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The GdSmZr,07 ceramic is prepared by pressureless-sintered method under different conditions as a pos-
sible solid electrolyte. The crystal structure, microstructure and electrical properties are characterized
by the X-ray diffraction, field-emission scanning electron microscopy and ac impedance spectroscopy,
respectively. The GASmZr, 07 ceramic exhibits a single phase of the pyrochlore-type structure. The total

conductivity of the GdSmZr,0; ceramic obeys the Arrhenius relation, and gradually increases with
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increasing temperature from 723 to 1173 K. The GdSmZr,07 ceramic is an oxide-ion conductor in the
oxygen partial pressure range of 1.0 x 10~% to 1.0atm at all test temperature levels. According to the
experimental results of the present work, the maximum value of the total conductivity for the GASmZr, 07
ceramic is about 1.01 x 10~2Scm~! at 1173 K.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide electrolytes with high oxygen ion conductivity are
of considerable interest for potential application in solid oxide
fuel cells (SOFCs), oxygen pumps, oxygen sensors, and so on
[1-3]. In the conventional SOFCs system, the electrolyte material
is 8 mol.% yttria-stabilized zirconia (YSZ), and the anode material is
Ni-YSZ cermet, and the cathode material is strontium-substituted
manganites (La;_,SrxMnOs3), respectively [4-6]. However, high
operation temperatures promote unwanted reactions at the cath-
ode/electrolyte interface, forming La;Zr,07 and SrZrOs resistive
layers [7-9]. Both zirconate phases lead to a decrease in the
electrical conductivity, and have greatly damage on the perfor-
mance of SOFCs. The A,Zr,07-type (A=lanthanide) oxides have a
pyrochlore-type structure or a defect fluorite-type structure, and
exhibit the well-known ability of the structure to accommodate
oxygen nonstoichiometry [10]. The electrical conductivity of the
Sm,Zr,07 was comparable to those of other oxide-ion conductors
in the low-temperature regions [11]. The electrical conductivity of
A,Zr,07-type compounds can be improved by doping with differ-
ent metal elements [8,12,13]. Sm,Zr,07 co-doped with 5 mol.% Gd
and 5 mol.% Yb shows higher electrical conductivity than undoped
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Sm,Zr;07 in the temperature range of 723-1023K [14]. It was
found that the GASmZr,07 ceramic had the highest electrical con-
ductivity in the (Gd{_xSmy),;Zr,07 (0 <x < 1.0) system from 623 to
873K [15].

It should be noted that sintering condition has a critical effect
on the electrical conductivity of different solid oxide electrolytes.
Sha et al. found that CepgSmg1Yp1019 sintered at 1573 and
1673 K showed much higher total conductivity and lower activa-
tion energy than those sintered at 1773 and 1873 K [16]. Li et al.
reported that Mg-doped Gdg 1Ceg 90195 sintered at 1573 K exhib-
ited higher electrical conductivity than those sintered at 1373 and
1773 K, respectively [17]. In this work, the GdSmZr, 07 ceramic was
prepared by pressureless-sintering method under different con-
ditions, and the microstructure and electrical conductivity of the
GdSmZr,07 ceramic were investigated.

2. Experimental procedure

Polycrystalline GdSmZr,07 ceramic were prepared via a solid
statereaction route. Commercial powders of Gd; 03 (Rare-Chem Hi-
Tech Co. Ltd., China; purity > 99.99%), Sm,03 (Rare-Chem Hi-Tech
Co. Ltd., China; purity > 99.99%), and ZrO, (Dongguan SG Ceramics
Technology Co. Ltd., China; purity > 99.9%) were weighed in the
required stoichiometric ratio,and homogenized using zirconia balls
and analytically pure alcohol. All oxide powders were calcined at
1173 K for 2 h in air prior to weighing. Green pellets were obtained
by uniaxial pressing at 20 MPa and isostatic pressing at 200 MPa
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Fig. 1. XRD patterns of the GdSmZr,07 ceramic sintered at different temperatures
for 10 h in air.

for 5min, and then sintered at different temperatures (1673, 1773,
1873 and 1973 K) for 10 h, respectively. All the pellets were sintered
in air, and then furnace cooling to room temperature.

Phase identification and analysis of the sintered pellets were
conducted by X-ray diffractometry (XRD). XRD data were collected
on a diffractometer (Rigaku D/Max 2200VPC, Japan) using Cu Ko
radiation at room temperature. A continuous scan mode was used
to collect 20 datafrom 10° to 70° in steps of 0.02° and a scanning rate
of 5°min~!. X-ray tube voltage and current were set at 40kV and
30 mA, respectively. The bulk density of sintered pellets was deter-
mined by the usual volume and weight measurement technique.
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Fig. 2. Relative density of the GdSmZr,07 ceramic sintered at different tempera-
tures for 10 h in air.

