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a b s t r a c t

SmYb1−xGdxZr2O7 (0 ≤ x ≤ 1.0) ceramics were pressureless-sintered at 1973 K for 10 h in air. The rela-
tive density, structure and electrical conductivity of SmYb1−xGdxZr2O7 ceramics were investigated by
the Archimedes method, X-ray diffraction, scanning electron microscopy and impedance spectroscopy
measurements. SmYb1−xGdxZr2O7 (0 ≤ x ≤ 0.5) ceramics exhibit a defect fluorite-type structure, while
SmYb1−xGdxZr2O7 (0.7 ≤ x ≤ 1.0) ceramics have a pyrochlore-type structure. The measured values of
the electrical conductivities obey the Arrhenius relation. The grain conductivity of each composition in
mYb1−xGdxZr2O7

tructure
mpedance spectroscopy
lectrical conductivity

SmYb1−xGdxZr2O7 ceramics increases with increasing temperature from 723 to 1173 K. The grain conduc-
tivity of SmYb1−xGdxZr2O7 ceramics gradually increases with increasing gadolinium content at identical
temperature levels. An increase of about one order of magnitude in grain conductivity is found at all
temperature levels when the gadolinium content increases from 0.5 to 0.7. SmYb1−xGdxZr2O7 ceramics
are oxide-ion conductors in the oxygen partial pressure range of 1.0 × 10−4 to 1.0 atm at all test temper-
ature levels. The highest grain conductivity value obtained in this work is 2.69 × 10−2 S cm−1 at 1173 K

for SmGdZr2O7 ceramic.

. Introduction

In recent years, A2B2O7-type ternary oxides (A = lanthanide,
= Zr, Hf, Ce, Ti, etc.) have attracted great interests due to their

mportant physical and chemical properties [1–6]. These complex
xides exhibit a pyrochlore-type structure or a defect fluorite-type
tructure, which is mainly governed by the radii of A- and B-site
ations [7]. Especially, they are potential solid electrolytes due to
heir excellent electrical properties for intermediate-temperature
olid oxide fuel cells applications. It is well known that electrical
onductivities of oxide electrolytes are affected by various fac-
ors such as oxygen vacancy concentration, crystal structure, ionic
adius of doping elements, etc. [8–10]. The electrical conductiv-
ty of Sm2Zr2O7 pyrochlore was comparable to those of other
ood oxide-ion conductors in low-temperature regions, and was
pproximately constant in an oxygen partial pressure range of
.0 × 10−20 to 1 atm below 1087 K [11]. Lowering the operating

emperature of solid oxide fuel cells has attracted great interest
orldwide. Enormous amounts of efforts were made to further

mprove the electrical conductivity of oxide electrolytes [12–14].
ecently, new A2B2O7-type oxides with various cation radius ratios
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of r(A3+)/r(B4+) are of considerable scientific interest [15–20]. A sig-
nificant increase in electrical conductivity was found by suitable
substitution of isovalent rare earth cations like Nd or Sm at the
Gd site in Gd2Zr2O7 ceramic [15,16]. The electrical conductivities
of (Gd1−xLax)Zr2O7 (0 ≤ x ≤ 1.0) ceramics prepared by mechanically
milling stoichiometric mixtures of the corresponding oxides were
almost La-content independent from 773 to 1023 K [17,18]. For
(Sm1−xYx)2Zr2O7 (0 ≤ x ≤ 0.5) and (Sm1−xYbx)2Zr2O7 (0 ≤ x ≤ 1.0)
ceramics, the electrical conductivities of pyrochlore-type materials
were obviously higher than those of defect fluorite-type materials
in the temperature range of 723–1073 K [19,20].

In the present work, SmYb1−xGdxZr2O7 (0 ≤ x ≤ 1.0) ceramic
powders were firstly synthesized by a chemical-coprecipitation
and calcination technique, and were then pressureless-sintered at
1973 K for 10 h in air. The objective of this work is to study the effect
of gadolinium and ytterbium co-doping on structure and electrical
conductivity of the Sm2Zr2O7 pyrochlore.

2. Experimental procedure
In the present study, ceramic powders of Gd and Yb co-doped
Sm2Zr2O7, SmYb1−xGdxZr2O7 (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0),
were synthesized by a chemical-coprecipitation and calcination
technique. Starting materials of rare earth oxides (Sm2O3, Gd2O3
and Yb2O3, Rare-Chem Hi-Tech Co., Ltd., Huizhou, China; purity

dx.doi.org/10.1016/j.jpowsour.2010.05.064
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ouyangjh@hit.edu.cn
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99.99%) and ZrOCl2·8H2O (Zibo Huantuo Chemical Co., Ltd., China;
nalytical) were used without further purification. Rare earth
xides were heat-treated at 1173 K for 2 h in air before further use.
or each composition, appropriate quantity of rare earth oxides was
issolved in dilute nitric acid, while ZrOCl2·8H2O was dissolved in
istilled water. These solutions were mixed, stirred, filtered, and
lowly added under stirring to excessive dilute ammonium hydrate
olution to obtain gel-like precipitates. These gels were washed,
ried and then calcined at 1073 K for 5 h in air. The obtained ceramic
owders were compacted by cold isostatic pressing at 280 MPa for
min, and the compacts were pressureless-sintered at 1973 K for
0 h in air.

