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ABSTRACT

(Smy_xCay)2Zr,07_« (0 <x<0.100) ceramics were prepared by a solid state reaction process at 1973 K
for 10h in air, and were characterized by X-ray diffraction (XRD) and scanning electron microscopy
(SEM). (Sm;_xCay)2Zr,07_x (0 <x<0.025) ceramics have a single phase of pyrochlore-type structure;
however (Sm;_xCay)2Zr,07_x (0.050 <x <0.100) consist of pyrochlore phase and a small amount of
perovskite-like CaZrOs. The electrical conductivity of (Sm;_xCay)2Zr,07_x ceramics was investigated by
complex impedance spectroscopy over a frequency range of 0.1 Hz to 20 MHz in the temperature range of
573-873 K. The measured electrical conductivity obeys the Arrhenius relation. Both the activation energy
and pre-exponential factor for grain conductivity increase with increasing the CaO content; however,
electrical conductivity of (Sm;_,Cay),Zr,07_x decreases with increasing the CaO content, which is due to
the increase in structural disordering at 0 <x <0.025 and the presence of the poorly conducting CaZrOs;
phase at 0.050 < x < 0.100, respectively.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In the past few years, pyrochlore compounds with the general
formula A;B,07, where A is a trivalent rare-earth element and Bis a
tetravalent transition metal, are of great technological importance
[1]. These compounds can be used as candidates for catalysts [2,3],
nuclear waste disposal [4,5] and thermal barrier coatings (TBCs)
[6], due to their interesting physical and chemical properties. Espe-
cially, their electrical properties depending on the composition and
the degree of disorder on the cation sites [ 7] make them promising
hosts for solid electrolytes in high-temperature fuel cells. Oxide-ion
conductors of pyrochlore structure A, B, 05 are potential candidates
to substitute materials currently used in the fuel cells [8]. The
advantages of lowering the operation temperature have attracted
great interest worldwide. Enormous amounts of efforts have been
made to improve ionic conductivity of the oxide electrolyte mate-
rials [9,10].

Among the pyrochlores, Gd,Zr,07 has been of keen concern
due to its high oxide-ion conductivity at relatively low tem-
peratures as compared with the commercially used electrolytes
[11]. van Dijk et al. [12] found that the ionic conductivity of
GdyZr,07 was the highest among all of the reported pyrochlores.
There have been some efforts to improve the conductivity of
Gd,Zr,07 by substitution at the Gd site. Gd;Zr,07; doped with
5 and 10 mol% Sr at the Gd site had a higher total-conductivity
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than pure Gd,Zr,0; in the temperature range of 773-1023K
[13]. Mandal et al. [14] prepared (Gd;_xNdx),Zr,07 (0<x<1.0)
by a solid state reaction route, and found a significant enhance-
ment of ionic conductivity in (GdgsNdgs),Zr,0; at 622-696 K.
Electrical properties were investigated in a La substituted fluorite-
Gd,Zr,07, and a peak in ionic conductivity was found for the
(Gdgglag,)Zr,07 at 1073K [15]. Diaz-Guillén et al. [16] sub-
stituted La for Gd in pyrochlore-type (Gdi_xLax);Zr,07 solid
solutions (0 <x <1.0) and found that ionic conductivity at tem-
peratures of 773-1023 K was almost La-content independent for
x<04. Liu et al. [17] synthesized (Gd;_,Smy),Zr,07 (0 <x<1.0)
ceramics by the chemical-coprecipitation and calcination method,
and obtained the highest electrical conductivity value at 873K
for (GdgsSmgs),Zr,07. Recently, the effect of homovalent A-
site substitution on the electrical conductivity of pyrochlore-type
Gd,Zr,07 was studied, and found that ionic conductivity remained
almost constant or even increased slightly [18].

The electrical conductivity of Sm,Zr,07 pyrochlore phase was
comparable to those of other good oxide-ion conductors in low-
temperature regions [19]. However, to the best of our knowledge,
there is no report to investigate the influence of divalent oxide dop-
ing on electrical conductivity of Sm;Zr,07 ceramic. In the present
work, structure and electrical conductivity of pyrochlore-type
Sm,Zr,07 doped with different contents of CaO were investigated.

