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Abstract

A series of non-stoichiometric cubic pyrochlores with general formula, Biz_,Cu; gTaz,, 05 3. (BCT) was successfully prepared by solid state
reaction at the firing temperature of 950 °C over 2 days. The solid solution mechanism is proposed as one-to-one replacement of Bi** for Ta>",
together with a variation in oxygen content in order to achieve electroneutrality. The solid solution limit is confirmed by X-ray diffraction technique
(XRD) for which linear variation of lattice constants is observed at 0 < x < 0.6. The refined lattice constants are found to be in the range of 10.4838
(8) A-10.5184 (4) A and the grain sizes of these samples determined by scanning electron microscopy (SEM) fall between 1 and 40 pm.
Meanwhile, thermal analyses show no physical or chemical change for the prepared pyrochlores. The relative densities of the densified pellets for
AC impedance measurements are above 85% and the measured relative permittivity, ¢’ and dielectric loss, tan § for composition, x = 0.2 at ambient
temperature are ~60 and 0.07 at 1 MHz, respectively. The calculated activation energies are 0.32-0.40 eV and the conductivity values, ¥’ are in the
order of 1072 at 400 °C. The conduction mechanisms of BCT pyrochlores are probably attributed to the oxygen non-stoichiometry and mixed

valency of copper within the structure.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Careful studies have been performed on pyrochlore oxides
which have wide variety of chemical compositions, extra-
ordinary structural behaviors and electrical properties [1-5].
Recent investigations on Bi-based pyrochlores have revealed
interesting correlation between dielectric properties and
structure of these materials [2,6-8]. In general, Bi,Os-based
materials are unique because of their low firing and sintering
temperature, e.g. 800-950 °C, unreactive behavior towards
electrodes, allowing them to be co-fired with Ag for the
preparation of multilayer devices with wide range of
permittivities [9,10]. Pyrochlore oxides exhibit excellent
exploitable properties due to their ability to form substituted
and defective structures in which compositions and properties
could be tailored made by means of doping. Hence, pyrochlore
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oxides often demonstrate outstanding electrical properties
which include dielectric, ferroelectric, piezoelectric, ionic
conductivity and temperature — stable permittivity properties
[11,12].

The pyrochlore oxides of general formula A,;B,O, have
cubic crystal structure with eight formula units per unit cell and
lattice constant of around 10 A. The larger cation at A site is
coordinated to eight oxygen atoms and a smaller B cation is six-
fold coordinated element [11]. It is often written as A,B,050’
to distinguish the oxygen atoms in two different networks, A,O’
and B,Og. The A,Q’ attributes that the structure is built of two
interpenetrating networks with four-coordinate O’ ions and
two-coordinate A cations. The B,Og framework exists as [BOg]
octahedra that share all vertices to form a three dimensional
network based on a diamond net. This results in large cavities
containing the O" and A atoms in cuprite-like A,O tetrahedral
net [13].

Bismuth-based pyrochlores of general formula Biz,M**X5,
207 M =Zn, X = Nb, Ta, Sb) stoichiometry can be expressed
as (Biz oM 2) (M ,2X5/2)O7 in which the M?* ion occupies both
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A- and B-sites [14-16]. As analogous to the reported Bi,O3—
ZnO-Nb,O5 (BZN) system, there are two major structural
variations in Bi,O3;—Zn0O-Ta,0s5 (BZT) system: (i) a cubic
pyrochlore, (Bi3;»Zng)(Zny,Tasz;)07 (a-BZT) and (ii) a lower
symmetry zirconolite phase, Biy(Zn;;Tay;3),0; (3-BZT). In
BZT system, both compositions were studied as potential
candidates for microwave dielectrics [17]. The reported a-BZT
has permittivity and dielectric loss of 58 and 0.0023 at 30 °C,
respectively and temperature coefficient of capacitance (TCC)
of —156 ppm/°C in the range of 30 °C —300 °C at 1 MHz [18].
In our present study, Cu”* is chosen to replace Zn>* mainly
attributed to close similarity in ionic radii of these divalent
transition metal cations. To date, there appears limited literature
and study in the Bi,O3—CuO-Ta,0O5 (BCT) ternary system
notably, their composition—structure—property correlation
remains unclear. Hence, we commenced a detailed study to
understand the fundamentals of BCT pyrochlores in view of the
excellent dielectric properties which found in a-BZT analogue.
The preparation of novel Biz_,Cu;gTaz,,O38., pyrochlore
subsolidus solution and their structural and electrical properties
are reported in this paper.

