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a b s t r a c t

Gd2−xSmxZr2O7 (x = 0, 0.2, 0.6, 1.0, 1.4, 1.8, 2.0) ceramic powders synthesized with the chemical-
coprecipitation and calcination method were pressureless-sintered at 1873 K for 10 h in air. The electrical
conductivity of Gd2−xSmxZr2O7 ceramics was investigated by complex impedance spectroscopy over a
vailable online 9 September 2008

eywords:
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frequency range of 0.01 Hz to 15 MHz. Gd2−xSmxZr2O7 is an oxide-ion conductor in the oxygen partial
pressure range from 1.0 × 10−15 to 1.0 atm and in the temperature range of 623–873 K. The measured
electrical conductivity obeys the Arrhenius relation. The activation energy and pre-exponential factor for
grain-interior conductivity gradually decrease with increasing Sm content. The grain-interior conductiv-
ity varies with the Sm substitution for Gd, and reaches the maximum at the equal molar of Sm3+ and
Gd3+ in Gd2−xSmxZr2O7 ceramics. A significant increase in the grain-interior conductivity is obtained by
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. Introduction

Complex oxides with the general formula Ln2Zr2O7
Ln = lanthanide) exhibit an ordered pyrochlore-type structure or

defective fluorite-type structure, which is mainly governed by
he ionic radius ratio of Ln3+ and Zr4+ [1]. These compounds have

wide variety of interesting physical and chemical properties,
hich make them suitable for applications as catalysts, solid

lectrolytes, nuclear waste forms, thermal barrier coatings, etc.
2–5]. Their electrical properties make them potential candidates
or solid oxide fuel cells applications. The oxide ion conductivity
f Gd2(Zr0.3Ti0.69Ta0.01)2O7 exhibited a mixed conductivity in an
xygen partial pressure range of 1.0 × 10−18 to 1.0 atm and in a
emperature range of 1073–1373 K [6]. The advantage of lowering
he operation temperature of solid oxide fuel cells has attracted
reat interest worldwide. Enormous amounts of efforts can be
ound in the literature on ionic conductivity improvements for
he oxide electrolyte materials [7,8]. van Dijk et al. [9,10] prepared
dxZr1−xO2−x/2 (0.2 < x < 0.6) ceramics by a wet chemical method,
nd found that the stoichiometric Gd2Zr2O7 pyrochlore phase had

maximum in ionic conductivity and a minimum in activation

nergy at temperatures between 773 and 1023 K. EMF measure-
ents demonstrated that the conductivity of cubic ZrO2–Gd2O3

olid solutions was almost purely ionic at temperatures of

∗ Corresponding author. Tel.: +86 451 86414291; fax: +86 451 86414291.
E-mail address: ouyangjh@hit.edu.cn (J.-H. Ouyang).
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e Sm substitution for Gd in the temperature range of 623–873 K.
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73–1023 K and oxygen partial pressures of 0.2 and 1.0 atm [9].
he conductivity of Sm2Zr2O7 pyrochlore phase was comparable
o those of other good oxide-ion conductors in low-temperature
egions [11]. At 1087 K, the conductivity of Sm2Zr2O7 was approxi-
ately constant in an oxygen partial pressure range of 1–10−20 atm,
hich is typical of the oxide-ion conductor. However, with the

ncrease of temperature up to 1381 K, the conductivity of Sm2Zr2O7
ended to increase slightly at the low and high oxygen partial pres-
ures. The increased conductivity at the low and high oxygen partial
ressures suggests that the electrons and electron holes started to
ontribute to the total conductivity at elevated temperatures [11].
ew rare-earth zirconates doped with cations of different ionic

adius ratio are of considerable scientific interest. Gd2Zr2O7 doped
ith 5 and 10 mol% Sr at the Gd sites showed a higher total conduc-

ivity than pure Gd2Zr2O7 in the temperature range of 773–973 K
12]. Mandal et al. [13] synthesized Gd2−xNdxZr2O7 (0 ≤ x ≤ 2.0)
y a solid-state reaction route, and found that a significant
ncrease in electrical conductivity can be obtained at 622–696 K.
íaz-Guillén et al. [14] prepared Gd2−yLayZr2O7 (0 ≤ y ≤ 2.0)

