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Abstract

Polycrystalline GdSm;_,Ca,Zr,O7_,,» (0 <x < 0.20) ceramics have been prepared by the solid-state reaction method. The effects of CaO
addition on the microstructure and electrical properties of the pyrochlore-type GdSmZr,O; ceramic were investigated. GdSm; _,Ca,Zr,O7_,»»
(x <0.05) ceramics exhibit a pyrochlore-type structure; however, GdSm; _,Ca,Zr,0;_,, (0.10 < x < 0.20) ceramics consist of the pyrochlore-
type structure and a small amount of CaZrO;. The total conductivity of GdSm;_,Ca,Zr,O;_,,» ceramics follows the Arrhenius relation, and
gradually increases with increasing temperature from 723 to 1173 K. GdSm; _,Ca,Zr,O;_,,» ceramics are oxide-ion conductors in the oxygen
partial pressure range of 1.0 x 10~*-1.0 atm at each test temperature. The highest total conductivity is about 1.20 x 1072 S cm™ ' at 1173 K for the

GdSmg oCag 1Zr,0¢.95 ceramic.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are one of the most attractive
energy conversion systems owing to high power generation
efficiency and very significant environmental advantages as
compared with conventional power generation [1-4]. The
durability of SOFCs is a very important factor in commercial
SOFC systems. One of the crucial issues for the performance of
SOFCs is the chemical stability of the cathode/electrolyte
interface at elevated temperatures. Currently, SOFCs utilizes
strontium-doped lanthanum manganite (LSM) as the cathode,
8 mol.% yttria stabilized zirconia (YSZ) as the electrolyte, and
a Ni-YSZ cermet as the anode [5—7]. The reaction products of
La,Zr,O; and SrZrO; would form at the interface of cathode/
electrolyte at elevated temperatures [8—10]. These reaction
products have a lower electrical conductivity than YSZ, which
leads to the degradation of the performance of SOFCs. In recent
years, the objective of SOFCs development is to reduce the
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operating temperature. For this purpose, the current emphasis
mainly focuses on the search for solid oxide electrolytes with a
higher electrical conductivity than YSZ [11-13].

The Ln,Zr,0;-type (Ln = lanthanide) compounds exhibit a
pyrochlore-type structure or a defect fluorite-type structure, and
have a variety of interesting properties, including high melting
point, high thermal stability, high thermal expansion coeffi-
cient, low thermal conductivity, and so on [14-17]. In the
Ln,Zr,0O5-type structure, 7/8 anion sites are occupied by oxide-
ions, while 1/8 anion sites are oxygen vacancy. Ln,Zr,O;-type
structure shows the well-known ability of the structure to
accommodate oxygen nonstoichiometry [18]. The oxygen
vacancy can be a source of excellent ionic conductivity
allowing electrochemical applications such as solid oxide
electrolytes or electrode materials. Van Dijk et al. found that the
Gd,Zr,0; ceramic had a maximum in the electrical con-
ductivity and a minimum in the activation energy at
temperatures of 773 to 1023 K in GdZr;_ O,
(0.2 < x < 0.6) ceramics prepared by a wet chemical method
[19]. The electrical conductivity of SrO-doped Gd,Zr,0; is
higher than that of undoped Gd,Zr,0 in the temperature range
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of 773-973 K [20]. (Gd,_,Sm,)»Zr,0; (0 < x < 1.0) ceramics
exhibited the highest electrical conductivity when the
samarium dopant content was equal to 0.5 [21]. In the present
study, the CaO-doped pyrochlore-type GdSm,_,Ca,Zr,O;_
(x=0, 0.05, 0.10, 0.15, 0.20) were firstly prepared by
pressureless-sintering method at 1973 K for 10 h in air. The
objective of this work is to study the influence of CaO addition
on the structure and electrical conductivity of the pyrochlore-
type GdSmZr,0; ceramic.

