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ABSTRACT 

Bi3Ni2Ta3O14 (BNT) pyrochlores and a series of its solid solutions Bi3Ni2-xTa3O14-x (- 0.2 ≤ x ≤ 1.0) were prepared 
via conventional solid state method.  The phase purity of BNT and its solid solutions was investigated by X-ray diffraction 
(XRD) method. Phase pure of BNT cubic pyrochlore was successfully synthesized at x = 0.6 (Bi3Ni1.4Ta3O13.4) with 
sintering temperature of 1050 oC over 24 hours. The single phase material crystallized in a cubic system, space group 
Fd3m with a = b = c = 10.5134 Å, α = β = γ = 90º, respectively. Detailed analysis was carried out on single phase material 
and the electrical properties was determined by ac impedance spectroscopy in the frequency of 5 Hz to 13 MHz. 
Conducticity revealed that the sample was in bulk properties and it had a high activation energy of 0.93eV and 0.95eV for 
heat and cool respectively. Ac impedance indicate that BNT exhibits dielectric properties with permittivity, ε’ of 44.85 and 
dielectric loss, tan δ, of 0.003 at room temperature in the frequency region 1 x 105 Hz (100 kHz) respectively. 
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INTRODUCTION 

Ceramics, by definition, comprise inorganic, non-
metallic, non-water-soluble compounds that show ionic 
contributions in their chemical bonds. Along with the 
revolutionary development of electronics in the second 
half of the twentieth century, the huge potential of ceramic 
materials has been unfolded and introduced into a 
fascinatingly wide spectrum of electrical and 
microelectronic devices and applications. After the Second 
World War, the technical exploitation of ferroelectric 
ceramics began, because of their unique properties such as 
high dielectric permittivity, high piezoelectric constants 
and electromechanical coupling, high pyroelectric 
coefficients, and, under certain circum-stances, high 
optical transparency and electro-optic coefficients [1]. 

Electroceramics are predominantly oxide-based 
materials that contain electro-active intra-granular (bulk) 
and inter-granular (grain boundary) regions whose 
properties depend on the close control of structure-
stoichiometry relationships. The application of 
electroceramic powders depends on their fabrication and 
sintering processes to yield monolithic components. 
Electroceramic powders are derived from highly refined 
materials or specific chemical synthesis which include 
conventional synthesis (powder mixing, coprecipitation 
and fusion) and wet chemical techniques (sol gel 
processing, hydrothermal, aerosol generation and spray 
roasting) [2]. 

Stoichiometric pyrochlores, whose general 
formula is A2B2O7, have a structure composed of two 
different types of cation coordination polyhedral, in which 
the A-site positions typically occupied by larger cations 
are eight-coordinated and B-site positions favored by 
smaller sized cations are six-coordinated with different 
anions [3]. Pyrochlore compounds can accommodate 
various cations in the A- and B-sites due to their large 
stability field which impart various properties to the 
pyrochlores. Pyrochlore materials demonstrate a wide 
spectrum of electrical properties ranging from insulating to 

metallic of which few compounds exhibiting 
semiconductor-to-metal transition. The applications of 
these materials are found in capacitors, thermistors, 
resistors, switching elements and microwave 
communication [4].  

Recently, Bi-based pyrochlore ternary system 
have triggered great research interests owing to their 
relatively low synthering temperatures and excellent 
dielectric properties [5-7]. Bi2O3–ZnO–Nb2O5 ternary 
system have been reported to has a low sintering 
temperature below 1000 oC, high dielectric permittivity, 
low dielectric loss and temperature stability [8-9]. In the 
case of Ta analogue, ideal nominal composition, 
Bi3Zn2Ta3O14 was reported in the Bi2O3–ZnO–Ta2O5 system 
as confirmed by detailed phase diagram study [7]. It 
existed as cubic pyrochlore with ε’ of 58, tan δ of 0.0023 at 
30 oC and 1 MHz [10]. 
 Enormous attempts are made to reduce the 
dielectric loss and to fine-tune the dielectric constant of 
dielectric materials, making them suitable candidates for 
various electrical applications. The low dielectric loss of 
NiO and comparable ionic radii between Ni2+, 0.70 Å and 
Zn2+, 0.74 Å have shed new idea to study the Ni-
substituted pyrochlore phases. There appears limited 
literature available on pyrochlores in the Bi2O3–NiO–
Ta2O5 (BNT) ternary system and the actual stoichiometry 
of different phases is still remained unclear. In this 
research, the pyrochlore materials of Bi2O3-NiO-Ta2O5 
(BNT) ternary system was synthesized using conventional 
solid state method and the electrical properties of its single 
phase material was investigated for its potential 
application. 
 
