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a b s t r a c t

(Nd1−xYbx)2Zr2O7 (0 ≤ x ≤ 1) ceramics were prepared by pressureless-sintering to obtain dense bulk
materials. The electrical conductivity of (Nd1−xYbx)2Zr2O7 was investigated by complex impedance spec-
troscopy over a frequency range of 20 Hz to 2 MHz from 723 to 1173 K in air. A high-temperature
dilatometer was used to analyze thermal expansion coefficient of (Nd1−xYbx)2Zr2O7 in the temperature
range of 373–1523 K. The measured electrical conductivity obeys the Arrhenius relation. The grain con-
eywords:
Nd1−xYbx)2Zr2O7

lectrical conductivity
mpedance spectroscopy
hermal expansion

ductivity of each composition in (Nd1−xYbx)2Zr2O7 gradually increases with increasing temperature. A
decrease of about one order of magnitude in grain conductivity is found at all temperature levels when the
Yb content increases from x = 0.3 to x = 0.5. The highest electrical conductivity value obtained in this work
is 9.32 × 10−3 S cm−1 at 1173 K for (Nd0.7Yb0.3)2Zr2O7 ceramic. (Nd1−xYbx)2Zr2O7 ceramics are oxide-ion
conductors in the oxygen partial pressure range from 1.0 × 10−4 to 1.0 atm at all test temperature lev-
els. Thermal expansion coefficients of (Nd1−xYbx)2Zr2O7 gradually decrease with increasing ytterbium
content at identical temperature levels.
. Introduction

Complex oxides with A2B2O7 composition, where A repre-
ents trivalent rare-earth elements and B denotes tetravalent
ransition metal elements (Ti, Zr, Hf, Mo, Sn, Pb, etc.), exhibit a
yrochlore-type structure or a defect fluorite-type structure [1].
hey have a wide variety of attractive physical and chemical
roperties, such as high melting point, high thermal expansion
oefficient, low thermal conductivity, high thermal stability, high
adiation stability and high electrical conductivity. These proper-
ies make them suitable for extensive applications such as solid
lectrolytes, thermal barrier coating materials, nuclear waste host
aterials and high-temperature heating elements [2–6]. Espe-

ially, they are potential solid electrolyte materials due to their
xcellent electrical properties for intermediate-temperature solid
xide fuel cells applications. Lowering the operating temperature

f solid oxide fuel cells has attracted great interest worldwide
7–9]. It is well known that electrical conductivity of oxide elec-
rolytes is affected by different factors such as oxygen vacancy
oncentration, crystal structure, ionic radius of doped elements
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[10–12]. In recent years, new A2B2O7-type complex oxides with
various ionic radius ratios of r(A3+)/r(B4+) have attracted consid-
erable scientific interest [13–17]. For (Gd1−xNdx)2Zr2O7 (0 ≤ x ≤ 1)
ceramics, a significant increase in electrical conductivity was
obtained by suitable substitution at the Gd site with isova-
lent rare-earth cations like Nd in Gd2Zr2O7 ceramic [13,14]. The
electrical conductivity of (Gd1−xLax)Zr2O7 (0 ≤ x ≤ 0.4) ceramics
prepared by mechanical milling was almost La-content indepen-
dent from 773 to 1023 K [15,16]. (Gd1−xSmx)2Zr2O7 (0 ≤ x ≤ 1)
ceramics were synthesized by pressureless-sintering process,
and the highest electrical conductivity value was obtained for
(Gd0.5Sm0.5)2Zr2O7 in the temperature range of 623–873 K [17]. In
the present work, electrical conductivity and thermal expansion
behavior of (Nd1−xYbx)2Zr2O7 (0 ≤ x ≤1) ceramics were investi-
gated.

2. Experimental

(Nd1−xYbx)2Zr2O7 (0 ≤ x ≤ 1.0) powders were synthesized by
means of the chemical-coprecipitation and calcination method,
using zirconium oxychloride (Zibo Huantuo Chemical Co. Ltd.,

China; Analytical), neodymium oxide and ytterbium oxide pow-
ders (Rare-Chem Hi-Tech Co., Ltd., Huizhou, China; purity ≥ 99.99%)
as raw materials. Details of the powder preparation process can
be found in our previous work [18]. The powder samples were
compacted by cold isostatic pressing at 280 MPa for 5 min, and

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.2009.11.135
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ere then pressureless-sintered at 1973 K for 10 h in air. XRD mea-
urements indicate that Nd2Zr2O7 and (Nd0.9Yb0.1)2Zr2O7 exhibit
single phase of pyrochlore-type structure, and (Nd1−xYbx)2Zr2O7

0.5 ≤ x ≤ 1.0) have a single phase of defect fluorite-type structure,
nd (Nd0.7Yb0.3)2Zr2O7 shows mixed phases with pyrochlore-type
nd defect fluorite-type structure [18]. The relative densities of
Nd1−xYbx)2Zr2O7 ceramics were found to be more than 95.0%
sing the Archimedes principle, and these values were almost inde-
endent of the Yb content.