olid solutions by mechanochemical synthesis, and found that
d2−yLayZr2O7 showed a higher oxide-ion conductivity value for
≤ y ≤ 1.0 than those for 1.0 < y ≤ 2.0 in the temperature range of
73–1273 K.
In this work, Gd2−xSmxZr2O7 (0 ≤ x ≤ 2.0) ceramic powders
ere synthesized by the chemical-coprecipitation and calcination
ethod, and were then pressureless-sintered at 1873 K for 10 h

n air. The effect of the Sm substitution for Gd on the electrical
onductivity of fluorite-type Gd2Zr2O7 was investigated.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ouyangjh@hit.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.09.005
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above 1803 K [18]. As the sintering temperature used in this work
(1873 K) is higher than the order–disorder transition temperature,
it is not surprising that Gd2Zr2O7 exhibits a defective fluorite-
type structure. As for other zirconate ceramics of Gd2−xSmxZr2O7
Z.-G. Liu et al. / Journal of Po

. Experimental procedure

In the present study, ZrOCl2·8H2O (Zibo Huantuo Chemical Co.,
td., Zibo, China; Analytical), Gd2O3 and Sm2O3 (Rare-Chem Hi-
ech Co., Ltd., Huizhou, China; purity ≥99.99%) were chosen as the
eactants. Ceramic powders of Gd2−xSmxZr2O7 (x = 0, 0.2, 0.6, 1.0,
.4, 1.8, 2.0) were synthesized by the chemical-coprecipitation and
alcination method. Gd2O3 and Sm2O3 powders were calcined at
173 K for 2 h to remove any absorbed moisture before weighing. For
ach composition, Gd2O3 and Sm2O3 were weighed, and dissolved
n dilute nitric acid, while ZrOCl2·8H2O was dissolved in distilled
ater. These solutions were mixed, stirred, filtered and slowly

dded to dilute ammonium hydrate solution to obtain gel-like pre-
ipitates. These gels were washed with distilled water several times
o a pH value of 7, and then washed with absolute alcohol twice. The
ashed precipitates were dried at 373 K over night. The remaining

olid was calcined at 1073 K for 5 h in air and compacted by cold
sostatic pressing at 280 MPa for 5 min. Finally, the compacts were
ressureless-sintered at 1873 K for 10 h in air.

Crystal structures of synthesized powders and sintered ceram-
cs were identified by an X-ray diffractometer (D/Max-2200VPC,
igaku Co., Ltd., Japan) with Cu K� radiation at a scan rate of 4◦/min.
he morphologies of synthesized powders and sintered ceramics
ere observed by scanning electron microscope (SEM, Hitachi S-
800, Japan). SEM specimens of bulk ceramics were polished with
�m diamond paste, and then thermally etched at 1773 K for 1 h

n air. A thin carbon coating was evaporated onto the surface of the
pecimens for electrical conductivity. Qualitative X-ray elemental
nalysis of specimens was carried out using SEM equipped with
nergy dispersive spectroscopy (EDS). The bulk density of the sam-
les was measured by the Archimedes principle with an immersion
edium of deionized water. The theoretical density of the speci-
ens was calculated using lattice parameters acquired from XRD

esults and the chemical formula weight in a unit cell.
Cylindrical disc-shaped specimens with a diameter of 12.5 mm

nd a thickness of approximate 1.5 mm were machined from the
intered samples and ground so that both surfaces were copla-
ar. Both the front and the rear surfaces of each pellet were
oated with a silver paste (DAD-87 type). Each pellet was then
eated to 973 K for 1 h with a heating rate of 5 K min−1 in order to
nsure intimate contact with the specimen surface and eliminate
rganic components. The complex impedance spectra of the pellets
ere measured using the four-probe method with a computer-

zed SolatronTM SI 1260 impedance/gain-phase analyzer combined
ith a SolatronTM SI 1287 electrochemical interface over a fre-

uency range of 0.01 Hz to 15 MHz in air. The measurements were
arried out during cooling from 873 to 623 K at a 50 K interval
ith a cooling rate of 5 K min−1 and a stabilisation time of 20 min

etween consecutive measurements. A K-type thermocouple was
ositioned adjacent to the specimen in order to monitor the spec-

men temperature. Oxygen partial pressure p(O2) dependence of
he electrical conductivity was also measured in the p(O2) range of
.0 × 10−15 to 1.0 atm. Measurements were performed in a closed
ube furnace from 873 to 623 K during cooling. The p(O2) values
ere monitored with an YSZ oxygen sensor placed close to the

pecimen.