The phase structures of sintered ceramics were identified by
n X-ray diffractometer (Rigaku D/Max 2200VPC, Japan) with Cu
� radiation at a scan rate of 4◦ min−1. The diffraction peaks of

3 1 1)F/(6 2 2)Py were recorded in a step-scan mode with a step-
idth of 0.02◦ and a step-time of 3 s. In order to evaluate the lattice

onstants, silicon powder was used as the external standard. The
heoretical density of each composition was calculated using lattice
arameters acquired from XRD results and the molecular weight in
n elementary cell. The bulk density of each specimen was mea-
ured by the Archimedes method with an immersion medium of
eionized water. The morphology of SmYb1−xGdxZr2O7 ceramics
as observed by scanning electron microscopy (Hitachi S-4700,

apan) on polished and thermally etched (1873 K, 1 h) surfaces.
he impedance spectra of SmYb1−xGdxZr2O7 ceramics were mea-
ured by an impedance/gain-phase analyzer (SolatronTM SI 1260,
K) over a frequency range of 20 Hz to 2 MHz. The dimensions of
ach specimen were about 8 mm in diameter and 1 mm in thick-
ess. The measurements were carried out at temperatures between
23 and 1173 K in air using platinum wires and platinum paste as
ontacts. Oxygen partial pressure p(O2) dependence of impedance
pectra of SmYb1−xGdxZr2O7 ceramics was also measured in the
(O2) range of 1.0 × 10−4 to 1.0 atm.

. Results and discussion

Fig. 1(a) reveals the room temperature X-ray diffraction patterns
f SmYb1−xGdxZr2O7 ceramics sintered at 1973 K for 10 h in air. It
an be seen that SmYb1−xGdxZr2O7 ceramics have a single phase
tructure. From Fig. 1(a), SmYb1−xGdxZr2O7 (0 ≤ x ≤ 0.5) ceram-
cs exhibit a defect fluorite-type structure. However, the situation
s different when the gadolinium content is more than 0.5. With
urther incorporation of larger Gd3+ cations, SmYb1−xGdxZr2O7
0.7 ≤ x ≤ 1.0) ceramics transform into a pyrochlore-type structure,
hich is characterized by the presence of typical superstructure
eaks at 2� values of about 14◦ (1 1 1), 28◦ (3 1 1), 37◦ (3 3 1), 45◦

5 1 1) and 51◦ (5 3 1) using Cu K� radiation [4,21,22].
In the Ln2Zr2O7 system, the phase structure is mainly gov-

rned by the ionic radius ratio of r(Ln3+)/r(Zr4+). The stability of
yrochlore-type structure in zirconates is limited to the range of
.46 ≤ r(Ln3+)/r(Zr4+) ≤ 1.78 at an atmospheric pressure [7]. Below
.46, the array of unoccupied anion sites disorders, to produce a
efect fluorite structure. Above 1.78, there is a transition to a mono-
linic phase with a La2Ti2O7-type structure. The ionic radius of Zr4+

s 0.072 nm in the sixfold coordination; however, the ionic radii of
m3+, Gd3+ and Yb3+ are 0.1079, 0.1053 and 0.0985 nm in eightfold
oordination, respectively [23]. The average ionic radius, r(Lnav.

3+),
f the Ln-sites in the SmYb1−xGdxZr2O7 ceramics is estimated from
he ionic radii of the component ions and the chemical composition
sing the following equation [24]:
(Ln3+
av.) = r(Sm3+) + xr(Gd3+) + (1 − x)r(Yb3+)

2
(1)

he values of r(Ln3+)/r(Zr4+) are clearly lower than 1.46 for
mYb1−xGdxZr2O7 (0 ≤ x ≤ 0.5) ceramics, respectively, and there-

Fig. 1. XRD patterns and derived lattice parameters of SmYb1−xGdxZr2O7 ceramics:
(a) in a 2� range of 10–70◦; (b) a single (3 1 1)F/(6 2 2)Py peak; (c) lattice parameters
derived from (b).
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Table 1
Relative densities of SmYb1−xGdxZr2O7 ceramics sintered at 1973 K for 10 h in air.