2. Experimental

Pyrochlore samples with the proposed formula Bi;_,Cu; g.
Cuy gTaz,,O1384, Where —0.2 <x < 0.8 were prepared by
solid state technique. The stoichiometric amounts of high purity
oxides, Bi,O3 (99.9%, Acros Organics), CuO (99.7%, Alfa
Aesar) and Ta;O5 (99.85%, Alfa Aesar) were used as starting
materials and mixed with sufficient acetone in an agate mortar
before firing at 950 °C for two days. At the initial stage, the
mixture was pre-fired at 300 °C and 600 °C, respectively for 2 h
and 800 °C overnight in order to avoid significant bismuth
weight loss. The phase purity of the prepared samples was
confirmed by X-ray diffraction (XRD) analysis using an
automated Shimazu CuKa radiation X-ray diffractometer.
XRD data were collected for routine scan at 2.0° step size
whereas 0.1° was used for lattice refinement using Chekcell
program. The phase pure samples were compacted into pellets
with average thickness of 1.40 mm, diameter of 7.38 mm and
sintered at 950 °C.

The densified pellets were coated with platinum paste prior
to electrical measurement by an AC impedance analyser,
Hewlett Packard LF HP4192A in the frequency range of 5 Hz to
13 MHz. Different regions of the materials were characterised
according to their electrical relaxation times or time constants.
The analysis was performed at the temperature range of
approximately 27-800 °C on both heating and cooling cycles,
with every 50 °C interval. The electrical data were collected
after 15 min of thermal equilibrium. Meanwhile, thermal
analyses were carried out by differential thermal analysis
(Perkin Elmer DTA7) and thermogravimetric (Perkin Elmer
TGA), respectively. The surface morphologies of the densified
pellets were examined using scanning electron microscopy,
LEO 1455 VPSEM and the absorption bands of pyrochlore
materials were determined by Fourier transform infrared
spectroscopy (Perkin Elmer, 100 series FTIR).

3. Results and discussion
3.1. Phase formation and solid solution mechanism

From the results of heating for various durations and at
temperatures in the range of 950-1000 °C, it is found that the
Bi;_,Cu gTas,, 0138, pyrochlore samples are fully formed
after heating for 2 days at 950 °C. Fig. 1 shows the XRD
patterns of the non-stoichiometric Biz_,Cu gTas,,O13.8.x
samples crystallised in cubic structure. The diffraction peaks
could be fully indexed based on space group Fd3m, No. 277
similar to that of a-BZT analogue. At 950 °C, sample with the
highest Bi content, i.e. x = —0.20 contains cubic, BiTaO, and
monoclinic zirconolite phases while, at x = 0.80, secondary
phase CuTa,Og is discernable as shown in inset Fig. 1. The
refined lattice constants are found to be in the range of 10.4838
(8) A—10.5184 (4) A. It is believed that the larger ionic radius
of Bi** (1.17 An) has contributed to the increased lattice
constants [ 1] and hence, by the removal of Bi content, a linear
decrease of lattice constants in BCT samples is observed
(Fig. 2). Such characteristic fulfills the Vegard’s law and
subsolidus solution limit is therefore confirmed as
0 <x £0.60. The formation mechanism is proposed as one-
to-one replacement of Bi** for Ta>* together with a variation of
oxygen concentration within the subsolidus solution. Sub-
stitution of higher valence cation, Ta* by lower valence cation,
Bi** is likely to have been compensated by creating interstitial
oxygen or vacancies in order to maintain the charge neutrality.
Meanwhile, at lower bismuth content, formation of high
symmetry cubic phase is encouraged as the coupling effect of
Bi 65> lone pair electrons is reduced [19]. The study of
correlation between monoclinic zirconolite and cubic pyro-
chlore in BCT system is currently in progress. Different phase
assemblages and compatibilities have been identified in our
unpublished phase diagram results.
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Fig. 1. XRD patterns of the prepared Bi;_,Cu;gTaz,,O138., samples,
—0.20 < x < 0.80. BiTaO4 (A); monoclinic zirconolite ([]) and CuTa,Og (¥).
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Fig. 2. Lattice constants as a function of x in the series of Bi;_,Cug.
Cu; §Ta3,,013 84