. Results and discussion

Fig. 1 reveals the X-ray diffraction patterns of Sm2Zr2O7 powder

alcined at different temperatures and holding times. It can be seen
hat Sm2Zr2O7 powder completely crystallizes at 1073 K for 5 h in
ir. Sm2Zr2O7 powder calcined at 1073 K for 5 h has wide diffraction
eaks, and exhibits a single phase of cubic structure, owing to fine
rains. Fig. 2 shows typical morphology of GdSmZr2O7 powder cal-

F
5

ig. 1. XRD patterns of Sm2Zr2O7 powder calcined at different temperatures and
olding times.

ined at 1073 K for 5 h firing. From SEM observations, GdSmZr2O7
owder has a particle size of about 100 nm in diameter, and exhibits
o a certain extent agglomeration.

The XRD patterns of Gd2−xSmxZr2O7 ceramics sintered at
873 K for 10 h were recorded and analyzed. The diffraction
atterns of Gd2−xSmxZr2O7 (x = 0, 0.2, 1.0, 2.0) specimens are
hown in Fig. 3. All Gd2−xSmxZr2O7 ceramics have a single
hase. Gd2Zr2O7 exhibits a defective fluorite-type structure. How-
ver, Gd2−xSmxZr2O7 (0.2 ≤ x ≤ 2.0) ceramics have an ordered
yrochlore-type structure, which is characterized by the presence
f typical superstructure diffraction peaks at the 2� values of about
4◦ (1 1 1), 28◦ (3 1 1), 37◦ (3 3 1), 45◦ (5 1 1) and 51◦ (5 3 1) using Cu
� radiation [15,16], as shown in Fig. 3. Gd2Zr2O7 and Sm2Zr2O7
eramics form continuous solid solution.

In the Ln2Zr2O7 system, the phase structure is mainly deter-
ined by the ionic radius ratio of r(Ln3+)/r(Zr4+). The stability of

yrochlore structure in zirconates at one atmospheric pressure is
imited to the range of 1.46 ≤ r(Ln3+)/r(Zr4+) ≤ 1.78 [1]. The ionic
adius of Zr4+ is 0.72 Å in the six-coordinated; however, the ionic
adius of Sm3+ and Gd3+ are 1.079 Å and 1.053 Å in the eightfold
oordination [17], respectively. For Gd2Zr2O7, the r(Gd3+)/r(Zr4+) is
qual to 1.46, which resides at the edge of the pyrochlore phase
tability window. It is well known that Gd2Zr2O7 undergoes a
yrochlore to fluorite (order–disorder) transition when heated to
ig. 2. Typical morphology of GdSmZr2O7 ceramic powder calcined at 1073 K for
h.
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Fig. 3. XRD patterns of Gd2−xSmxZr2O7 (x = 0, 0.2, 1.0, 2.0) ceramics. The symbol “©”
represents the superstructure diffraction peaks.

Table 1
Relative densities and chemical compositions of Gd2−xSmxZr2O7 ceramics

Ceramic materials Relative density (%) Mol ratio

Sm Gd Zr

Gd2Zr2O7 92.3 0 49.7 50.3
Sm0.2Gd1.8Zr2O7 93.1 5.1 44.7 50.2
Sm0.6Gd1.4Zr2O7 93.2 14.8 35.1 50.1
Sm Gd Zr O 96.7 24.9 24.9 50.2
S
S
S

(
1
p
i

i
t
o

F
G

i
t
o
t
G

d
t
g
s
p
at different temperature levels from 873 to 623 K, which indi-
cates a pure oxide-ion conductivity with negligible electronic
conduction [19]. Fig. 6 shows typical complex impedance plots
of GdSmZr2O7 measured at 623 and 673 K in air. Three distinct
contributions manifested in the form of semicircular arcs are
1.0 1.0 2 7

m1.4Gd0.6Zr2O7 94.8 34.8 14.8 50.4
m1.8Gd0.2Zr2O7 93.2 44.9 4.9 50.2
m2Zr2O7 97.5 49.9 0 50.1

0.6 ≤ x ≤ 2.0), the value of r(Ln3+)/r(Zr4+) is obviously higher than
.46, Gd2−xSmxZr2O7 (0.6 ≤ x ≤ 2.0) ceramics exhibit an ordered
yrochlore-type structure. Therefore, the degree of structure order-

ng of Sm2Zr2O7 is much higher than that of Gd2Zr2O7.