EXPERIMENTATION 

Samples of nominal compositions, Bi3Ni2-

xTa3O14-x (- 0.2 ≤ x ≤ 1.0) were prepared by conventional 
solid state method. The starting materials were reagent 
grade oxide powders, Bi2O3 (Aldrich, 99.9 %), NiO 
(Aldrich, 99.9%) and Ta2O5 (Alfa Aesar, 99.9%). In order 
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to remove moisture, NiO and Ta2O5 were dried at 600 oC 
and Bi2O3 was at 300 oC, respectively for 3 hours before 
weighing. 
        The powders were weighed according to the 
stoichiometric quantities of the oxides ~ 3 – 4 g with 
accuracy of ± 0.0002 g and mixed with sufficient acetone 
in an agate mortar, to ensure the homogeneity of the 
mixture. The resulting powder was transferred into a Pt 
foil and pre-fired at 800 oC for 24 hours. Subsequently, the 
mixture was fired at temperatures of 900 oC and 1050 oC 
for 24 hours with intermediate regrinding. Regrinding was 
carried out in order to increase the contact area and to 
refresh contact surfaces. Weight loss is checked and it is 
showed that no significant loss through volatilization of 
the materials used. The synthesis process is illustrated as 
follows : 
 
Oxides weighed → ground with acetone* → 900 oC 
(24h)*             →1050 oC (24h) 
* with intermediate regrinding 

 
The powders were pressed into pellet of 8 mm in 

diameter and ~1.5 mm in thickness prior to sintering at 
1050 oC for 24 h. The phase purity of the samples were 
characterized by X-ray powder diffraction using an 
automated Shimadzu diffractometer XRD 6000, Cu Kα 
radiation in 2θ range of 10–70o at the scan speed of 
2o/min. Data for lattice parameter determination were 
collected at a scan rate of 0.1o/min and the refinement was 
performed by Chekcell software. 

The electrical behaviours of the single phase 
sample was measured using HP4192A ac impedance 
analyser in the frequency range of 5 Hz–13 MHz. Gold 
coated pellet was attached to conductivity jig prior to 
electrical measurement in temperature controlled 
horizontal tube furnace. The electrical data were collected 
in heat–cool cycle in the temperature range of 28–800 oC 
after 30 min equilibration time. 

 
RESULTS AND DISCUSSION 
 
Phase purity 

Samples with different compositions in the 
Bi2O3-NiO-Ta2O5 system were prepared by conventional 
solid state method. Refinement process was carried out 
using Chekcell programme in accordance with cubic 
Bi3Zn2Ta3O14 (BZT) analogue. After several heatings with 
an incremental step of 50 oC starting from 900 oC to 1150 
oC, the formation of Bi3Ni2Ta3O14 was investigated and it 
was observed that the composition of Bi3Ni2Ta3O14 
appeared to contain extra NiO. The extra peak of 
unreacted NiO was discernable around the Bragg angle 2θ, 
43.32o.  

The components of the  Bi2O3-NiO-Ta2O5 system 
are two unreactive oxides, Ta2O5 and NiO, together with 
one volatile, reactive oxide Bi2O3. It is necessary, 
therefore, to find appropriate heat-treatment conditions 
such that the temperature is high enough for the Ta2O5 and 
NiO to react, but not too high that volatilization of Bi2O3 
occurs before it can combined chemically. Numerous 

studies on the related BZN system have shown that 
temperatures of the order of 950 oC are required to achieve 
equilibrium, but based on the more refractory nature of 
Ta2O5 compared with Nb2O5, it was understood that 
temperatures of at least 1000 oC would be required to 
ensure that equilibrium had been reached.  

The Bi3Cu2Ta3O14 solid solutions were proposed 
with a general formula of Bi3Ni2-xTa3O14-x, in which 
deficiency in Ni was compensated by creation of oxygen 
vacancy O2-. Different samples with x ranging from -0.2 to 
1.0 were prepared and their XRD diffraction patterns are 
shown in Figure-1.  
 

 
 
Figure-1. XRD diffraction pattern of Bi3Ni2-xTa3O14-x with 

compositions ranging from x = -0.2 to 1.0 prepared at 
1050 oC for 24 hours. 