On the other hand, weight-loss studies indicate that Bi,O3
volatilization is not a problem for all the samples and they are
thermally stable, i.e. no thermal change, phase transition or loss
of weight throughout the studied temperatures range. This is
confirmed by TGA/DTA thermal analyses as shown in Figs. 3
and 4.

There are few important aspects to be considered concerning
the stability of pyrochlore, e.g. cations electronegativity, ionic
radii, charge neutrality and thermodynamic stability of phases
[11]. At the outset, oxidation states of cations in BCT
pyrochlores are assumed to be Bi**, Cu®* and Ta’*,
respectively. The distribution of copper ions is interesting
and might not be same as the analogues in the Bi,O3;—ZnO-
X505 (X =Nb, Ta) ternary systems as the reported highest
coordination for Cu®* is only 6 with ionic radius of 0.73 A [20].
Structural distortion or deformation could be anticipated if
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Fig. 3. TGA thermograms of Bi;_,Cu; gTaz,, O3 g4, series.
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Fig. 4. DTA thermograms of Bi;_,Cu; gTaz,, O3 g4, series.

copper ions enter the eight-fold coordinated A-sites. However,
again, there is considerable uncertainty since there is strong and
self-compensating correlation between variable compositions,
atomic coordinates, occupancy and size of ionic radii which
make it extremely difficult to deduce the pyrochlore structure of
BCT system. As mentioned earlier, if A-sites are fully occupied
by Bi ions, the coupling among 6s” lone pairs might cause cell
distortion, leading to the formation of orthorhombic phase [19].
The coupling among Bi ions could be broken if considerable
amount of copper ions entering A-sites. Hence, a compromise is
expected to the extent of compositional variables and
distribution of copper ions over both sites and/or maybe
involving off-center displacement of A cations to the higher
multiplicity sites, e.g. 32e or 96g positions [13,21,22]. Ideally,
the pyrochlores are almost never meant to be ordered and
perfect in structure. Irregular BOg octahedra are common and
variation of x parameter values of O(1) may result in perfect or
distorted BOg octahedra and AQOg cube, respectively. It is
noteworthy that the tolerance factor has been introduced in the
perovskites or structurally related aurivillius phases, but until
recently, similar method has been revised in the pyrochlore
systems [23-25]. Such approach should provide good indica-
tion to determine the structural stability and electrical
properties of this complex family of pyrochlore oxides.

The crystallite sizes of pyrochlores are estimated by the
Williamson—Hall and Scherrer methods and these values are
highly inter-correlated. Based on the Scherrer method,
crystallite size (T) is calculated based on the formula:

A

T =09 x
Bcos6

(D

and for the W—H method, the strain-induced broadening and
crystallite size are deduced by:

kA
,3008923+48Si119 2)



4256 M.P. Chon et al./Ceramics International 38 (2012) 4253—4261

0.0036
0.0034 1 o x=0
1 o x=02
0.0032 A x=04
1 =0.6
0.0030 - ¥ =0
0.0028 -
8 00026
=% 4
000244 ¥V B
00022 4
< T C =]
000204 A
1 I
0.0018 - b I é g %
] ¥ )
0.0016 —
0.25 030 035 0.40 045 0.50 0.55
sin @

Fig. 5. Williamson-Hall plot with five intense X-ray diffraction peaks.