The relative (bulk to X-ray) densities of Gd2−xSmxZr2O7 ceram-

cs are in the range of 92.3–97.5%, as shown in Table 1. Fig. 4 shows
he typical microstructure of GdSmZr2O7. The average grain size
f GdSmZr2O7 is several micrometers, and the grain boundaries

Fig. 4. Microstructure of GdSmZr2O7.

F
T
i

ig. 5. Oxygen partial pressure dependence of the electrical conductivity of
dSmZr2O7 at different temperatures.

n GdSmZr2O7 are very clean. The chemical compositions of sin-
ered ceramics were determined by EDS. Table 1 shows the results
f chemical compositions for Gd2−xSmxZr2O7 ceramics. According
o EDS analyses, the mol ratio of different metallic elements in
d2−xSmxZr2O7 ceramics is ±2% different from stoichiometry.

The oxygen partial pressure p(O2) dependence of electrical con-
uctivity was measured for Gd2−xSmxZr2O7 ceramics. Fig. 5 shows
he electrical conductivity of GdSmZr2O7 as a function of oxy-
en partial pressure p(O2) at different temperatures. It is clearly
een that electrical conductivity of GdSmZr2O7 is almost inde-
endent of oxygen partial pressure from 1.0 × 10−15 to 1.0 atm
ig. 6. Typical complex impedance plots for GdSmZr2O7 at (a) 623 and (b) 673 K.
he grain-interior (G), grain-boundary (GB) and electrode (E) contributions are also
ndicated.
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substitution for Gd in the temperature range of 623–873 K. The
highest electrical conductivity value obtained in this study reaches
1.56 × 10−3 S cm−1 at 873 K for GdSmZr2O7. The increase in �g

would lead to an increase in electrical conductivity; however, the

Table 2
Activation energy E and pre-exponential factor �0 for the grain-interior (G) contri-
butions to conductivity

Ceramic materials Grain-interior (G) contributions

Activation energy,
Eg (eV)

Pre-exponential factor,
�0g (S cm−1 K)

Gd2Zr2O7 1.18 2.01 × 106

Sm0.2Gd1.8Zr2O7 0.97 5.06 × 105

Sm0.6Gd1.4Zr2O7 0.88 1.64 × 105

Sm1.0Gd1.0Zr2O7 0.86 1.20 × 105

Sm1.4Gd0.6Zr2O7 0.82 3.36 × 104

Sm1.8Gd0.2Zr2O7 0.76 1.05 × 104

Sm2Zr2O7 0.73 6.02 × 103
ig. 7. Arrhenius plots of the grain-interior (G) conductivity of Gd2−xSmxZr2O7

eramics.

dentified in Fig. 6. The high frequency semicircle corresponds to
he grain-interior impedance, the intermediate-range frequency
emicircle represents the grain-boundary impedance, and the low
requency semicircle is due to the polarization effects from charge
arrier blocking at the electrodes. From Fig. 6(a), capacitance val-
es found for the high-, intermediate- and low-frequency arcs
re 2.36 × 10−10, 9.32 × 10−8 and 1.31 × 10−3 F/cm at 623 K, which
orresponds to the grain-interior, grain boundary and electrodes
olarization contributions, respectively. However, at 673 K, capaci-
ance values found for the high-, intermediate- and low-frequency
rcs are 8.32 × 10−11, 1.24 × 10−7 and 1.78 × 10−3 F/cm, as shown in
ig. 6(b). Typical equivalent electrical circuit applied to reproduce
uch impedance plots consists of parallel resistance–capacitance
R–C) blocks connected in series [20]. These three contributions are
eparated by fitting semicircles to each of the arcs, and the grain-
nterior resistance values, Rg are determined from the intercepts
f high frequency-range frequency semicircles on the Z′ axes [21],
espectively. The electrical conductivity at different temperatures
s calculated from the resistance values and the dimensions of the
pecimens.