The impedance (real and imaginary parts) of (Nd1−xYbx)2Zr2O7
eramics were measured by AC impedance with four-probe method
n the temperature range of 723–1173 K during heating at a tem-
erature interval of 50 K in air. An impedance/gain-phase analyzer
SolatronTM SI 1260, UK) was used for impedance measurements
ver a frequency range of 20 Hz to 2 MHz, and the amplitude of
he input sinuous signal was 20 mV. Platinum paste was painted
s electrodes on both surfaces of each pellet and fired at 1223 K
n air. Platinum wires were attached on the electrodes for mea-
urements. Cylindrical disc-shaped specimens with a diameter of
mm and a thickness of 1 mm were used for impedance measure-
ents. Oxygen partial pressure p(O2) dependence of impedance of

Nd1−xYbx)2Zr2O7 ceramics was also measured in the p(O2) range
f 1.0 × 10−4 to 1.0 atm.

The linear thermal expansion behavior of sintered ceramics
rom 373 to 1523 K was determined with a high-temperature
ilatometer (Netzsch DIL 402C, Germany) in an argon gas atmo-
phere. The dimension of the specimen was approximately

mm × 4 mm × 20 mm, and was carefully polished with 1 �m dia-
ond paste before thermal expansion measurement. The data were

ontinuously recorded during heating at a heating rate of 5 K min−1,
nd they were corrected using the known thermal expansion of a
ertified standard alumina.

ig. 1. Typical impedance diagrams at 723 K and schematic equivalent electrical circuits p
c) magnification of (b); Rg, Rgb, CPEg and CPEgb represent grain resistance, grain boundary
rain boundary, respectively.
urces 195 (2010) 3261–3265

3. Results and discussion

It is convenient to distinguish between the grain and grain
boundary effects using the complex impedance plane plot (−Z′ ′ vs
Z′). Typical impedance diagrams of (Nd1−xYbx)2Zr2O7 ceramics are
shown in Fig. 1, which were obtained at 723 K in air. Fig. 1(a) is
impedance diagrams of (Nd1−xYbx)2Zr2O7 (x = 0, 0.1, 0.3) ceram-
ics, which are normally composed of high- and low-frequency
arcs, respectively. In the ideal case, the frequency response of
grain conductivity of electroded polycrystalline electrolytes can
be modeled by a resistor–capacitor (RC) pair in parallel. How-
ever, in the present case, in place of capacitor a constant phase
element (CPE) is required to model the experimental data [19].
Typical equivalent electrical circuits applied to reproduce such
impedance diagrams are inset in Fig. 1(a) and (b), respectively.
From fitted results, capacitance values found for the high- and
low-frequency arcs are 1.96 × 10−10 and 1.46 × 10−7 F cm−1 for
Nd2Zr2O7, which corresponds to the grain and grain boundary con-
tributions, respectively. For (Nd0.9Yb0.1)2Zr2O7 ceramic, the values
of capacitance for grain and grain boundary are 5.48 × 10−11 and
2.56 × 10−7 F cm−1, respectively. However, the capacitance values
for grain and grain boundary of (Nd0.7Yb0.3)2Zr2O7 ceramic are
2.26 × 10−10 and 9.79 × 10−8 F cm−1, respectively. Fig. 1(b) and (c)
is impedance diagrams of (Nd1−xYbx)2Zr2O7 (0.5 ≤ x ≤ 1.0) ceram-
ics. Only one distinct contribution manifested in the form of
semicircular arc is identified. From Fig. 1(b) and (c), the capaci-
tance values of different semicircular arcs are 1.17 × 10−10 F cm−1
for (Nd0.5Yb0.5)2Zr2O7, 7.95 × 10−11 F cm−1 for (Nd0.3Yb0.7)2Zr2O7,
6.76 × 10−11 F cm−1 for (Nd0.1Yb0.9)2Zr2O7 and 4.45 × 10−11 F cm−1

for Yb2Zr2O7, respectively. These semicircular arcs in Fig. 1(b) and
(c) correspond to the grain contributions. The grain resistance
value of each composition, Rg, is determined from the intercepts of

lots (inset) for (Nd1−xYbx)2Zr2O7 ceramics. (a) x = 0, 0.1, 0.3; (b) x = 0.5, 0.7, 0.9, 1.0;
resistance, constant phase element of the grain and constant phase element of the
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Fig. 2. Arrhenius plots of grain conductivity of (Nd1−xYbx)2Zr2O7 ceramics.