Ceramic materials Relative density (%)

SmYbZr2O7 96.6
SmYb0.9Gd0.1Zr2O7 96.2
SmYb0.7Gd0.3Zr2O7 96.0
SmYb0.5Gd0.5Zr2O7 98.0
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SmYb0.3Gd0.7Zr2O7 97.5
SmYb0.1Gd0.9Zr2O7 97.2
SmGdZr2O7 97.7

ore SmYb1−xGdxZr2O7 (0 ≤ x ≤ 0.5) ceramics exhibit a defect
uorite-type structure. As for the other zirconate ceramics in this
ork, SmYb1−xGdxZr2O7 (0.7 ≤ x ≤ 1.0), the values of r(Ln3+)/r(Zr4+)

re higher than 1.46, and therefore SmYb1−xGdxZr2O7 (0.7 ≤ x ≤ 1.0)
eramics exhibit a pyrochlore-type structure.

Fig. 1(b) shows the X-ray diffraction patterns of
mYb1−xGdxZr2O7 ceramics in the 2� range of 56–60◦. The
3 1 1)F/(6 2 2)Py peaks gradually shift to the low angle side for
mYb1−xGdxZr2O7 ceramics with increasing gadolinium content.
he lattice parameters calculated from these peaks in relation to
he pyrochlore-type unit cell are depicted in Fig. 1(c). An approx-
mately linear increase of the lattice parameter is observed for
mYb1−xGdxZr2O7 ceramics with increasing gadolinium content,
hich is in a good agreement with the Vegard’s rule. The relative
ensities of SmYb1−xGdxZr2O7 ceramics sintered at 1973 K for 10 h

n air vary between 96 and 98%, as shown in Table 1. The results
btained from SEM observations indicate that SmYb1−xGdxZr2O7
eramics are very dense. The morphology of grains is similar for
mYb1−xGdxZr2O7 ceramics sintered at 1973 K for 10 h in air. The
ypical thermally etched surface morphology of SmYb0.5Gd0.5Zr2O7
eramic is shown in Fig. 2. Obviously, the grain boundaries are
ery clean and the average grain size is several micrometers for
mYb0.5Gd0.5Zr2O7 ceramic.

Fig. 3 shows typical impedance spectra of SmYb0.5Gd0.5Zr2O7
eramic measured at 723 K in air. The impedance spectra of
mYb0.5Gd0.5Zr2O7 ceramic are normally composed of a high-
requency arc and a low-frequency arc, as shown in Fig. 3. In the
deal case, the frequency response of electrical conductivity of
olycrystalline electrolytes can be modeled by a resistor–capacitor
RC) pair in parallel. However, in the present case, in place of

apacitor a constant phase element (CPE) is required to model the
xperimental data [25], as shown in Fig. 3. From fitted results,
he capacitance values found for the high- and low-frequency
rcs are 1.39 × 10−10 and 2.97 × 10−7 F cm−1 for SmYb0.5Gd0.5Zr2O7

ig. 2. Micrograph of the thermally etched surface of SmYb0.5Gd0.5Zr2O7 ceramic.
Fig. 3. Typical complex impedance and schematic equivalent electrical circuits plots
for SmYb0.5Gd0.5Zr2O7 ceramic at 723 K. Rg, Rgb, CPEg and CPEgb represent grain resis-
tance, grain boundary resistance, constant phase element of the grain and constant
phase element of the grain boundary.

ceramic, which correspond to the grain and grain boundary
contributions, respectively. The grain resistance value of each com-
position, R, is determined from the intercept of the corresponding
high frequency-range semicircle on the Z′ axe [26]. The grain con-
ductivities of SmYb1−xGdxZr2O7 ceramics are calculated from the
values of resistance at corresponding temperatures and the geo-
metrical dimensions of the measured specimens.

The temperature dependence of grain conductivity could be
plotted based on the Arrhenius equation with the following expres-
sion:

� · T = �0 exp
( −E

kBT

)
(2)

where �, T, �0, E and kB are grain conductivity, absolute temper-
ature, pre-exponential constant, activation energy and Boltzman
constant, respectively. Fig. 4 shows Arrhenius plots derived from
the impedance spectra over the temperature range of 723–1173 K.
It can be seen that the grain conductivity data follow the Arrhe-

nius behavior with typical correlation coefficients for linear least
squares fit between 0.9997 and 0.9999, which confirms that the
ionic diffusion process is thermally activated. The activation energy
(E) and pre-exponential factor (�0) of each composition are cal-
culated from the slope and the intercept of the linear fits in the

Fig. 4. Arrhenius plots of grain conductivities of SmYb1−xGdxZr2O7 ceramics.
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ig. 5. Activation energy and pre-exponential factor for the grain conductivity of
mYb1−xGdxZr2O7 ceramics.

rrhenius plots (Fig. 4), respectively. The latter is indicative of
he number of charge carriers available for conduction. The cal-
ulated values of activation energy and pre-exponential factor are
resented in Fig. 5.