The temperature dependence of the grain-interior conductivity
s analyzed using an Arrhenius equation with the following expres-
ion:

gT = �0 exp
(

− E

kBT

)
(1)

here pre-exponential factor �0 is a measurement of the effec-
ive number of mobile oxide-ions, E is the activation energy for the
lectrical conduction process, kB is the Boltzmann constant, and
is absolute temperature. Fig. 7 shows the Arrhenius plots of the

rain-interior conductivity of Gd2−xSmxZr2O7 ceramics. The val-
es of activation energy (Eg) and pre-exponential factor (�0g) for
ach composition are calculated from the slope and the intercept
f the linear fits in the Arrhenius plots (Fig. 6), respectively. The cal-
ulated values of activation energy and pre-exponential factor are
resented in Table 2.

The activation energy Eg and pre-exponential factor �0g of
d2−xSmxZr2O7 ceramics for the grain-interior conductivity as a

unction of the Sm content are shown in Fig. 8. The activation
nergy Eg gradually decreases with increasing Sm content. Simi-
ar phenomena were found in the case of Gd2−xNdxZr2O7 system.
he activation energy gradually decreased with increasing Nd con-
ent in Gd2−xNdxZr2O7 [13]. The activation energy Eg of Gd2Zr2O7 in
his study is 1.18 eV, which is consistent with van Dijk et al.’s results

9]. The activation energy Eg of Sm2Zr2O7 in this study is 0.73 eV,
hich is slightly higher than Shinozaki et al.’s results [11]. From

ig. 8, the pre-exponential factor �0g has a similar tendency to acti-
ation energy Eg. It gradually decreases with increasing Sm content,
ndicating that the effective number of mobile oxide ions decreases

F
a

ig. 8. Activation energy Eg and pre-exponential factor �0g of Gd2−xSmxZr2O7

eramics for the grain-interior conductivity as a function of the Sm content.

ue to the Sm substitution for Gd in Gd2−xSmxZr2O7 ceramics. This
s in good agreement with the XRD results, which indicates that
he degree of ordering becomes greater when the Sm content x
ncreases from x = 0 (Gd2Zr2O7) to x = 2.0 (Sm2Zr2O7).

Fig. 9 presents the variations of the grain-interior conductiv-
ty of Gd2−xSmxZr2O7 ceramics as a function of the Sm content.
learly, the grain-interior conductivity increases with increasing
emperature for each composition. With the increase of the Sm
ontent x, the grain-interior conductivity �g rapidly increases from
ure Gd2Zr2O7 (x = 0) to Gd1.8Sm0.2Zr2O7 (x = 0.2), and reaches
he maximum at the equal molar (x = 1.0) of Sm3+ and Gd3+

n the Gd2−xSmxZr2O7 system, and then decreases with further
ncreasing Sm content. A significant increase in electrical con-
uctivity is obtained by isovalent rare-earth element like Sm
ig. 9. Variations of the grain-interior (G) conductivity of Gd2−xSmxZr2O7 ceramics
s a function of the Sm content.
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ncrease in Eg would hinder the oxide ion migration. Thus, these two
rocesses are competing. As the Sm content further increases from
.0 to 2.0, both �g and Eg decrease as shown in Fig. 8. From Fig. 9, the
lectrical conductivity of Gd2−xSmxZr2O7 (1.0 ≤ x ≤ 2.0) decreases
ith increasing Sm content. This indicates that the decrease in Eg

s not able to compensate for the decrease in the effective num-
er of mobile oxide ions, and finally causes the drop in electrical
onductivity.

. Conclusions

1) Gd2Zr2O7 exhibits a defective fluorite-type structure. How-
ever, Gd2−xSmxZr2O7 (0.2 ≤ x ≤ 2.0) ceramics have an ordered
pyrochlore-type structure. The degree of structure ordering for
Gd2−xSmxZr2O7 ceramics increases with increasing Sm content.

2) Gd2−xSmxZr2O7 ceramics are oxide-ion conductor in an oxygen
partial pressure from 1.0 × 10−15 to 1.0 atm and in the temper-
ature range of 623–873 K. The grain-interior conductivity of
Gd2−xSmxZr2O7 (x = 0, 0.2, 0.6, 1.0, 1.4, 1.8, 2.0) ceramics varies
with the Sm substitution for Gd in the temperature range of
623–873 K. A significant increase in electrical conductivity is
obtained by isovalent rare-earth element like Sm substitution
for Gd in the temperature range of 623–873 K. The grain-interior
conductivity reaches the highest value of 1.56 × 10−3 S cm−1 at
873 K for GdSmZr2O7.
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