by the addition of impurities to the
basic compositions of the zirconia materials that have a fluorite
structure and the La-SrO-GaO-MgO (LSGM) perovskite structure
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[1-5].

On the other hand, the silicate apatite materials based on the
rare earth metals are known to have an interstitial oxygen ion
conductive mechanism with a c-axis preferred orientation [7-9].
Therefore, the apatite materials are considered as a new electro-
lyte material that has excellent ion conductivity at a low operat-
ing temperature. In addition, the rare earth metal-based apatite
materials, such as La,44(Si;V,) O, have the following properties:
a high sintering temperature of about 1,600 C and an improv-
ing ion conductivity with an increased cation radius [10-12]. In
this study, the V element that has a low melting temperature was
added to the Lagy;;(SisV,) O, materials, which have good electri-
cal conductivity properties in the middle and low temperature
region. The V element was added to address the high sintering
temperature and to increase the ion conductivity property in the
rare earth metal-based apatite material. In addition, their struc-
tural and electrical properties were investigated for the solid ox-
ide fuel cell.

2. EXPERIMENT

La,04(99%), Si0,(99%) and V205(99%) were used as the start-
ing materials according to the composition formula Lag;(Si;V,)
0O,. La,0,; powder, which easily reacts with moisture in the air,
was heated for 2 hours at 1,100 C before it was weighed. Then,
the raw materials were mixed and ground in ethylalcohol using
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a zirconia ball for 24 hours. Subsequently, the mixed powder was
calcined in air at 1,200C for 2 hours and mixed with the organic
binder of 3 wt% PVA. After being dried, the powder was pressed
under a hydrostatic pressure of 150 MPa to be a pellet, followed
by sintering at 1,300~1,450C for 2 hours in air. Structural proper-
ties of the specimens were measured by X-ray powder diffraction
with an X-ray powder diffractometer filtered CuKo radiation at
40 kB acceleration voltage and 30 mA tube current. The AC elec-
trical properties, such as electrical conductivity and activation
energy, were measured using a multi-frequency LCR meter (Fluke
PM 6306) in the frequency range of 60 Hz to 1 MHz.

3. RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction patterns of the Lay ,(Si;V))
0,6 specimens as a function of the sintering temperature. The
diffraction patterns of all specimens were almost the same as the
basic composition of lanthanum silicate. In the specimens sin-
tered at 1,350C and 1,450°C, the second phase, such as La,SiOs
and SiO,, were observed and the specimen sintered at 1,400C
showed the homogeneous X-ray diffraction pattern of the single
apatite phase without the second phase.
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Fig. 1. X-ray diffraction patterns of La, 4,(SisV,) O, ceramics as a func-
tion of sintering temperatures: (a) 1,300C, (b) 1,350C, (c) 1,400C,
and (d) 1,450C.

Table 1 shows the crystallographic properties of the La, 33(Si;V,)
O, specimens as a function of the sintering temperature.
Lay 43(SisV,) O, specimens are sintered at 1,600 °C generally. How-
ever, La, 13(Si;V,)O,; specimens added to V element were sintered
well at about 1,400 C. This property is due to the addition of V
element that has a low melting temperature. In addition, a unit
volume and the lattice constant were increased as the sintering
temperature increased because the larger ionic radius of V (0.58
A) is substituted for Si (0.39 A) position.

Figure 2 shows the sintered density of the Lay 33(Si;V,) O, speci-
mens as a function of the sintering temperature. The sintered
density increased when the sintering temperature increased.
However, the specimens sintered at a temperature higher than
1,400°C exhibited saturation characteristics. This phenomenon
may result from decreasing the pore size and increasing the grain
size as the sintering temperature increases, and the grain growth
and the vacancy of V ions coexist due to the high sintering tem-
perature when the sintering temperature is higher than 1,400°C.

Figure 3 shows the surface and cross-sectional scanning elec-
tron microscope (SEM) images of the La, ;(Si;V,)O,s specimens
as a function of the sintering temperature. As the sintering tem-
perature increases, a dense microstructure is exhibited due to a
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Table. 1. Crystalline properties of apatite Lay4; (SiO,),0, and
Lay 15(Si;V,) O, ceramics.

Unit cell parameters

. Sintering Space
Composition Cell
temperature group a(mm) C(nm)
volume
Lay ;,(Si0,)s0, 1,600C P6,/m 9.725 7.1850 588.52
Lag 33(Si50,) Oy 1,300C P6,/m  9.729 7.183 589.40
Lay 33(Si50,) Oy 1,350C P6,/m  9.732 7.196 590.25
Lay 33(Si50,) Oy 1,400C P6,/m 9.734 7.197 590.56
Lay 33(Sis0,) Oy 1,450C P6,/m  9.736 7.198 590.89
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Fig. 2. Sintered density of Lag,;(Si;V,)O,; ceramics as a function of
sintering temperatures.
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Fig. 3. SEM surface images of La, 13(Si;V,) O, ceramics as a function of
sintering temperatures: (a) 1,300°C, (b) 1,350C, (c) 1,400C, and (d)
1,450C.

decrease in the porosity and an increase in the grain size because
some V ions, which have a low melting point, are deposited at
grain boundaries, which promote grain growth. The specimen
sintered at 1,400 C showed a dense microstructure. Microstruc-
ture characteristics, such as the sintering temperature, tended to
match the sintered density properties, as shown in Fig. 2.

