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Abstract

Complex oxides La2�xCaxZr2O77δ(x¼0.06–0.10) were prepared by a modified Pechini method and a novel strategy based on the X-ray
diffraction intensity ratio was developed to determine the maximum Ca content in La2�xCaxZr2O77δ. Computer simulation predicted that the
intensity ratio of (662) and (331) reflections for La2�xCaxZr2O77δ increased with the increasing Ca content x. XRD analysis showed that with
increasing x until 0.08, the ratio increased as predicted, then leveled off with further increase of x. An abrupt change in electrical conductivity was
also observed at x of 0.08. It was concluded that the maximum Ca content lay in 0.08 for La2�xCaxZr2O77 δ.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ceramic proton conductors receive much attention from the
solid oxide fuel cells (SOFCs) community because the proton-
conducting SOFCs would permit lowering the working tem-
perature to the range of 500–700 1C [1–4]. In addition, no fuel
gas circulation is necessary for proton-conducting SOFCs
compared to the conventional SOFCs with YSZ electrolyte
as water is produced at the cathode side. Among these ceramic
proton conductors, much attention has been paid to ABO3-type
perovskites, particularly to the rare earth doped BaCeO3

materials that exhibit the highest protonic conductivities. One
of the major challenges for this type of proton conductors is a
proper compromise between conductivity and chemical stabi-
lity. For example, doped BaCeO3 has sufficiently high ionic
conductivity, but the chemical stability in an atmosphere
containing CO2 and H2O is inadequate for fuel-cell applica-
tions [5,6]. The doped pyrochlore La2Zr2O7 which shows
desirable proton conductivity and high chemical stability is an
interesting electrolyte material candidate for proton-conducting
SOFCs [7–10].
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The lanthanum zirconate (La2Zr2O7) is cubic (space group
Fd-3m) with eight A2B2O6O′ molecules (88 atoms) per unit
cell. There are four crystallographically nonequivalent kinds of
atoms: the cations A and B and the oxygen ions O and O″.
Expressed in Wyckoff notation they occupy crystallographic
positions 16d, 16c, 48f and 8b, respectively [11,12]. The pure
material La2Zr2O7 cannot accommodate any appreciable amounts
of protons and does not show proton conduction [13]. Thus, lower
valence ions such as Ca2þ is introduced to the La sites by forming
the oxygen vacancies, which can be replaced by protonic defects
under humid atmosphere [14,15].
The maximum Ca-doping content in La2Zr2O7 has been

studied for getting the largest proton conductivity, but the
results are conflicting. Omata et al. report a value of 0.05 for
La2�xCaxZr2O77δ beyond which a second phase CaZrO3

appears [9–16]. A higher value of 0.08 is also reported [8].
The discrepancy in the reported literature may arise partly from
the different sample preparation routes used, and/or the diff-
erent characterization methods adopted. One method to deter-
mine the maximum Ca-doping content is to investigate the
impurity phase of CaZrO3 with the XRD diffraction. But a
higher value than the real one is gained because of the detection
limit of the instrument. In this paper, we use a simple and
available method to determine the maximum Ca-doping con-
tent, in which the intensity ratio of XRD reflections (662) and
ghts reserved.
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Fig. 1. X-ray diffraction patterns of the samples of La2�xCaxZr2O77δ (x¼0,
0.06, 0.07, 0.08, 0.09, 0.10).

Fig. 2. Calculated intensity ration of the (662) and (331) reflections as a
function of Ca-doping content x in La2�xCaxZr2O7.
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(331) for La2�xCaxZr2O77δ is examined as a function of the
Ca-doping content. We also measure the conductivity to vali-
date the results got from the method refers above.

2. Experimental

La2�xCaxZr2O77δ (x¼0, 0.06, 0.07, 0.08, 0.09, 0.10)
powders were synthesized by Pechini method. Appropriate
amounts of CaCO3 and La2O3 that had been calcined at
1000 1C were dissolved in nitric acid and mixed with Zr
(NO3)4 solution, then citric acid was added, which was used as
complexation agent. Molar ratio of citric acid/metal was set at
1.5. The solution was heated under stirring to evaporate water
until it changed into viscous gel and finally ignited to flame,
resulting in the white ash. The ash was calcined at 1000 1C for
3 h to form fine La2�xCaxZr2O77δ powders. The as-prepared
powders were isostatiacally pressed into wafers (Φ15) under
300 MPa pressure, sintered in air at 1550 1C for 10 h, and then
cooled.

The phase of the obtained powders and the intensity ratio of
reflections (662) and (331) were measured with X-ray diffract-
ometer (XRD) using CuKα radiation in the Bragg–Branteno
geometry. The powders used for analysis were sieved with 250
mesh. The theoretic intensity ratio was conducted by using a
computer simulation. The intensity ratio was calculated using
program POWDERCELL [17]. Calculation was also performed to
examine the effect of oxygen nonstoichiometry on the intensity
ratio. Parameters used for simulation were given as follows:
Bragg–Branteno geometry, radiation CuKa1; space group Fd-3m,
a¼b¼c¼10.7997 Å; lanthanum ion site in 16d, site occupa-
tion factor (SOF)¼1.000�0.950; calcium ion in 16d, SOF¼
0.000�0.050; zirconium ion in 16c, SOF¼1.000�0.972; oxide
ion site two positions, one is 48f, the other one 8b.