igh-frequency range semicircles on the Z′ axes [20]. The grain con-
uctivity of (Nd1−xYbx)2Zr2O7 ceramics at different temperatures

s calculated from the values of resistance and the dimensions of
easured specimens.
The temperature dependence of grain conductivity could be

lotted based on the Arrhenius equation with the following expres-
ion:

gT = �0g exp
(

− Eg

kBT

)
(1)

here �g, �0g, Eg, kB, and T are grain conductivity, pre-exponential
actor, activation energy, Boltzman constant, and absolute temper-
ture, respectively. Fig. 2 shows the Arrhenius plots of the grain
onductivity for each composition studied in this work, where
he lines are fitted to an Arrhenius equation. This confirms that
he ionic diffusion process is thermally activated. The activation
nergy and pre-exponential factor for each composition are cal-
ulated from the slope and the intercept of the linear fits in the
rrhenius plots (Fig. 2), 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

re presented in Fig. 3. It is clearly seen that activation energy
nd pre-exponential factor slightly decrease from Nd2Zr2O7 to
Nd0.9Yb0.1)2Zr2O7 ceramic, and reach a minimum at a ytterbium
ontent of x = 0.1, and gradually increase with further increasing
tterbium content. The activation energy of Nd2Zr2O7 in this study

ig. 3. Activation energy and pre-exponential factor of (Nd1−xYbx)2Zr2O7 ceramics
or grain conductivity as a function of ytterbium content.
Fig. 4. Variations of grain conductivity of (Nd1−xYbx)2Zr2O7 ceramics as a function
of ytterbium content and temperature.

is 0.79 eV, which is consistent with van Dijk and Burggraff’s results
[21,22].

Fig. 4 shows the variations of grain conductivity of
(Nd1−xYbx)2Zr2O7 ceramics as a function of ytterbium content
and temperature. Clearly, grain conductivity of each composition
gradually increases with increasing temperature from 723 to
1173 K. With increasing ytterbium content, the grain conduc-
tivity of (Nd1−xYbx)2Zr2O7 ceramics slightly increases, and then
gradually decreases at identical temperature levels. The grain con-
ductivity has a maximum at ytterbium content of x = 0.1 or x = 0.3
in the temperature range of 723–1173 K. The highest electrical
conductivity value obtained in this work is 9.32 × 10−3 S cm−1 at
1173 K for (Nd0.7Yb0.3)2Zr2O7. A decrease of about one order of
magnitude in grain conductivity is found at all temperature levels
when the Yb content increases from x = 0.3 to x = 0.5. With further
increasing Yb content from x = 0.5 to x = 1.0, the grain conductivity
slightly decreases, and reaches a minimum value at x = 1.0 for all
temperature levels. The increase in �0g would lead to an increase in
electrical conductivity; however, the increase in Eg would hinder
the oxide-ion migration. Thus, these two processes are competing.
As the ytterbium content increases from 0 to 0.1, both �0g and Eg

decrease as shown in Fig. 3. From Fig. 4, the electrical conductivity
of (Nd1−xYbx)2Zr2O7 ceramics increases with increasing ytterbium
content from 0 to 0.1. This indicates that the decrease in Eg is
able to compensate for the decrease in �0g, and finally causes the
increase in electrical conductivity. From Fig. 4, the electrical con-
ductivity of (Nd1−xYbx)2Zr2O7 (0.3 ≤ x ≤ 0.9) gradually decreases
with increasing Yb content. This indicates that the increase in �0g
is not able to compensate for the increase in Eg, and finally causes
the drop in electrical conductivity. However, the �0g for Yb2Zr2O7
is slightly lower than that of (Nd0.1Yb0.9)2Zr2O7, while the Eg

for Yb2Zr2O7 is obviously higher than that of (Nd0.1Yb0.9)2Zr2O7.
Therefore, the electrical conductivity of Yb2Zr2O7 is lower than
that of (Nd0.1Yb0.9)2Zr2O7, which is also consistent with the
measurement results in this work.

