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Abstract

Impedance spectroscopy measurements, in the temperature range from room temperature to 600 K, were performed in order to investigate the
dielectric and ionic properties of Bi,Sn,O; ceramics. The results show that the conductivity in this pyrochlore is associated with the hopping of
ions. An activation energy of 1.26 eV was observed and the dielectric constant exhibits a strong contribution from ionic conduction.
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1. Introduction

The Bi,Sn,O; (BSO) pyrochlore has attracted much attention
in recent years due to various physical and chemical properties,
notably including its catalytic properties, such as processes
involving the oxidation of hydrocarbons [1] and isobutene [2—4]
and its utilization in gas sensing materials [5-8]. Bi,Sn,O; was
first prepared by Roth [9] and later, Brisse and Knop [10] showed
that the room temperature crystal structure of this compound was
closely related to, but distorted from, the ideal cubic pyrochlore
structure. Vetter et al. [11] reported two different phases, an ideal
cubic pyrochlore at high temperatures and a tetragonal phase at
low temperatures. Shannon et al. [12] studied high purity crystals
and observed three distinct phases. At temperatures above 680 °C
they proposed that an ideal cubic pyrochlore structure, designated
as the v phase, is present. At intermediate temperatures, higher
than 90 °C, a cubic acentric phase, designated as the 3 phase, is
present according to the optical measurements. X-ray diffraction
(XRD), electrical resistivity, and differential scanning calorimetry
(DSC) measurements in polycrystalline BSO, performed by the
same authors, suggest that the o« — 3 phase transition happens
near 135 °C. At room temperature, they observed that the
structure is probably tetragonal and designated it as the o phase.
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Shannon et al. also showed that the BSO exhibits second
harmonic generation and domains at room temperature [12].
These domains disappear in the o — [ phase transition near
90 °C, therefore this phase transition is possibly ferroic. The
high electron density of Bi** and Sn** compared to that of
the oxygen ions results in a lack of sensitivity using X-ray
diffraction measurements, therefore neutron diffraction
measurements were performed in order to examine the
structure of vy phase [13,14]. Both investigations confirmed
the structure of vy phase as the ideal cubic pyrochlore
belonging to the Fd3m space group. The structure can be
viewed as consisting of two interpenetrating networks: Bi,O'
chains and corner-sharing SnQOg, where the Bi** cation is
eight-coordinated with scalenohedral geometry and the Sn**
cation is six-coordinated in a trigonal antiprism [15]. The
crystal structure of polycrystalline a-BSO was determined by
Evans et al. [16] using Rietveld refinement of combined X-
ray and neutron diffraction data. They showed that, from
room temperature to 137 °C, BSO crystallizes in a very
complicated monoclinic structure with 176 crystallographi-
cally independent atoms, which makes it one of the most
complex oxide structures ever solved using powder diffrac-
tion techniques.

In spite of the high applicability of pyrochlore compounds as
solid electrolytes in fuel cells [17,18], dielectrics in capacitors
and microwave devices [19-23], to the best of our knowledge
there are no reports about the ionic and dielectric properties of
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Bi,Sn,05. Thus, in this work, we present the high temperature
dielectric and ionic properties of BSO ceramics investigated by
impedance spectroscopy measurements.

2. Experimental procedures

Samples were synthesized by the solid state method from
stoichiometric amounts of 99.975% Bi,O3 and 99.9% SnO,
(cation basis, Alfa Aesar Chemical Company, USA). Prior to
each heating cycle the sample was ground with an agate mortar
and pestle under acetone for 10-15 min. Samples were heated
in high form alumina crucibles. Specimens were initially heated
at 750 °C for 12-24 h, then ground and reheated 3 times. Phase
purity was ascertained, after each heating cycle, from X-ray
powder diffraction data collected at ambient temperature using
Cu Ka radiation and a Rigaku Ultima III diffractometer
equipped with a graphite monochromator and a scintillation
detector. Equilibrium was assumed when no further changes
were evident in the relative intensities of the peaks. The Jade
software package (Materials Data, Inc., Livermore, CA) was
used in the phase analysis and Crystal Impact Diamond ver.
3.2 g was used to perform the XRD simulation.

The impedance spectroscopy measurements were performed
by connecting a pellet of the sample in the form of a parallel
plate capacitor to a Solartron Frequency Response Analyzer
model 1260 coupled to a Solartron Dielectric Interface model
1296. The measurements were carried out in the frequency
range from 1 Hz up to 1 MHz and in the temperature range from
room temperature up to 600 K. The capacitor electrodes were
deposited using silver paste. The temperature measurements
were performed in a controlled EDG 10P furnace. All the
measurements were performed under air.