The electrical conductivity of a whole series of samples
La2�xCaxZr2O77δ with x ranging from 0.06 to 0.10 was measured
at elevated temperatures in humidified hydrogen (� 3% H2O)
with an electrochemical station CHI604C (0.1 Hz to 100 KHz)
using AC impedance spectroscopy.

3. Results and discussion

As shown in Fig. 1, all the samples of La2�xCaxZr2O77δ

(x¼0, 0.06, 0.07, 0.08, 0.09, 0.10) exhibits pyrochlore phase
structure without impurity phase such as CaZrO3, implying
that the maximum Ca-doping content may be greater than
0.10. However, the second phase CaZrO3 might have appeared
at x less than 0.10 and could not be found while its quantity is
below the detection limit of the XRD method. Thus, the
precise value of the maximum Ca-doping content needs be
determined by other methods.

Fig. 2 shows the calculated intensity ratio of reflections
(662) and (331) for La2�xCaxZr2O7. It can be seen clearly that
the intensity ratio increases with increasing Ca-doping value x.
With the increase of x from 0 to 0.10, the intensity ratio
increases by 15% from 8.14 to 9.37. The lanthanum zirconate
normally exhibits oxygen nonstoichiometry as represented by
formula La2Zr2O77δ. The effect of oxygen nonstoichiometry
on the intensity ratio is also accessed by computer simulation,
and the results are presented in Fig. 3. Since the pyrochlore-
structured oxide cannot contain excessive oxygen at interstitial
positions, the incorporation of excessive oxygen leads to the
creation of cation vacancies at both La and Zr sites. Thus,
oxygen-excessive La2Zr2O7þδ is more appropriately repre-
sented by the formula La2�yZr2�yO7 with y¼2δ/(7þδ), and
simulation was done with this defect chemistry model. From
Fig. 3, it can be seen that the intensity ratio decreases with the
increase of oxygen excess δ and increases with the increase of
oxygen deficiency δ. Compared with the result of La2�xCaxZr2O7,
the effect is much smaller. At oxygen excess δ¼0.20, the intensity
ratio is decreased by �1%. At deficiency δ of 0.20, the intensity
ratio is increased by 9%.
The real intensity ratio, measured from the XRD, is shown

in Fig. 4. We can investigate from the figure and know that the
intensity ratio increases with increasing x until x¼0.08; the
intensity ratio increases by 24% from 8.14 at x¼0.00 to 10.09
at x¼0.08. Compared with the computer simulation, we can
know that the increase of the intensity can be attributed to



Fig. 3. Calculated intensity ration of the (662) and (331) reflections as a
function of oxygen nonstoichiometry in La2Zr2O77 δ. (■) oxygen deficient. (○)
oxygen excess.

Fig. 4. Measured intensity ratio I662/I331 as a function of Ca-doping value x in
La2�xCaxZr2O77δ.

Fig. 5. Measured electrical conductivity s at various temperatures as a
function of Ca-doping content x in La2�xCaxZr2O77δ.
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Ca-doping at the La site and the oxygen deficiency. At x larger
than 0.08, the intensity ratio becomes smaller which reveals
that the maximum Ca-doping content is about 0.08. Beyond
the value 0.08, the impurity phase CaZrO3 may form and
decrease the intensity ratio, consequently.
The electrical conductivities of the dense wafers are measured

at elevated temperatures of 600 1C–750 1C in humidified hydro-
gen (�3% H2O) and the results are shown in Fig. 5. It can be
seen that the electrical conductivity increases with the increased
temperatures and an obviously change happens at x¼0.08. The
largest electrical conductivity at x¼0.08 indicates the maximum
Ca-doping content is 0.08 beyond which an impurity phase forms
and leads to the decrease of the electrical conductivity. This result
well accord with the conclusion made from the intensity ratio.

4. Conclusions

In the present study, a simple and available method based on
the XRD intensity ratio was employed to determine the
Ca-doping content in pyrochlore-structured La2�xCaxZr2
O77δ. Computer simulation showed that the intensity ratio
I662/I331 for La2�xCaxZr2O77δ increased significantly with
increasing Ca-doping content x at the La site and oxygen
deficient δ. XRD analysis showed that the intensity ratio
increased with x until x¼0.08, beyond which it leveled off.
The measurement of electrical conductivity revealed that the
largest conductivity was got at x¼0.08. Both the XRD
intensity ratio analysis and the electrical measurement con-
firmed that the maximum Ca-doping content at La site was
0.08. The XRD intensity ratio method combined with the
measurement of electrical conductivity offers us a useful way
to determine the element doping or deficiency content and this
interesting method may be applied in other materials.
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