where S is the full width at half maximum (FWHM, in rad); 6 is
the scattering angle; A = 1.5418 /3;; k is the shape factor, 0.9; D
is the coherent scattering length (crystallite size) and ¢ is the
internal strain. For quantitative comparison, the five intense
diffraction planes are chosen in the line broadening analysis
(Fig. 5) and the integral breadth, B, crystallite size and internal
strain for each sample are presented in Table 1. It is recognised
that the degree of lattice strain in the samples strongly depends
on coordination environment or amount of substitution in the
case of doped samples, which may lead on to crystal imperfec-
tions [26]. The higher ¢ values, determined from the gradients
for both end members, i.e. x = 0 and 0.6 indicate that the solid
solution limit is achieved (Fig. 5 and Table 1). Meanwhile, X-
ray broadening is used for the study of dislocation distribution
and the peak broadening caused by lattice strain arising from
lattice imperfection [27]. This is evidently shown in which
sample, x = 0 has the highest ¢ and the broadest (2 2 2) diffrac-
tion plane. The peak position of (2 2 2) plane shows a constant
shift of 260 value towards a slightly higher angle for sample with
lower bismuth content (Fig. 6). It should be noted that the peak
broadening is also influenced by simultaneous small particle
size and strain broadening (Fig. 7). Crystallite size and lattice
strain could affect the Bragg peak in several ways and both have
contributed to line peak width, intensity of the peak and shift of
26 peak position, accordingly [28,29].

Table 1
Geometrical parameters of the prepared Bis_,Cu; gTaz,, O3 5:, pyrochlores.
X dron Lattice Scherrer W-H W-H plot
spacing (A) constants (A) method (nm) method (nm) strain, ¢
0 3.0372 10.5184 (4) 40 32 0.0011
0.2 3.0283 10.4965 (5) 72 63 0.0004
04 3.0272 10.4880 (4) 72 66 0.0003
0.6 3.0264 10.4838 (8) 59 53 0.0006

@22

x=0

x=020

Intensity (arbitrary unit)

26 27 28 29 30 31 32
20 (degree)

Fig. 6. Constant shift of (2 2 2) diffraction plane for 0 < x < 0.60.

3.2. Microstructural analysis

Micrographs of Biz_,Cu; gTa;z,,013 8., samples sintered at
950 °C are shown in Fig. 8. The samples densities are
calculated geometrically and the values are found to be greater
than 85% of theoretical densities for pellets sintered at 950 °C
for 2 days. It is found that prolonged sintering has contributed
towards higher relative density. The determined grain sizes of
the pyrochlore samples are in the range of 1-40 pm. In general,
composition with x = 0 displays large, well-defined and closely
packed grains (Fig. 8a). Smaller crystallites in the order of
10" m (Section 3.1) imply that these grains consisted of
several crystallites. Meanwhile, sample at x =0.2 (Fig. 8b)
shows much smaller grains together with several pores on the
surface and the porosity increases from composition x =0 to
x =0.6. The decrease in grain sizes with increasing x values in
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Fig. 7. Comparison between crystallite size calculated by two methods and the
internal strain for each composition is plotted as a function of x.
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Fig. 8. SEM micrographs of BCT samples at 3 K magnification: (a) x =0, (b) x =0.20, (c) x = 0.40 and (d) x = 0.60.

BCT samples could be probably attributed to the removal of
larger bismuth cation as mentioned earlier. On the other hand,
the growth rate of grain size is also governed by diffusion
mechanism within the sample in which oxygen content appears
as one of the predominant factors. Annealing conditions such as
prolonged heating duration or increased temperature could
result in different diffusion rates of ionic species which affect
the grain growth rate [30,31].