2. Experimental procedure

In the present study (Smq_xCax)2Zr,07_x (0 <x <0.100) ceram-
ics were synthesized by a solid state reaction process. The starting
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materials were samaria (Grirem Advanced Materials Co. Ltd.,
China; purity >99.9%), zirconia (Shenzhen Nanbo Structure Ceram-
ics Co. Ltd., China; purity >99.9%) and calcia (Shanghai Fengxian
Fengcheng Reagent Factory; analytical pure). All raw powders were
first calcined at 1173K for 2 h to remove adsorptive water in air
before weighing. Samaria, zirconia and calcia powders in appro-
priate ratios were mechanically mixed for 24 h in absolute alcohol
medium using zirconia milling media. The dried powder mixtures
were molded by the uniaxial stress. Subsequently, the molded
samples were further compacted by cold isostatic pressing at
280 MPa for 5 min. Finally, the compacts were pressureless-sintered
at 1973 K for 10 h in air. The densities of the specimens were mea-
sured by using the Archimedes method.

The phases of sintered samples were characterized by a X-ray
diffractometer (Rigaku, D/MAX 2200VPC, Japan) with Cu Ka radia-
tion at a scan rate of 4° min—! and slow step scans on the peak of
(622)py were conducted at a rate of 0.02°/3 s to calculate the lat-
tice parameters of solid solutions using the least-squares method.
The microstructure of ceramics was observed by scanning electron
microscopy (SEM, CamScan MX 2600FE, UK). The specimens were
polished, and then thermally etched at 1823 K for 1 h in air before
SEM observations. Qualitative X-ray elemental analysis of various
phases was carried out using SEM equipped with energy dispersive
spectroscopy (EDS, Oxford Instruments INCA X-sight system, 7537,
UK). Cylindrical pellet-form specimens with a diameter of 8 mm
and a thickness of approximate 1 mm were machined from the
sintered samples. Sample pellets were polished and cleaned with
acetone in an ultrasonic cleaner. Both the flat surfaces of each pellet
were coated with a conducting platinum paste. Each pellet was then
heated to 1223 K for 2.5 h with a heating rate of 5 Kmin~! in order to
ensure good contact with the specimen surface. Impedance spec-
troscopy was carried out on a Solatron 1260 impedance analyzer
with an applied voltage of 20mV in the frequency range of 0.1 Hz
to 20 MHz in air. Conductivity measurements were carried out dur-
ing heating from 573 to 873 K at a 50K interval with a heating rate
of 5Kmin~! and a dwelling time of 15 min between consecutive
measurements.

3. Results and discussion

The relative densities of sintered (Sm;_yCayx),Zr,07_x samples
used in this investigation are shown in Table 1. The relative densities
of (Smy_yCay)2Zr,07_x ceramics are in the range of 96-98%. Fig. 1
shows the XRD patterns of (Smq_yCay),Zr,07_, ceramics sintered
at 1973K for 10 h in air. It can be seen that all the samples except
for (Smg.g00Cag100)2Zr206.900 have a single phase of pyrochlore
structure, which is characterized by the presence of typical super-
structure diffraction peaks at the 26 values of about 14° (11 1), 28°
(311),37°(331),45°(511) and 51° (53 1) using Cu Ko radiation
[20,21]. (Smg 900Cag100)2Zr206.900 consists of pyrochlore structure
and minor perovskite-like CaZrO3 as a second phase as shown in
Fig. 1. As compared with undoped Sm;Zr,07 (Smj_xCax)2Zr;07_x
(0.025 <x <0.075) ceramics exhibit a single phase of pyrochlore
structure. The peaks slightly shift towards a low angle region, which
indicates the solution of CaO into the pyrochlore phase. The ionic

Table 1
Relative densities of (Sm;_xCay)2Zr,07_x ceramics used in this investigation.