3. Results and discussions

The X-ray diffraction pattern of Bi,Sn,O5 is presented in
Fig. 1. The inset of Fig. 1 shows the simulated X-ray pattern
using the structure of Evans et al. [16]. In other studies of the
Bi,03-Sn0O; join, few other phases have been reported, but
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Fig. 1. Ambient temperature X-ray powder diffraction pattern of Bi,Sn,O;.
The inset shows the simulated X-ray diffraction pattern based on the 176 atom
crystal structure, in space group Pc, as reported by Evans et al. [16].

include a sillenite-related phase, Bi;,SnO,q and a BigsSnOog
phase grown from an oxide melt [24,25]. It was suggested
Bi;,Sn0,y could only be prepared by quenching and was
apparently unstable. The Bi,Sn,0; phase formed without any
indication for unreacted starting materials, i.e., Bi;O3 or SnO,,
and there were no indications for other secondary phases in the
X-ray diffraction pattern.

In Fig. 2 the complex plane of impedance for the BSO
sample at several measured temperatures is shown. The
impedance arc is distorted, indicating both grain and grain-
boundary contributions. This behavior is more prominent at
high temperatures, where the grain boundary contribution
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Fig. 2. Impedance complex plane (ICP) obtained for the Bi,Sn,O; sample.
From (a) to (c) the ICP is enlarged to show all the graphs.
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decreases showing that the grain contribution is bigger in this
range [26,27]. These two contributions are better observed in
the Bode graph of the imaginary part of the impedance, shown
in Fig. 3. The presence of a distorted peak is clearly evident and
this distortion is more pronounced at higher temperatures.
From the complex impedance we obtained the dielectric
function. The temperature dependence of the real part of the
dielectric constant is shown in Fig. 4. The real part of the
dielectric constant (¢') increases with temperature, indicating a
high ionic conductivity contribution to the dielectric constant.
Moreover, we see that the dielectric constant does not show
indubitable evidence of the structural phase transition near
125 °C, whose temperature is indicated by an arrow in Fig. 4.
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Fig. 3. Bode graph of the imaginary part of the impedance (Z") obtained for the
Bi,Sn,07 sample. From (a) to (c) the graph is enlarged to show the Z” maxima.

Only a subtle step takes place in dielectric constant near this
temperature.

The conductivity of BSO at several temperatures, presented
in Fig. 5a, was obtained using the Maxwell relation
o(w) = jwe,e(w), where j is the pure imaginary, ¢, is the
vacuum permittivity and &(w) is the dielectric constant of the
sample obtained from the impedance response through the
relation &(w) = [ja)CUZ(a))]*l, where C, is the capacitance of
the open cell. It is observed that, from low to high frequencies,
o’ increases three orders of magnitude for temperatures equal or
below 222 °C. However, for temperatures above that it does not
change very much, indicating that the DC conductivity of the
sample increases substantially at high temperatures. This
information can be quantified by modeling the behavior of the
conductivity using the equation [26,27]

o =09 +Ax*D + B’ (1)

where A and B are temperature dependent constants, s(7) and #(7T)
are temperature and frequency dependent parameters close to
unity, and oy is correlated with the DC conductivity. We observe
that for high temperatures the conductivity is practically constant
in the frequency range investigated and does not exhibit disper-
sion. The temperature dependence of conductivity parameters
clearly shows the structural phase transition and it is evident that
B e {(T) are parameters related to the grain boundary once their
temperature dependence is weak compared to the same depen-
dence of A and s(T) parameters, as shown in Fig. 5b and c.

The reciprocal temperature dependence of the conductivity
is shown in Fig. 6. The conductivity exhibits standard dielectric
behavior, i.e., it shows a baseline for different frequencies and it
tends toward the same value at higher temperatures.
Furthermore, the conductivity follows the Arrhenius behavior
given by the equation

—E,
0 = 0pexp (W) )

where E, is the activation energy and k is the Boltzmann
constant. From this it is also possible to estimate the activation
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Fig. 4. Temperature dependence of the real part of permittivity (¢') obtained for

the Bi,Sn,O; sample. The arrow indicates the temperature of the structural
phase transition.
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Fig. 5. Frequency dependence of the real part of the conductivity at several
temperatures. (b and c¢) The dependence with temperature of the conductivity
parameters according to the model given by Eq. (1).

energy. The activation energy obtained at 1 kHz is 1.26 eV and
has a magnitude on the order of the oxygen vacancy motion, as
observed for Ba,BiSbOg¢ (1.14 eV) [26] and SrFe;,»Nb;,,0;
(1.26 eV) [28]. This energy value suggests that the conduction
mechanism is associated with the hopping of ions between
neighboring sites within the crystal lattice.

1000 T/ K"

Fig. 6. Temperature dependence of conductivity obtained for the Bi,Sn,O,
sample. The lines are the guide to the eyes.

4. Conclusions

Impedance spectroscopy measurements in bismuth stannate
(Bi,Sn,0,) were performed in the temperature range from
room temperature to 600 K. The conduction mechanism at
temperatures higher than 7, has an activation energy on the
order of 1.26 eV and suggests that the conduction mechanism is
associated with the hopping of ions between neighboring sites
within the crystal lattice. Additionally, the temperature
dependence of the dielectric constant exhibits only subtly
the a — 3 structural phase transition.
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