 
It was observed that the single phase cubic 

pyrochlore formed only at x = 0.6 (Bi3Ni1.4Ta3O13.4) after 
heating at 1050 oC for 24 h. The XRD pattern for 
Bi3Ni1.4Ta3O13.4 was shown in Figure-2. It was refined 
using the parameter information from ICDD number 73-
132 with a = b = c = 1.5400 Å, α = β = γ = 90o, space 
group Fd3m, respectively. Bi3Ni1.4Ta3O13.4 was confirmed 
as single phase material as all the diffraction peaks could 
be fully indexed. This material crystallized in a cubic 
system, space group Fd3m with a = b = c = 10.5134 Å, α = 
β = γ = 90º, respectively. 
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Figure-2. XRD diffraction pattern of Bi3Ni2-xTa3O13.4  

prepared at 1050 oC for 24 hours. 
 
Electrical properties 
 The electrical properties of single phase 
Bi3Ni1.4Ta3O13.4 was determined by a.c impedance 
spectroscopy. The impedance data are normallized by the 
geometric factor. Measurement was made starting from 
room temperature to 800 oC by increment steps of 50 oC. 
In cole-cole plot, perfect single semicircles were observed 
above temperature of 450 oC (Figure-3). The impedance 
data can be represented by the equivalent circuit consists 
of parallel R and C elements of the bulk material (Figure-
4).  

The corresponding bulk resistivities, Rb can be 
obtained from the intercept on the real part of impedance 
Z’.The results shows that there is a decrease in resistance 
that may be associated with intra-granular (bulk) and inter-
granular (grain boundary) region of the sample when the 
temperature of measurement increased. An associated 
capacitance of  7.99 x 10-12 was obtained at 450 oC and 
this corresponded to the bulk properties of materials. This 
agreed reasonably with that obtained from the cole-cole 
plot where ωRCb = 1.  
 

 
 

Figure-3. Cole-cole plot of Bi3Ni1.4Ta3O13.4  measured at 
different temperature. 

 
 

Figure-4. Circuit of parallel R and C elements. 
 

In low frequency region, there is no sign of 
electrode effects (no spike at the intercept of the semicircle 
with Z’ axis (real part of complex impedance). Therefore 
the conducting species are of electronic conduction. The 
impedance data are therefore be represented by the 
equivalent circuit shown in Figure-4, which R and C 
elements of the bulk material, Rb (bulk resistance) and Cb 
(bulk capacitance), in parallel. This is confirmed by the 
combined spectroscopic plots shown in Figure-5. The 
plots show two coincident peaks of M” (imaginary part of 
complex modulus) and Z” (imaginary part of complex 
impedance). The half height width of the M” is 
approximately 1.33 decade, which is close to the perfect 
Debye which is 1.14 decade, indicating that the material is 
homogenous. 
 

 
 

Figure-5. Combined spectroscopic plots of 
Bi3Ni1.4Ta3O13.4 at 450 oC. 

 
Conductivity values are extracted from cole-cole 

plots. Conductivity of this materials are reversible on heat-
cool cycle. Figure-6 shows the Arrhenius plots in the 
logarithmic form of Bi3Ni1.4Ta3O13.4  sintered at 1050 oC. 
The Arrhenius’s law was applied to correlate the observed 
behaviour with a general relation , σ = σo exp (-Ea/RT) 
where σo represents a pre-exponential factor, Ea is the 
apparent activation energy of the conduction process, k is 
Boltzmann’s constant and T is the absolute temperature. 

 

Cmax = 7.99 x 10-12 Fcm-1 



                            VOL. 10, NO. 15, AUGUST 2015                                                                                                                ISSN 1819-6608            

ARPN Journal of Engineering and Applied Sciences 
 

©2006-2015 Asian Research Publishing Network (ARPN). All rights reserved.

 
www.arpnjournals.com 

 

 
6227

 

1st heat
y = -4.7076x + 0.6306

R2 = 0.9974

1st cool
y = -4.7792x + 0.7126

R2 = 0.9988

-8

-7

-6

-5

-4

-3

0.8 1 1.2 1.4 1.6

1000 K/T

lo
g 

s T
 (

oh
m

-1
 c

m
-1

)

1st heat
1st cool
Linear (1st heat)
Linear (1st cool)

 
Figure-6. Arrhenius plot of Bi3Ni1.4Ta3O13.4 sintered at 

1050 oC. 
 