Ceramic materials Composition (mol%)

Zr0, SmO5 Cao

Relative densities (%)

SmyZr,07 50.00 50.00 0 96.3
(Smovg75 Cap.025 )zzl’z 06975 50.00 48.75 1.25 97.1
(Smo_950C30_050 )221’2 O6.950 50.00 47.50 2.50 97.5
(Smo_925caolo75 )zzrz O6.925 50.00 46.25 3.75 97.8
(Smog00Can100)2Zr206900  50.00  45.00 5.00 96.5
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Fig. 1. XRD patterns of (Sm;_yxCay)2Zr,07_x ceramics sintered at 1973 K for 10 h.

radius of Ca?* and Sm3* are 1.120 and 1.079 A in an eightfold coordi-
nation, respectively [22]. The heterovalent-doped Sm;Zr,0; with
Cao increases the lattice parameters of Sm;Zr,0; when Ca occu-
pies the Sm site, so a peak shift is observed. Slow step scans on the
peak of (622)py at a rate of 0.02°/3 s are carried out to calculate the
lattice parameters of solid solutions. Fig. 2 shows XRD patterns of
ceramics in a 26 range of 56-60°. As contrasted with the Sm;Zr, 07
(x=0), the (622)py peak of different CaO-doped (Smy_yCax ) Zr;07_
ceramics from x=0.025 to x=0.100 shifts slightly to the low
angle region as shown in Fig. 2(a). The lattice parameters of dif-
ferent CaO-doped (Smj_xCax),Zr,07_x ceramics calculated from
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Fig. 2. Slow step-scan XRD patterns and calculated lattice parameters of
(Smy_xCay )2Zr;07_ ceramics: (a) the (622 )py peakin a 20 range of 56-60°; (b) lattice
parameters derived from (a) above.
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Fig. 3. SEM micrographs showing the microstructure of sintered (Sm;_,Cay),Zr,07_, samples: (a) x=0.025; (b) x=0.050; (c) x=0.075; (d) x=0.100; (e-g) EDS at different

positions of A-C, respectively; the inset in (a) shows a high-magnification image.

their (622)py diffraction peaks of pyrochlore-type unit cell are
depicted in Fig. 2(b). It can be seen that the lattice parameters
of (Smy_xCax)2Zr,07_y initially increase and then remain almost
constant with further increase of the CaO content. This indicates
that the solubility of CaO in pyrochlore-type SmyZr,07 is very
low.

Fig. 3 presents SEM micrographs for (Smj_yCax)Zr,07_y
(0.025 <x<0.100) ceramics. The SEM images of sintered
(Smy_xCax)2Zr,07_x samples indicate that all of them have a
high relative density. From Fig. 3(a), the grain is basically uniform
for (Smg.g75Cag 025)2Zr206.975 (x=0.025) with some pores. No sec-
ond phase is identified in the SEM micrograph, which is confirmed
by the corresponding EDS analysis as shown in Fig. 3(e). The inset
in Fig. 3(a) showing a high-magnification image also confirms this
point. However, for x=0.050, from Fig. 3(b) the second phase can

be clearly observed at the grain boundaries of matrix as contrasted
with the results obtained at x=0.025, although the XRD patterns
for (Smy_xCax)2Zr,07_x (0.050 <x <0.075) do not clearly identify
the existence of the second phase. This indicates that the amount
of the second phase is low and is not able to be identified by XRD.
From the SEM micrographs taken from Fig. 3(b)-(d), it is evident
that the amount of the second phase increases with increasing the
CaO content. The corresponding EDS analysis in Fig. 3(g) indicates
that the composition of the second phase contains more Ca but less
Sm, which is similar to that in Fig. 3(f). In combination with Fig. 2,
it can be inferred that the second phase is perovskite-like CaZrOs
and the solubility limit of CaO in pyrochlore-type SmyZr,07 at
1973 K is x=0.025.

The impedance spectroscopy at different temperatures was plot-
ted in the complex plane for all of the samples. Fig. 4 shows
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Fig. 4. Complex impedance plots and corresponding equivalent circuit in the com-
plex plain at 573K for different (Smy_xCay)2Zr,07_x samples: (a) Sm,Zr,07 and (b)
(Smo 925 Cap 075 )2Zr206.925. The grain (G) and grain-boundary (GB) contributions are
indicated.

