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Abstract. The electrical conductivity of Bi3 Zn2 Sb3 O14 pyrochlore was studied as a function of temperature and partial pressure of oxygen. Conductivity measurements by ac complex impedance analysis and ionic transference number measurements show this pyrochlore to be a mixed ionic-electronic conductor with an energy band gap of 3.15 ± 0.9 eV. A defect model in which Frenkel defects on the oxygen lattice are dominant is confirmed. Enthalpies of reduction, oxidation and the sum of oxygen vacancy formation and migration were found to be 4.82 ± 0.8 eV, 1.48 ± 1.0 eV and 1.67 ± 1.0 eV respectively. Keywords: electrical conductivity, ionic transference number, mixed conductor, varistor, grain boundary barriers



Introduction The nonlinear current-voltage relationship exhibited by ZnO that contains Bi2 O3 , CoO, Sb2 O3 and other additives forms the basis for its use as a varistor in surge protectors. This nonohmic behavior results from the segregation of second phases at grain boundaries [1]. These additives interact in complex ways to serve various functions: Bi2 O3 melts during processing, thus allowing liquid-phase sintering [2, 3]; Co leads to development of interface states [3] that insure the development of sufficiently high space-charge barriers at the grain boundaries. The presence of Sb derived from the addition of Sb2 O3 controls microstructure through formation of a secondary spinel phase, Zn7 Sb2 O12 , that impedes grain growth [2–4]. However, these oxide additions also result in the formation of another secondary phase at grain boundaries: a pyrochlore shown to have ∗ Present address: Department of Materials Science and Engineering,
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composition Bi3 Zn2 Sb3 O14 . The phase was first identified by Wong [4] who employed dilute HClO4 to selectively dissolve the ZnO matrix [5] of specimens that had compositions related to commercial varistor materials. The residual grain-boundary phases consisted of wellformed octahedra and a skeletal network of film that had surrounded the ZnO grains. X-ray diffraction analysis of the residual material showed it to be a mixture of Zn7 Sb2 O12 spinel and a Bi-containing pyrochlore of composition Bi3 Zn2 Sb3 O14 [4]. Single-phase powder of the Bi3 Zn2 Sb3 O14 varistor phase was synthesized by Achard et al. through a novel procedure: direct oxidation of a precursory alloy (DOPA) [6]. A melt of the component metals was propelled through a nozzle with hot compressed air and quenched in a bath of water. The resulting product was a homogenous alloy in the form of pellets of ca. 40 µm diameter. The pellets were then oxidized in air under a carefully-controlled sequence of reaction steps that produced single-phase pyrochlore of controlled stoichiometry. The nonohmic behavior of the varistor is not a consequence of the pyrochlore phase being present at grain boundaries [2]. This has been confirmed by direct
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measurements of the I /V characteristics of individual interfaces combined with determination of their chemistry and phase composition [7]. The pyrochlore phase is, nevertheless, of great importance to varistor fabrication. A reversible reaction of the pyrochlore with ZnO 2Bi3 Zn2 Sb3 O14 + 17ZnO ⇔ 3Zn7 Sb2 O12 + 3Bi2 O3 (l) which progressively proceeds toward completion as the processing temperature is increased, contributes Bi2 O3 liquid that promotes liquid-phase sintering as well as dissolving other oxides present in the initial varistor formulation. The formation temperature, morphology and composition of the pyrochlore phase has thus been the subject of continued study [8, 9]. It has been suggested that direct use of Bi3 Zn2 Sb3 O12 and Zn7 Sb2 O12 as starting materials, rather than the individual binary oxides of the components, can reduce the loss of Bi and Sb by vaporization during processing [10]. An ideal pyrochlore has composition A2 B2 O7 where A and B can be a large A2+ ion and a smaller B6+ species or, more commonly, A3+ and B4+ . The structure is an ordered superstructure, space group Fd3m, that has a lattice constant twice that of a M4 O8 flouritelike arrangement of atoms. The pyrochlore cell thus contains eight formula units. Six of the oxygen ions per formula unit occupy the 48 f site of the space group and are tetrahedrally coordinated by 2A and 2B cations. The seventh oxygen ion is located in the 8a site and coordinated by four A cations. This leaves eight anion sites of the parent flourite structure unoccupied. This “vacancy” order in position 8b which, if occupied, would be tetrahedrally coordinated by four B cations. The ordered arrangement of unoccupied anion sites leaves A with eight oxygen neighbors (as in the flourite-type structure). The smaller B cation is six-coordinated. The stoichiometry Bi3 Zn2 Sb3 O14 does not permit ordering of the cation species among the sites present in an ideal pyrochlore arrangement. Distorted derivatives and ordered superstructures of the basic pyrochlore structure type are known. X-ray powder diffraction patterns obtained from single phase, high quality Bi3 Zn2 Sb3 O4 powders [6, 12, plus unpublished x-ray and neutron powder diffraction profiles obtained in the present study] indicate a normal pyrochlore structure that, accordingly, must have a disordered arrangement of cations. Mergen and Lee [11, 12] proposed that the site occupancies are (Bi1.5 Zn0.5 )(Sb1.5 Zn0.5 )O2 on the basis of the ionic radii