2. Experimental details

In this investigation, solid-state reaction was used to prepare
CaO-doped GdSm,;_,Ca,Zr,07_,, (x=0, 0.05, 0.10, 0.15,
0.20) ceramics. Commercially available Gd,O5; (Rare-Chem
Hi-Tech Co. Ltd., China; purity > 99.99%), Sm,05; (Rare-
Chem Hi-Tech Co. Ltd., China; purity > 99.99%), CaO
(Tianjin Hengxing Chemical Preparation Co. Ltd., China;
Analytical pure), and ZrO, (Dongguan SG Ceramics Technol-
ogy Co. Ltd., China; purity > 99.9%) were used as starting
powders. All oxide powders were annealed at 1173 K for 2 hin
air prior to weighing. The starting mixture with a nominal
composition of GdSm, _,Ca,Zr,O;_,,» (x =0, 0.05, 0.10, 0.15,
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0.20) was mixed in analytically pure alcohol using zirconia
balls for 24 h. The mixed powders were dried and ground in a
mortar. The resultant powders were uniaxially compacted in a
15 mm die at 20 MPa, and then cold isostatically pressed at
200 MPa for 5 min to form pellets with a green density of about
45% of the theoretical density. The pressureless sintering
process of green pellets was performed in a furnace at 1973 K
for 10 h in air.

X-ray diffraction (XRD, Rigaku D/Max 2200VPC, Japan)
with Cu Ko radiation was employed to identify the phase
composition of the sintered samples at room temperature. XRD
data were recorded in a 20 range from 10° to 70° and in a
continuous scan mode with a scanning rate of 4°/min. The bulk
density of sintered samples was determined by the usual
volume and weight measurement technique. The surface
morphology was observed by a scanning electron microscope
(SEM, FEI Quanta 200F, the Netherlands) coupled with energy-
dispersive X-ray spectroscopy. A thin carbon coating was
evaporated onto the surfaces of the samples for SEM
observations.

Electrochemical impedance spectroscopy of the sintered
samples was measured in air using an impedance/gain-phase
analyzer (Solartron™ SI 1260, UK) with a frequency range of
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Fig. 1. XRD patterns of GdSm; _,Ca,Zr,07_,/, ceramics sintered at 1973 K for 10 h in air: (a) 20 range of 10°~70° and (b—d) 26 range of 26°-38° for x = 0.10, 0.15

and 0.20, respectively (I, pyrochlore; [], CaZrO;).
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0.2 Hz-2 MHz and an AC amplitude of 20 mV. The well-
polished samples with the dimensions of 8 mm in diameter and
1 mm in thickness were painted with platinum paste on both
sides and baked at 1223 K for 2 h as electrodes. Platinum wires
were attached to the surface of the samples for measurements.

The impedance spectra were acquired during the heating
process at temperatures of 723—-1173 K with a dwell time of
30 min between consecutive measurements. The impedance
dependence as a function of oxygen partial pressure p(O,) was
obtained in a closed tube furnace cell. The oxygen partial
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Fig. 2. Microstructures of as-sintered GdSm; _,Ca,Zr,0;_,/, ceramics: (a) x = 0, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, (e) x = 0.20, (f) and (g) EDS spectra at the

locations of A and B in (e), respectively.
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pressure ranged from about 1.0 x 107*-1.0 atm, and was
monitored by an YSZ sensor. The process involved flushing the
system with a N,—O, gas mixture. Zview 3.1c software was
used to analyze all impedance data.