The as-sintered pellets were carbon coated for microstructural
analysis using a field-emission scanning electron microscope (FEI
Quanta 200F, the Netherlands).

AC impedance spectroscopy was carried out on sintered pellets
using an impedance/gain-phase analyzer (Solartron™ SI 1260, UK).
Electrodes were prepared by coating both pellet faces with a plat-
inum paste, and then heated at 1223 K for 2 h in air to decompose
the paste and harden the Pt residue. Platinum wires were attached
to the surface of the pellets for measurements. Measurements were
performed in air between 723 and 1173 K, with a 20mV signal
amplitude at open circuit voltage in the 0.2 Hz to 2 MHz frequency
range using the Zplot software. The impedance measurements as
a function of oxygen partial pressure were performed in a closed

Fig. 3. Surface micrographs of the GASmZr,0; ceramic sintered at different temperatures for 10 h in air: (a) 1673 K, (b) 1773 K, (c) 1873 K, and (d) 1973 K.
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tube furnace cell. The oxygen partial pressure p(0O;) ranged from
around 1.0 x 10~ to 1.0 atm, and was monitored by an YSZ sensor.
The processinvolved flushing the system with a N, -0, gas mixture.
All impedance data were analysed using Zview 3.1c software.

3. Results and discussion

Fig. 1 shows the results of the XRD analysis of the GASmZr,0-
ceramic sintered at different temperatures for 10h in air. It is
clearly seen that XRD patterns of the GASmZr,07 ceramic sintered
at 1773-1973K in air are similar, however, the XRD pattern of
the GdSmZr,07 ceramic sintered at 1673 K exhibits wide diffrac-
tion peaks owing to lower sintering temperature. The GASmZr,07
ceramic crystallizes with a pyrochlore-type structure, which is
characterized by the presence of typical super-lattice peaks at
26 values of about 14° (111), 28° (311), 37° (331), 45° (511)
and 51° (53 1) using Cu Ko radiation [18,19]. It indicates that the
GdSmZr, 07 ceramic reacts to completion at 1673-1973 K for 10 h
in air. Fig. 2 presents the variations in the relative density of the
GdSmZr,07 ceramic sintered at different temperatures for 10h in
air. Clearly, the relative density of the GdSmZr,0- ceramic rapidly
increases with increasing sintering temperature.

Typical surface micrographs of the GASmZr, 07 ceramic sintered
at different temperatures for 10 hin air are displayed in Fig. 3. From
Fig. 3(a) and (b), there are many pores in the GASmZr,07 ceramic
sintered at 1673-1773K, as the relative density of the GdSmZr, 07
ceramicis less than 90%. With the increase of sintering temperature,
different diffusion mechanisms such as grain boundary diffusion,
bulk diffusion and surface diffusion contribute to densification dur-
ing sintering. The pores become less and less, and the bulk ceramic
becomes much denser, especially after sintering at 1973 K, which
is consistent with the relative density. From Fig. 3(d), the grain size
of the GASmZr,07 ceramic is 1-5 pm after sintering at 1973 K for
10hin air.

Fig. 4(a)-(d) shows the impedance spectra taken at 723K in
air for the samples of the GdSmZr,0; ceramic sintered at differ-
ent temperatures. In the ideal case, the frequency response of the
impedance of electroded polycrystalline electrolytes can be mod-
eled by a resistor—capacitor (RC) pair in parallel. However, in the
present case, in place of capacitor a constant phase element (CPE) is
required to model the measured data [20]. According to the experi-
mental data, and the following equivalent circuit was chosen for the
fitting [20]: (RC)g(RC)gp(RC)g, where the subscripts G and GBrepre-
sent the grain and grain-boundary contributions, respectively, and
E is the electrode processes, as shown in Fig. 4(e). The resistance in
the high frequency range represents the grain resistance, and the
resistance in the intermediate frequency range represents to the
grain-boundary resistance. It clearly seen from Fig. 4 that the grain
and grain-boundary resistance of the GdSmZr,0- ceramic gradu-
ally decrease with increasing sintering temperature, and it means
that the grain and grain-boundary conductivity of the GASmZr,0-
ceramic gradually increase with increasing sintering temperature.
However, it is not possible to accurately separate the total resis-
tance (R) into the grain resistance and grain boundary resistance.
Therefore, the intercept to the Z' axis of the intermediate frequency
range is used to determine the total resistance (R¢ + R¢p). The total
conductivity of the GdSmZr, 0 ceramic sintered at different tem-
peratures is determined from the values of the total resistance
at the corresponding temperatures and the geometrical dimen-
sions of the measured samples, respectively. In practice, the total
conductivity may be more relevant compared to the grain or grain-
boundary conductivity.