of the cation species. This view was supported by the fact that a single-phase pyrochlore structure was found to be retained when other divalent cations (with preference for centering either the A or B site on the basis of their ionic radii) were substituted for Zn2+ . Specifically, (Bi1.5 Ax Zn0.5−x )(Sb1.5 Zn0.5 )O7 solid solutions remained single phase for 0 ≤ x ≤ 0.5 when A was Cd2+ (but not for Ca2+ and Sr2+ for x > 0.1). Similarly, (Bi1.5 Zn0.5 )(Sb1.5 Mgx Zn0.5−x )O7 was single phase for 0 ≤ x ≤ 0.5 as was a phase with complete double substitution (Bi1.5 Cd0.5 )(Sb1.5 Mg0.5 )O7 . Progressive solid solution in a pyrochlore can, in some systems, lead to the mixing of the cations initially present in the A and B site (anti-site cation defects) and also exchange of the oxygen in the 48 f sites with the empty 8b interstices, as has been found in neutron Rietweld analyses of several pyrochlore solid solution systems [13, 14]. The anion exchange creates Frenkel defects whose formation is described in Kr¨oger–Vink notation by the reaction Oo ↔ O



i + V··o . Such defects will have a major effect on oxygen ion conductivity. The present work describes an initial study of the electrical conductivity of bulk Bi3 Zn2 Sb3 O14 pyrochlore as a function of temperature and oxygen partial pressure using two-probe complex impedance spectroscopy. Oxygen concentration cell measurements were used to determine the ionic transference number, as some pyrochlores are known to exhibit significant levels of ionic conductivity due to either intrinsic Frenkel disorder [15] or acceptor doping [16]. Our primary interest in the electrical properties of Bi3 Zn2 Sb3 O7 pyrochlore arose because of its presence at interfaces in varistor ceramics. It is worth noting, however, that Bi pyrochlores are dielectric ceramics that have been studied for some time [17, 18]. There has been considerable recent interest [19–24] in pyrochlores, with compositions that are very close to that of the material of the present study for applications as Pb-free ceramics with high, thermally stable dielectric constants and small dielectric ions. Values of K can be as large as 250 at 1 MHz [22]. Dielectric loss, tan δ, is frequently in the range 1 × 10−4 –6 × 10−4 . In addition, the temperature coefficient of the dielectric constant can be either positive or negative and may be tuned to very small values by modification of the composition of the pyrochlore through solid solution; values can range −5 × 10−4 to +2 × 10−4 K−1 . For the Bi3 Zn2 Sb3 O14 pyrochlore studied in the present work, values of the dielectric constant, K , dielectric loss, tan δ, and temperature coefficient, τ K have been reported as K = 28.4,
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tan δ < 0.001 and τ K = −58×10−6 K−1 at 10 kHz [20] and K = 32 and tan δ = 0.005 at 100 kHz [12]. Substitution of Nb or Ta for Sb results in improved dielectric properties. For Bi3 Zn2 Nb3 O14 , for example, reported values for K , tan δ and τ K have been 153.1, 0.0140 and −3.23 × 10−4 K−1 , respectively, at 10 kHz [20] and 170, 
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