3. Results and discussion

XRD patterns of GdSm, _,Ca,Zr,O;_,/, ceramics are shown
in Fig. 1. X-ray diffraction spectra from both pure GdSmZr,0,
and CaO-doped GdSmZr,O; ceramics show the cubic
pyrochlore-type structure and confirm the presence of the
CaZrO; by one small but distinct peak for
GdSm,_,Ca,Zr,07_,» (x=0.15, 0.20) ceramics, which is
the most intense peak of CaZrOs. Typical surface micrographs
of as-sintered GdSm, _,Ca,Zr,0,_,/, ceramics are presented in
Fig. 2. It can be seen from SEM images that
GdSm,_,Ca,Zr,0;_,,, ceramics have a very high relative
density except for GdASmZr,0;. The average grain size of the
CaO-doped samples is obviously larger than that of un-doped
samples, and the grain boundaries are very clean. From
Fig. 2(c—e), the dark second phase can be clearly observed as
contrasted with the results in Fig. 2(a-b). However, XRD
patterns of the GdSm ¢Ca ;Zr,O¢ 95 sample do not identify the
existence of the second phase, which indicates that the amount
of the second phase CaZrOjz of the GdSmgo¢Cag 171,005
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sample is low and is not able to be identified by XRD. The EDS
spectra obtained at different positions of A and B in Fig. 2(f)
confirm the presence of the pyrochlore-type phase (position A)
and CaZrO; phase (position B), which is consistent with above
XRD results. The relative density of the GdASmZr,0; ceramic is
96.0%, and CaO-doped GdSmZr,O, samples have a higher
relative density than GdSmZr,0;, which is consistent with
SEM observations. It indicates that the addition of calcia can
promote the sintering densification behavior.

Fig. 3 shows a series of impedance plots and corresponding
equivalent circuit model of GdSm, _,Ca,Zr,O;_,/, ceramics at
723 K. Three separate regions can be distinguished in the
measured frequency range: the high frequency range represents
the grain response (G), the intermediate frequency range is
attributed to the grain boundary response (GB), and the low
frequency range corresponds to the electrode contributions (E).
The impedance plots were fitted using equivalent circuits
consisting of a serial association of (RC) elements ascribed to
electrolyte or electrode processes [22-24], where R is a
resistance and CPE is a constant phase element in parallel, as
shown in Fig. 3(f). From fitted results, the capacitance
associated with the grain impedance was found to be in the
order of pF, the capacitance for the grain boundary impedance
is determined to be in the order of nF. These values are similar
to the capacitance for grain and grain boundary impedance for
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Fig. 3. Impedance spectra and schematic equivalent electrical circuit plots of GdSm, _,Ca,Zr,0;_,/, ceramics at 723 K in air: (a) x = 0, (b) x = 0.05, (¢) x = 0.10, (d)

x=0.15, (e) x=0.20 and (f) equivalent electrical circuit.
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other ionic conductors [25], respectively. The total resistance
(Rt) of GdSm,_,Ca,Zr,0;_,,» ceramics is given by

Rt = Rg + Rgr (D

where Rg and Rgp represent the grain resistance and grain
boundary resistance, respectively. Both Rg and Rgp can be
obtained by fitting the impedance plots. The total conductivity
of GdSm,;_,Ca,Zr,0O;_,,» ceramics at different temperatures
can be obtained using the following equation,

L

=5 Ry 2)

o

where L and S denote the thickness of the sample and the
electrode area of the sample surface, respectively.

The temperature dependence of the total conductivity can be
described by the Arrhenius equation with the following
expression,

—E
o-T =0y exp <kBT> 3)
where o, T, 0y, E and kg are the total conductivity, absolute
temperature, pre-exponential factor, activation energy and
Boltzmann’s constant, respectively. Fig. 4 depicts Arrhenius
plots of the total conductivity for GdSm,_,Ca,Zr,O;_,, ce-
ramics. It is evident that the total conductivity of
GdSm, _,Ca,Zr,O;_,,, ceramics gradually increases with in-
creasing temperature from 723 to 1173 K, respectively. The
total conductivity of GdSm,_,Ca,Zr,0;_,,» ceramics follows
the linear behavior with a typical correlation coefficient range
of 0.9998-0.9999, which indicates that the ionic diffusion
process is thermally activated. The activation energy and
pre-exponential factor for the total conductivity for
GdSm,_,Ca,Zr,0;_,/, ceramics are calculated from the slope
and the intercept of the Arrhenius plots, respectively. The
activation energy and pre-exponential factor are shown in
Fig. 5. The activation energy and pre-exponential factor for
the total conductivity of GdSm,_,Ca,Zr,0;_,,, ceramics ob-
viously increase with increasing CaO content from x =0 to
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Fig. 4. Arrhenius plots of the total conductivity of GdSm;_,Ca,Zr,0;_.»
ceramics.
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Fig. 5. Activation energy and pre-exponential factor for the total conductivity
of GdSm,_,Ca,Zr,O;_,,, ceramics.