typical complex impedance plots measured at 573K in air for
Sm,Zr,07 and (Smyg g25Cag o075 )2Z1206.925 Where two main features
are evident. Equivalent circuit used and corresponding fitted results
are also shown in Fig. 4. As it can be seen that the results of
the fit are very close to measured results. Two distinct contri-
butions in the form of semicircular arcs are identified in Fig. 4.
The complete high frequency semicircle corresponds to the grain
impedance, the incomplete low frequency semicircle represents
the grain-boundary impedance. These two contributions are sep-
arated by fitting semicircles to each of the arcs. From Fig. 4(a),
capacitance values obtained for the high frequency and low fre-
quency arcs are 6.45 x 10-11 and 2.07 x 10~7 Fcm~! at 573 K, which
corresponds to the grain and grain-boundary contributions for
Sm,Zr,07, respectively. However, for (Smgg25Cag.075)2Zr206.925
ceramics, capacitance values obtained for the high frequency
and low frequency arcs are 5.80 x 10-1! and 3.39 x 10~7 Fcm™!,
respectively, as shown in Fig. 4(b). At a given measurement
temperature, an equivalent circuit model consists of parallel
resistance—capacitance was applied to fit the experimental data
and reproduce impedance plots [23]. The grain resistance values, Rg
are determined from the intercepts of high frequency range semi-
circles on the Z' axes [24]. In general, grain resistance values Rg
can be converted to electrical conductivity o using the following
equation:

l

%= Res

(1)
where [ is the sample thickness and S is the electrode area of the
sample surface. In this way, the electrical conductivity at differ-
ent temperatures can be obtained. The temperature dependence
of the grain conductivity and grain-boundary conductivity of sam-
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Fig. 5. Arrhenius plots of grain (G) conductivity for (Smy_,Cay)2Zr,07_x ceramics.

ples with Ca concentrations is analyzed by using an Arrhenius-type
equation:

ogT =09 exp (’QT?) (2)
where o is pre-exponential factor, which is a measurement of
the effective number of mobile oxide ions, E denotes the acti-
vation energy for the electrical conduction process, kg is the
Boltzmann constant, and T is absolute temperature. Fig. 5 presents
the Arrhenius plots of the grain conductivity of (Smy_yCax)Zr,07_x
ceramics. The values of activation energy Eg and pre-exponential
factor g for each composition are calculated from the slope and
the intercept of the linear fits in the Arrhenius plots as shown in
Fig. 5, respectively. The activation energy E; and pre-exponential
factor o of (Smy_xCax)>Zr,07_x ceramics for the grain conductiv-
ity as a function of CaO content are shown in Fig. 6. The activation
energy Eg steadily increases with increasing the CaO content. Sim-
ilar observations were made in the case of (Gd;_xCax)2Zr;07_y
(0 <x=0.100)[25]. The activation energy Eg increases with increas-
ing the CaO content. This indicates that the energy barrier, which
oxide ions must overcome to hop to neighboring vacant sites,
becomes high with the increase of the CaO content. The activa-
tion energy E; of pyrochlore-type Sm,Zr, 07 in this study is 0.71 eV,
which is slightly lower than Liu’s results (0.73 eV) [17]. The pre-
exponential factor ooy has a similar trend to activation energy Eg.
It gradually increases with increasing the CaO content, indicating
that the effective number of mobile oxide ions increases due to the
Ca substitution for Sm in (Smy_xCay),Zr,07_x ceramics.

Fig. 5 also compares the grain conductivity of SmyZr,07 with
that of the CaO-doped samples. Grain conductivity decreases with
increasing the CaO content. From the X-ray diffraction patterns,
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Fig. 6. Activation energy E; and pre-exponential factor oqog of (Smy_xCax)2Zr,07_«
ceramics for the grain conductivity as a function of CaO content.
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the solubility limit of CaO in Sm;Zr,07 at 1973K is x=0.025. An
increased disordering of structure can be brought about by cation
disordering (metal ions occupying the cation sites in a statistical
manner) due to compositional changes [13]. With increasing the
incorporation of CaO in pyrochlore phase, the number of vacancies
at the oxide-ion sites increases in order to maintain charge bal-
ance. The increased number of oxide-ion vacancies is reflected in
CaO-doped Sm,Zr,07; there is an increase in the pre-exponential
factor. The increase in oz would lead to an increase in conductiv-
ity. However, it also increases the activation energy Eg, since the low
energy pathways due to the ordered cation sublattice are removed
by the disordering. The increase in Eg would hinder the oxide-ion
migration, so these two processes are competing. The drop in grain
conductivity is attributed to the fact that the increase in E; compen-
sates for increase in the number of mobile species, thus decreasing
the ease with which the ions can migrate. This indicates that the
structure becomes progressively disordered [25]. Increasing the
number of oxygen vacancies to increase ogg leads to undesired
increase in Eg and eventually to low values of conductivity [26].
With further increasing the CaO content (0.050 <x <0.100), both
the pre-exponential factor and the activation energy increase, and
the conductivity decreases with increasing the CaO content. This
is due to the presence of the poorly conducting CaZrO3; phase at
the grain boundaries of (Sm;_xCax)2Zr,07_ solid solutions. Dudek
and Drozdz-Ciesla [27] found the pure CaZrOs exhibited low elec-
trical conductivity (1.1 x 10-6 Scm~') and high activation energy
at 1273 K. In the case of oxide-ion conducting electrolytes, a com-
posite system such as the dispersion of perovskite phase CaZrO3
into fluorite-type calcia stabilized zirconia did not exhibit enhanced
conductivity [28]. The decrease in grain conductivity occurs in this
study, depending upon dispersing small quantities of CaZrO5 as an
inert phase in a solid electrolyte.