3.3. Structural Characterisation

The FTIR analysis is carried out in the absorption range of
1000250 cm " and the spectra are shown in Fig. 9. The region
of interest in this study is below 1000 cm ™" as the vibrations of
the ions in the pyrochlore are normally not observed above
1000 cm ™! [32]. The pyrochlore oxides with different cations
in either A or B site may appear as distinct configurations
because the exact positions of atoms might change slightly [33].
The absorption bands at about 300 cm ! [7] and 400 cm ! are
featured as A-O stretching vibration modes in the AOgO,’
polyhedron. The absorption bands at approximately 650—
520 cm ™' can be assigned to B-O stretching mode where it is

4257
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Fig. 9. IR spectra of BCT with constant mole % of copper.

750

T
500

Wavenumber (cm'l)

250



4258 M.P. Chon et al./Ceramics International 38 (2012) 4253—4261

Table 2
Peak position and types of the corresponding vibrational modes (cm™') in
Bi;_Cu; gTaz,, 01384, pyrochlores.

Assignment x=0 x=0.2 x=04 x=0.6
u(A-0) ? N 306, 412 N
u(Ta-O-Ta) 872 871 875 876
u(Ta-0) 529, 641 529, 644 527, 647 520, 652

? No peak is observed.

attributed to Ta—O [34,35]. Two broad absorption bands are
observed at this range, particularly for the sample with higher
tantalum content, x = 0.6 where the peaks are well resolved and
can be distinguished clearly from the samples with lower Ta
content. Furthermore, with an increase of Ta concentration, it is
noticed that the absorption bands (~640-650 cm™') of Ta—O
are slightly shift to higher frequencies. The absorption band at
~870 cm ! is featured as Ta—O-Ta stretching mode [35] and all
the FTIR results are summarised in Table 2.

3.4. Electrical properties

Fig. 10 represents the Arrhenius conductivity plots of phase
pure BCT samples and their activation energies are relatively
low for which the values fall in between 0.34 eV and 0.42 eV; a
change in composition does not seem to result in different
conductivities as similar and overlapped straight lines are
observed. The total conductivity values, Y’ extracted at room
temperature are in the order of 10~’~10"° and the conductiv-
ities of BCT samples are of temperature dependent as these
materials become more conductive at higher temperature
arising from an increase numbers of thermally activated charge
carriers (Fig. 11). In general, there are two discernable
semicircles in BCT samples as shown in Cole—Cole plot of
composition, x=0.2 (Fig. 12). These semicircles can be

X 00O02A 049006

log 6 (ohm™! cm!)

-7

05 1 15 2 25 3 35
1000 K/T

Fig. 10. Arrhenius conductivity plot of Biz_,Cu;gTas,, 01384, for
0<x<0.6.
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Fig. 11. Real part of admittance, ¥’ as a function of frequency for BizCu, g
Taz0435.

observed at ~28 °C and then vanished as the temperature
increases. The inset figure illustrates an incomplete arc for
composition, x =0.2 which measured at temperature above
100 °C. The imaginary part of impedance, Z" as a function of
frequency on a logarithmic scale for composition x =0.2 is
shown in Fig. 13. The maximum of the curves decrease with
increase of temperatures and they are displaced towards higher
frequency region as the temperature increases. The existence of
two peaks indicates that the polarisation processes have been
taken place [36]. The modulus spectroscopic plot (Fig. 14)
implies that the sample is electrically non-homogeneous as
there are two observable maxima exist in imaginary part of Z”.
The full width at half maximum (FWHM) of the M” is ~1.36
decade which deviates from 1.14 decades of an ideal Debye
response.

Dielectric loss as a function of temperature and frequency
for the monophasic pyrochlores are plotted and shown in
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Fig. 12. Cole—cole plots of Bi, gCu; gTaz ;0,4 measured at 100 °C and 149 °C.
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Fig. 13. Imaginary part of impedance, Z” as a function of frequency for x = 0.2
measured at different temperatures.