x =0.10, and slightly varies with further increase CaO content
from x = 0.10 to x = 0.20.

Fig. 6 displays the compositional dependence of the total
conductivity of GdSm,_,Ca,Zr,O;_,,, ceramics as a function
of CaO content at different temperatures. At temperatures of
723-973 K, the total conductivity of GdSm,_,Ca,Zr,O;_,»
ceramics slightly decreases with increasing CaO content at
identical temperature levels. However, the total conductivity of
GdSm,_,Ca,Zr,0;_,,, ceramics slightly increases with
increasing CaO content from x=0 to x=0.10 in the
temperature range of 1023-1173 K, and reach the maximum
value of the total conductivity when the CaO content equals
0.10. The GdSmg ¢Cag 1Zr,O¢ 95 ceramic has the maximum
value of the total conductivity, about 1.20 x 1072Scem ™! at
1173 K. In this work, the oxygen partial pressure p(O,)
dependence of the total conductivity for GdSm, _,Ca,Zr,O;_,»
ceramics was also measured in order to clarify the conduction
carrier. The total conductivity of GdSm;_,Ca,Zr,O7_,»
ceramics (x =0, 0.10, 0.20) as a function of oxygen partial
pressure at different temperatures is shown in Fig. 7. The total
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Fig. 6. Compositional dependence of the total conductivity of
GdSm, _,Ca,Zr,O;_,,, ceramics as a function of CaO content.
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Fig. 7. Oxygen partial pressure dependence of the total conductivity of
GdSm,;_,Ca,Zr,O5_,, ceramics: (a) x =0, (b) x=0.10, and (c) x = 0.20.

conductivity of GdSm,_,Ca,Zr,0O;_,» ceramics is almost
independent of oxygen partial pressure from 1.0 x 10™* to
1.0 atm at each test temperature, which confirms that the
conduction is purely ionic with negligible electronic conduction

[26]. From Fig. 6, the total conductivity of GdSm, _,Ca,Zr,0;_,,
» ceramics is slightly lower than that of widely investigated solid
electrolytes such as YSZ, Sc,Zr; O, . » (x=0.08-0.11),
GdOJCCO.gOl.g or Lao_gst.zGao_gMgo_zo:), [27], the most hkely
applications of GdSm,_,Ca,Zr,O;_,,, ceramics in SOFCs are
high-temperature solid electrolytes, or thick-film electrolytes, or
as protective layers applied onto CeO,- or LaGaOs-based
electrolytes [28].

4. Conclusions

GdSm, _,Ca,Zr,0O7_,p» (x =0, 0.05) ceramics have a single
phase of pyrochlore-type structure, and GdSm; _,Ca,Zr,O7_
(x=0.10, 0.15, 0.20) ceramics are composed of pyrochlore
phase and a small amount of CaZrOj;. The relative density of
GdSm,_,Ca, Zr,O7_,» ceramics is over 96.0%. The total
conductivity of GdSm,;_,Ca,Zr,O;_,,» ceramics follows the
Arrhenius relation, and gradually increases with increasing
temperature from 723 to 1173 K. GdSm,_,Ca,Zr,0O7_,
ceramics are oxide-ion conductors in the oxygen partial
pressure range of 1.0 x 10~*~1.0 atm at each test temperature.
In the present work, the highest total conductivity is about
1.20 x 1072 Scem™! at 1173 K for the GdSmyg oCag ;Z1,0¢ o5
ceramic.
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