Fig. 6 shows the variations in grain conductivity of
mYb1−xGdxZr2O7 ceramics as a function of gadolinium con-
ent at different temperatures. Clearly, the grain conductivity of
ach composition gradually increases with increasing temperature
rom 723 to 1173 K. The grain conductivity slightly increases with
ncreasing gadolinium content from x = 0 to 0.5 at all temperature
evels; however, an increase of about one order of magnitude in
rain conductivity is found at all temperature levels when the
adolinium content increases from x = 0.5 to 0.7. With further
ncreasing gadolinium content from x = 0.7 to 1.0, the grain con-
uctivity slightly increases, and reaches a maximum value at x = 1.0
or all temperature levels. The highest grain conductivity value
btained in SmYb1−xGdxZr2O7 ceramics is 2.69 × 10−2 S cm−1 at
173 K for SmGdZr2O7 ceramic. From Fig. 6, the measured grain
onductivity values of pyrochlore-type materials are apparently
igher than those of defect fluorite-type materials in the tem-
erature range of 673–1173 K in SmYb1−xGdxZr2O7 ceramics. The
ecrease in �0 would lead to a decrease in electrical conductivity;
owever, the decrease in E would promote the oxide-ion migra-

ion. Thus, these two processes are competing. Both �0 and E
ecrease with increasing gadolinium content, as shown in Fig. 5;
owever, the grain conductivities always increase with increasing
adolinium content, which indicates that the decrease in �0 is not

ig. 6. Variations in grain conductivity of SmYb1−xGdxZr2O7 ceramics as a function
f gadolinium content at different temperatures.
Fig. 7. Oxygen partial pressure dependence of grain conductivity of
SmYb0.5Gd0.5Zr2O7 ceramic at different temperatures.

able to compensate for the decrease in E, and consequently causes
the increase in grain conductivity.

The oxygen partial pressure p(O2) dependence of electri-
cal conductivity was measured for SmYb1−xGdxZr2O7 ceramics.
Fig. 7 shows the grain conductivity of SmYb0.5Gd0.5Zr2O7
ceramic as a function of oxygen partial pressure p(O2) at dif-
ferent temperatures. It is evident that grain conductivity of
SmYb0.5Gd0.5Zr2O7 is almost independent of oxygen partial pres-
sure from 1.0 × 10−4 to 1.0 atm at all test temperature levels,
which indicates that the conduction is purely oxide-ion con-
ductive with negligible electronic conduction [27]. The results
obtained in this work show that SmYb1−xGdxZr2O7 ceramics are
oxide-ion conductors from the low oxygen partial pressure to
high oxygen pressure with the highest grain conductivity of
2.69 × 10−2 S cm−1 at 1173 K. The oxide-ion conductivities of con-
ventional solid electrolytes such as Zr0.92Y0.08O2−ı, Ce0.8Gd0.2O2−ı,
and La0.80Sr0.20Ga0.76Mg0.19Co0.05Y0.08O3−ı, which are used in
SOFCs, are 9.29 × 10−2, 1.55 × 10−1 and 2.74 × 10−1 S cm−1 at
1173 K [28], respectively. Taking into account that the oxide-ion
conductivity of SmYb1−xGdxZr2O7 ceramics (2.69 × 10−2 S cm−1 at
1173 K) is slightly lower than those of conventional solid elec-
trolytes, the most likely applications of SmYb1−xGdxZr2O7 ceramics
in solid oxide fuel cells are high-temperature solid electrolytes, or
thick-film electrolytes, or as protective layers applied onto CeO2-
or LaGaO3-based solid electrolyte materials [28].

4. Conclusions

SmYb1−xGdxZr2O7 (0 ≤ x ≤ 0.5) ceramics exhibit a defect
fluorite-type structure, while SmYb1−xGdxZr2O7 (0.7 ≤ x ≤ 1.0)
ceramics have a pyrochlore-type structure. The relative densities
of SmYb1−xGdxZr2O7 ceramics pressureless-sintered at 1973 K for
10 h are higher than 96%. SmYb1−xGdxZr2O7 ceramics are oxide-
ion conductors in oxygen partial pressure range of 1.0 × 10−4 to
1.0 atm at all test temperature levels. The grain conductivity of each
composition in SmYb1−xGdxZr2O7 ceramics increases with increas-
ing temperature from 723 to 1173 K. The grain conductivities
of SmYb1−xGdxZr2O7 ceramics gradually increase with increasing
gadolinium content at identical temperature levels. An increase of
about one order of magnitude in grain conductivity is found at all

temperature levels when the gadolinium content increases from
0.5 to 0.7. The grain conductivities obtained in SmYb1−xGdxZr2O7
ceramics reach the highest value of 2.69 × 10−2 S cm−1 at 1173 K
for SmGdZr2O7 ceramic.
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