Fig. 15a and b, respectively. Composition, x =0 behaves
predominantly  insulating  with  electrical  resistivity,
p=22 X% 10° Q cm and dielectric loss, tan 8, 0.06 at room
temperature. High dielectric loss at low frequencies (Fig. 15b)
might be attributed to time availability for the displacement of
defects and energy is lost through the movement of the screen
charge against the applied field [37]. In contrast to a-BZT
analogue with low dielectric loss, increase of tan § of Cu-based
pyrochlore is possibly associated with the changes in valence
state of the Cu ion and oxygen non-stoichiometry within the
structure [6,9,38]. The oxidation and reduction processes
involving oxygen and copper ions are presumably to be taken
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Fig. 14. Modulus spectroscopic plot of Bi, gCu; gTaz 0.
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Fig. 15. (a) Dielectric loss as a function of temperature for samples
0 <x <0.6. (b) Tan § as a function of frequency for Bi, 4Cu; gTaz 6014.4.

place as suggested below:
207 « Oy +4e” (3)

Cu*" +e~ < Cu* (4)

In our speculation, oxygen non-stoichiometry occurs
appreciably at high temperature resulted from O*~ loss starting
at temperature above 400 °C [39]. More vacancies and defects
are created within the pyrochlore structure. With the release of
electrons (Eq. (3)) Cu** will be reduced into Cu* that gives rise
to the mixed conduction which associated with both ions and
electrons. On the other hand, the cuprous ion, Cu™ which is less
stable in nature will be easily oxidised to cupric ion, Cu**. The
hopping of oxygen ion had been suggested as the influential
behavior of the conducting mechanism of pyrochlore oxides
[31] and the higher defect concentrations and/or conductive
behaviour of the samples could result in higher dielectric loss
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Fig. 16. Capacitance values of constant mole percent of BCT solid solution
measured at 1 MHz.

Table 3

Electrical data for capacitance, relative permittivity, dielectric loss and admit-
tance values for Bi;_,Cu; gTa3,,0138., pyrochlores measured at 1 MHz and
room temperature.

Capacitance, Permittivity, &' Dielectric Admittance,

C, (F cm™h) loss, tan 8 Y (Q 'em™)
x=0 507 x 10712 57 0.06 1.86 x 10°°
x=02 525x10'2 59 0.07 221 x 107°
x=04 535x107'2 60 0.07 233 x 107°
x=06 451x107? 51 0.11 3.17 x 107°

[40]. This is clearly illustrated as tan § increases with the
increase of temperatures (Fig. 15a). Meanwhile, various papers
have been reported on the mixed conduction behavior of Cu-
based materials [41-43], however, actual conduction mechan-
isms are yet remained unclear. Given these discrepancies and
uncertainties over the literature, thorough and careful
investigations are certainly required before firm conclusions
could be drawn in order to correlate the electrical—structural—
compositional behavior of these BCT pyrochlore phases.

Fig. 16 shows the capacitance values of Bis;_,Cu;g.
Cu, gTasz,, 01354, subsolidus solution measured at 1 MHz
and these samples are of temperature dependent, showing
positive temperature coefficient of capacitance, TCC values.
The values of capacitance, &', tan § and Y’ of BCT pyrochlores
extracted from room temperature are tabulated in Table 3.
Interestingly, BCT pyrochlores show comparable capacitance
and & values to that of a-BZT analogues except their high
dielectric losses due to high admittances as mentioned earlier.

4. Conclusion

A series of non-stoichiometric BCT sample had been
successfully prepared and characterised. The Bi;_,Cu;g.
Cu, gTas,, O35, subsolidus solution limit was determined
as 0 < x < 0.6 after heat treatment at 950 °C for 48 h. These
materials were thermally stable within the studied temperature
range. The internal strain values of BCT pyrochlores were

generally low but slightly higher at both end-members. The
crystallite sizes of prepared BCT pyrochlores estimated by
Scherrer and Williamson—Hall methods were highly inter-
correlated. The peaks situated at 650-520 cm ™' were featured
to be Ta—O stretching mode and they were well separated for
higher Ta concentration. The BCT system exhibited conductive
characteristic at high temperature where tand became
temperature dependent. The recorded activation energies for
prepared samples were relatively low and the conduction
mechanisms were likely influenced by variable oxidation state
of copper ion and oxygen non-stoichiometry within the
pyrochlore structure.
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