Fig. 7 shows the variations of grain conductivity of
(Smy_xCax)2Zr,07_x ceramics as a function of the CaO con-
tent. Apparently, the grain conductivity increases with increasing
temperature for each composition, which indicates that ionic
diffusion in this series is thermally activated. With the increase
of the CaO content, the grain conductivity oy decreases from
pure SmyZr,07 (X = 0) to (Smo_goocaojoo )221‘2 O6.900 (X = 0.100). The
electrical conductivity of the pyrochlore-type Sm;,Zr,07 system is
not improved by doping different contents of CaO at the Sm sites.

Fig. 8 represents the effect of increasing the CaO content on
the grain-boundary conductivity of (Sm;_yCax)>Zr,07_ series at
different temperatures. It can be seen that the grain-boundary con-
ductivity of (Smy_xCax)2Zr,07_4 (0.025 < x <0.100) series decrease
when Ca0 is doped into the pyrochlore structure of pure SmyZr, 0.
Clearly, a distinct decrease in grain-boundary conductivity of
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Fig. 7. Variations of the grain (G) conductivity of (Sm;_xCay);Zr,07_, ceramics as a
function of CaO content.
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Fig. 8. Variations of the grain-boundary (GB) conductivity of (Smj_xCay)2Zr,07_
ceramics as a function of CaO content.

(Smy_xCax)2Zr,07_y is found at the x values of 0.025 and 0.100 at
different temperature levels, which corresponds to the solubility
limit of CaO in SmyZr,07 and the rapid growth of poorly con-
ducting CaZrOs; phase at the grain boundaries, respectively. The
grain-boundary conductivity of CaO-doped Sm;Zr, 0O~ is lower than
that of pure Sm;,Zr,07, which is due to the presence of both the
Ca0-doped pyrochlore structure and the poorly conducting CaZrO;
phase. Here, the perovskite distributed at the grain boundaries of
pyrochlore phase does not enhance conductivity.

4. Conclusions

(1) (Smy_xCax)pZr,07_x (0<x<0.025) exhibit a single phase
of pyrochlore-type structure. However, Smj_yCaxZr,O7_y
(0.050 <x <0.100) ceramics consist of pyrochlore phase and a
small amount of perovskite-like CaZrOs3. The amount of the
second phase increases with increasing the dopant concentra-
tion. The solubility limit of CaO in pyrochlore-type Sm;Zr, 07 at
1973 K is x=0.025.

(2) The grain conductivity of (Smy_xCax)2Zr,07_x (0<x<0.100)
ceramics decreases with the Ca substitution for Sm in the
temperature range of 573-873 K. The activation energy Eg and
pre-exponential factor o, increase steadily as the CaO content
increases.

(3) As contrasted with undoped SmyZr,0; ceramics, the
decrease in grain- and grain-boundary conductivity of
(Smgg75Cag025)22r206975 (x=0.025) is discussed in terms
of the increase in structural disordering. However, for
(Smy_xCax)2Zr,07_x (0.050<x<0.100), the decrease in
grain conductivity is due to the presence of the poorly con-
ducting CaZrO3 phase at the grain boundaries of CaO-doped
pyrochlore-type structure.
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