Figure 4 shows the Energy Dispersive X-ray (EDX) analysis of
the Lay 43(Si;V,) O, specimens as a function of the sintering tem-
perature. The ratio of V ions decreased as the sintering tempera-
ture in all specimens increased because the volatilization of V
ions increased as the sintering temperature increased.

Figure 5 shows the complex impedance of the Lag;;(Si;V,)O,4
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Element | Weight% Atomic% Element | Weight% Atomic%
oK 10.09 39.79 oK | 21.53 6241

Si K 3.64 8.18 Si K | 3.88 6.40

VK 16.40 2031 VK | 10.92 9.94
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Element | Weight% Atomic%

oK 17 57.19 oK | 20.63 61.15
Si K 266 497 Si K | 6.74 11.39
VK 11.90 1223 VK | 4.52 431
lal 67.96 25.62 lal | 68.11 23.25
Totals | 100.00 Totals | 100.00

Fig. 4. EDX analysis of La, 55(Si;V,) O, ceramics as a function of sinter-
ing temperatures: (a) 1,300C, (b) 1,350C, (c) 1,400C, and (d) 1,450°C.
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Fig. 5. Impedance plots (Z' and Z'") obtained at 600°C of La 43(Si;V,)
O, specimens as a function of sintering temperatures: (a) 1,300C, (b)
1,3507C, (c) 1,400C, and (d) 1,450C.

specimens as a function of the sintering temperature, measured
at 600C. In general, the maximum impedance of the grain phase
is reported to appear in a frequency of a few hundred kHz or
higher [13]. However, in this study, the maximum impedance has
been observed in the region of several kHz of the grain boundary
characteristics, because the resistance of the grains is very small
relative to the resistance of the grain boundaries. Brailsford and
Hohnke [14] reported that in the complex impedance spectrum
of the dielectric materials, the semi-circle spectrum represented
the grain boundary, which expanded while maintaining its shape
as the porosity increased. Therefore, the increasing porosity
caused by the volatilization of V ions that has a low melting tem-
perature is expected to lead to an increase in the grain boundary
resistance. When increasing the sintering temperature, the elec-
trical resistance of the specimen decreased due to a decrease in
porosity and increase in the grain size.

Figure 6 shows the ionic conductivity of the Lag 33(SisV,) Oy
specimen as a function of the sintering temperature, measured
at 600 C. Ionic conductivity showed the highest value of 7.83x10°
* S/cm in the specimen sintered at 1,400°C, and tended to de-
crease gradually as the sintering temperature increased. This is
thought to be due to the ionic conductivity based on the grain
growth and the porosity that decreases as the sintering tempera-
ture increases. However, the conductivity of the specimen sin-
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Fig. 6. Conductivity of La,4,(Si;V,)O,¢ ceramics as a function of the
sintering temperature.
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Fig. 7. Arrhenius plots of the electrical conductivity of Lag 43(SizV;) O,
ceramics.
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Fig. 8. Activation energy of La,4,(Si;V,)O,; ceramics as a function of
sintering temperatures.

tered at more than 1,450C decreased slightly decreased due to
the volatile of Vions.

Figure 7 shows the Arrhenius plot of the La,;(Si;V,)O,4 speci-
mens as a function of the sintering temperature. In all speci-
mens, the ion conductivity increased with an increase in the
sintering temperature. In addition, the activation energy could
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be obtained by the slope of that characteristic [14,15].

Figure 8 shows the activation energy of the Lag4;(SizV,) Oy
specimen as a function of the sintering temperature. The speci-
men sintered at 1,400 C showed the lowest value of 1.61 eV. How-
ever, the theoretical value of the activation energy by interstitial
conduction and oxygen vacancy conduction are 0.56 eV and 1.23
eV, respectively [16].

4. CONCLUSIONS

In this study, Lay5(Si;V,)O,s specimens with the apatite struc-
ture were fabricated using a mixed oxide method for the solid
electrolyte fuel cells, and the structural and electrical properties
were investigated according to the sintering temperature. The
specimen sintered at 1,400C exhibited the X-ray diffraction pat-
tern that has a homogeneous and single apatite phase. As the
sintering temperature increases, the sintered density increased
due to an increase in the driving force of the liquid phase sinter-
ing. However, for the specimen sintered at more than 1,450°C,
the sintering density did not increase because of the compensat-
ing effect of the increased grain size and pores that was due to
the volatilization of the V ion. The electrical resistance increased
when the sintering temperature increased, and the complex
impedance predominantly exhibited grain boundary resistance
characteristics. Ion conductivity and activation energy of the
specimen sintered at 1,400°C, measured at 600°C, were 7.83x10™
S/cm and 1.61 eV, respectively.
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