The oxygen partial pressure p(O2) dependence of electrical
conductivity was measured for (Nd1−xYbx)2Zr2O7 ceramics. Fig. 5
shows the electrical conductivity of NdYbZr2O7 as a function of
oxygen partial pressure p(O2) at different temperatures. It is clearly

seen that electrical conductivity of NdYbZr2O7 is almost indepen-
dent of oxygen partial pressure from 1.0 × 10−4 to 1.0 atm at all test
temperature levels, which indicates that the conduction is purely
oxide-ion conductive with negligible electronic conduction [10].
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Table 1
Thermal expansion coefficients of (Nd1−xYbx)2Zr2O7 ceramics
at 1523 K.

Ceramic materials ˛ (10−6 K−1)

Nd2Zr2O7 10.99
(Nd0.1Yb0.9)2Zr2O7 10.88
(Nd0.3Yb0.7)2Zr2O7 10.77
ig. 5. Oxygen partial pressure dependence of electrical conductivity of NdYbZr2O7

t different temperatures.

Thermal expansion coefficients of (Nd1−xYbx)2Zr2O7 ceramics
fter calibration are shown in Fig. 6. Thermal expansion coeffi-
ients of (Nd1−xYbx)2Zr2O7 ceramics increase rapidly below 500 K,
hich is caused by the nonlinear increase of instrument temper-

ture, and similar phenomenon was also reported in our previous
ork [23,24]. Thermal expansion coefficients of (Nd1−xYbx)2Zr2O7

eramics increase with the increase of temperature, which is a
ypical characteristic of solid materials as the atomic spacing
ncreases with the increase of temperature. With increasing ytter-
ium content, thermal expansion coefficients of (Nd1−xYbx)2Zr2O7
eramics gradually decrease at identical temperature levels, and
hermal expansion coefficients of (Nd1−xYbx)2Zr2O7 ceramics at
523 K are shown in Table 1. Thermal expansion coefficients of
Nd1−xYbx)2Zr2O7 ceramics at 1523 K are located in the range of
0.62–10.99 × 10−6 K−1.

The results obtained in this work show that (Nd1−xYbx)2Zr2O7
eramics are oxide-ion conductors from the low oxygen partial
ressure to high oxygen pressure with the highest electrical con-

−3 −1
uctivity of 9.32 × 10 S cm at 1173 K. Taking into account that
lectrical conductivity of (Nd1−xYbx)2Zr2O7 ceramics is slightly
ower than that of conventional solid oxide electrolytes, 8 mol.%
2O3 stabilized zirconia (8YSZ), the most likely applications of
Nd1−xYbx)2Zr2O7 ceramics are in solid oxide fuel cells with thick-

ig. 6. Thermal expansion coefficients of (Nd1−xYbx)2Zr2O7 ceramics as a function
f temperature.

[
[
[

[
[

[

[

[
[

[

(Nd0.5Yb0.5)2Zr2O7 10.70
(Nd0.7Yb0.3)2Zr2O7 10.65
(Nd0.9Yb0.1)2Zr2O7 10.64
Yb2Zr2O7 10.62

film electrolytes, or as protective layers applied onto LaGaO3- or
CeO2-based solid oxide electrolyte materials [25]. At the same time,
the moderate thermal expansion coefficients of (Nd1−xYbx)2Zr2O7
ceramics enable compatibility with these materials [25]. The ther-
mal expansion coefficient of (Nd1−xYbx)2Zr2O7 ceramics obtained
in this work is in the same order of magnitude (10.0 × 10−6 K−1,
300–1273 K [26]) as that of 8YSZ.

4. Conclusions

The grain conductivity of each composition in (Nd1−xYbx)2Zr2O7
ceramics gradually increases with increasing temperature from 673
to 1173 K. A decrease of about one order of magnitude in grain
conductivity is found at all temperature levels when the Yb con-
tent increases from x = 0.3 to x = 0.5. The grain conductivity has
a maximum at ytterbium content of x = 0.1 or x = 0.3 in the tem-
perature range of 723–1173 K. The highest electrical conductivity
value obtained in this work is 9.32 × 10−3 S cm−1 at 1173 K for
(Nd0.7Yb0.3)2Zr2O7 ceramic. (Nd1−xYbx)2Zr2O7 ceramics are oxide-
ion conductors in an oxygen partial pressure range of 1.0 × 10−4

to 1.0 atm at all test temperature levels. Thermal expansion coef-
ficients of (Nd1−xYbx)2Zr2O7 ceramics gradually decrease with
increasing ytterbium content at identical temperature levels.
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