Fig. 5 shows the temperature dependent total conductivity of
the GdSmZr,07 ceramic sintered at different temperatures, which
is obtained from 723 to 1173 Kin air. The temperature dependence
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Fig. 4. Impedance spectra and schematic equivalent electrical circuit plots of the
GdSmZr, 07 ceramic at 723 K in air: (a) sintered at 1673 K, (b) sintered at 1773 K, (c)
sintered at 1873 K, (d) sintered at 1973 K, and (e) equivalent electrical circuit.
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Fig. 5. Arrhenius plots of the total conductivity of the GASmZr,0; ceramic sintered
at different temperatures.

of the total conductivity can be described by the Arrhenius equa-
tion,

o-T=o0g exp(é) (1)
where o, T, 0g, E and kg are the total conductivity, absolute
temperature, pre-exponential factor, activation energy and Boltz-
mann constant, respectively. It can be seen from Fig. 5 that the
total conductivity of the GdSmZr,0; ceramic follows the linear
behavior, which indicates that the ionic diffusion process is ther-
mally activated. It is evident that the total conductivity of the
GdSmZr,07 ceramic gradually increases with increasing temper-
ature from 723 to 1173 K. From Fig. 5, the total conductivity of
the GdSmZr,07 ceramic gradually increases with increasing sin-
tering temperature, which is caused by increasing relative density.
The maximum value of the total conductivity for the GdSmZr,0-
ceramic is about 1.01 x 10~2Scm~! at the highest measured tem-
perature of 1173 K and in air atmosphere. The total conductivities
of other pyrochlore oxides, such as Sm;Zr,0; and Nd,Zr,0-,
are about 594 x103Scm~! and 1.66x10-3Scm~! at 1173K
[21,22], respectively. It indicates that the total conductivity of the
GdSmZr,0; ceramic is obviously higher than those of SmyZr,07
and Nd,Zr,07. The activation energy and pre-exponential factor of
the total conductivity for the GdASmZr,07 ceramic are calculated
from the slope and the intercept of the Arrhenius plots (Fig. 5),
respectively. The calculated values of the activation energy and
pre-exponential factor are shown in Fig. 6. It is clearly seen that the
activation energy and pre-exponential factor of the total conductiv-
ity for the GdASmZr,07 ceramic gradually decrease with increasing
relative density. Using a simple adjustment of 1/(1 — porosity)? to
correct the pre-exponential factors. The results are also shown in
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Fig. 6. Activation energy and pre-exponential factor for the total conductivity of the
GdSmZr, 07 ceramic sintered at different temperatures.
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Fig. 7. Oxygen partial pressure dependence of the total conductivity of the
GdSmZr, 07 ceramic sintered at 1973 K for 10 h in air.

Fig. 6, it can be seen that the corrected pre-exponential factors (oy)
of the GdSmZr,07 ceramic sintered at 1773-1973K are approxi-
mately the same.

In order to clarify conduction carrier, the oxygen partial pres-
sure p(0O, ) dependence of the total conductivity for the GdSmZr, 07
ceramic was measured. Fig. 7 shows the total conductivity of the
GdSmZr,07 ceramic sintered at 1973K as a function of oxygen
partial pressure at different temperatures. It can be seen that
the total conductivity of the GASmZr,07 ceramic is almost inde-
pendent of oxygen partial pressure from 1.0 x 10~ to 1.0atm at
each test temperature, which indicates that the conduction of the
GdSmZr,07 ceramic is purely ionic conductivity with negligible
electronic conduction [23]. The total conductivities of conventional
solid oxide electrolytes such as Zry g3 Y0.0s0,_s, Ceg.sGdg20,_s, and
Lao.gosro'z()ca()ngg(),]9C00.0503,5, which are used in SOFCs, are
434%x102Scm™!, 8.75x1072Scm™! and 1.72x10-'Scm™! at
1073 K [24], respectively. Taking into account that the total con-
ductivity of the GdSmZr, 07 ceramic (5.30 x 10-3Scm~1 at 1073 K)
is slightly lower than those of conventional solid oxide electrolytes,
the most likely applications of the GdSmZr, 07 ceramic in SOFCs are
high-temperature solid electrolytes, or thick-film electrolytes, or as
protective layers applied onto CeO,- or LaGaO3-based solid oxide
electrolytes [24].

4. Conclusions

The GdSmZr;07 ceramic sintered at 1673-1973K for 10h in
air exhibits a single phase of the pyrochlore-type structure. The
relative density of the GdSmZr, 0 ceramic rapidly increases with
increasing sintering temperature. The total conductivity of the
GdSmZr,07 ceramic obeys the Arrhenius relation, and gradually
increases with increasing temperature from 723 to 1173K. The
GdSmZr,07 ceramic is an oxide-ion conductor in the oxygen par-
tial pressure range of 1.0 x 104 to 1.0 atm at all test temperature
levels. In the present work, the maximum value of the total con-
ductivity for the GASmZr,0; ceramic is about 1.01 x 10~2Scm™!
at1173K.
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