From the linear range of the plot, the activation 
energy, Ea can be calculated in which the activation energy 
of 0.93eV and 0.95eV were obtained for heat and cool 
respectively. For a.c impedance measurement, forming 
pellet with higher density is important for the charge 
carrier to move more easily with less porosity. The high 
activation energy for Bi3Ni1.4Ta3O13.4, when not linked to 
ionic conduction, are usually associated with a hoping type 
of electronic transport mechanism, which suggests the 
existence of defects such as oxygen vacancy for the 
hoping of electrons. 

Figure-7 shows the imaginary part of impedance 
as a function of frequency on a logarithmic scale. 
Dispersion can be seen from the Figure and the maxima of 
the curve are displaced to higher frequency with the 
increase in measuring temperature. The presence of a 
maximum means the presence of a polarization process in 
the dielectric material. 
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Figure-7.  Imaginary part of impedance of Bi3Ni1.4Ta3O13.4 

at different temperatures as a function of temperature. 
 

Figure-8 shows the modulus spectra, M” versus 
frequency on logarithmic scale. Peak positions shifted 
toward higher relaxation frequencies with increase in 
temperature. This behavior suggest that the dielectric 
relaxation is thermally activated in which hoping 
mechanism of charge carriers dominates intrinsically. Peak 
heights are independent of temperature and it thus appears 
that Bi3Ni1.4Ta3O13.4  is non ferroelectric.  

 
Figure-8. Imaginary part of electrical modulus of 

Bi3Ni1.4Ta3O13.4  as a function of frequency. 
 

The dielectric properties of Bi3Ni1.4Ta3O13.4  was 
investigated at various frequencies and temperatures. The 
permittivity can be expressed as a complex number : 
 

ε* = ε’ – jε”                             (1) 
 

where ε’ and ε” are the real and imaginary parts of the 
permittivity, respectively. Figure-9 shows the real of 
complex permittivity as a function of temperature at 
several frequencies. It is observed that permittivity, ε’ 
decrease with increasing frequency. The higher value of 
permittivity at lower frequencies is due to simultaneous 
presence of all types of polarizations (i.e. space charge, 
dipolar, ionic, electronic, etc.) in the compound. At higher 
frequencies, the main contribution to ε’ comes from 
electronic polarization, as some of the polarization become 
ineffective and thus, the value of ε’ decreases.   

Bi3Ni1.4Ta3O13.4   exhibits permittivity, ε’ of 44.85 
at room temperature in the frequency, f, region 1 x 105 Hz 
(100 kHz) and  it was found that this value is slightly 
lower than those reported in the Bi2O3-ZnO-Ta2O5 ternary 
system. Cubic Bi1.5ZnTa1.5O7 (α-BZT) has permittivity (ε’) 
of 58 at room temperature and 1 MHz [7]. The dielectric 
permittivities of  BNN was also investigated by Nguyen et 
al. 2007 [11] . It was found that at room temperature, a 
permittivities of  116 which is quite high was obtained at 
100 kHz. 
 

 
 

Figure-9. Real part of complex permittivity as a function 
of temperature at several frequencies. 
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Fig.10 shows the dielectric loss, tan δ, as a function of 
temperature at several frequencies.  
The dielectric loss can be expressed as: 
 

tan δ = ε” / ε’                           (2) 
 

At high frequencies, the losses are much lower 
than those occurred at low frequencies. This kind of 
dependence of tan δ with frequency is associated with 
losses due to the conduction mechanism. Dielectric loss 
decreases with frequencies when temperature is above 400 
oC. On increasing the temperature, the electrical 
conductivity increases due to the increase in thermally 
activated drift mobility of electric charge carriers 
according to the hoping mechanism. Therefore the 
dielectric polarization increases causing a marked increase 
in ε’ and tan δ as temperature increases above 400 oC. 
Both ε’ and tan δ decrease with increasing frequency 
probably because the jumping frequency of electric charge 
carriers cannot follow the alternation of applied ac electric 
field beyond a certain critical frequency. 

At room temperature, Bi3Ni1.4Ta3O13.4 exhibits 
low dielectric loss, tan δ, of 0.003 in the frequency, f, 
region 1 x 105 Hz (100 kHz). The dielectric loss tangents 
of BNN reported to be slightly lower than Bi3Ni1.4Ta3O13.4. 
This was investigated by Nguyen et al., (2007) [11] and it 
was reported that at room temperature, dielectric loss 
tangents obtained is desirably low which is 0.00065 at 100 
kHz. In the Bi2O3-ZnO-Ta2O5 ternary system, it was found 
that cubic Bi1.5ZnTa1.5O7 (α-BZT) has dielectric loss (tan 
δ) of 0.0023 at room temperature and 1 MHz which also 
found to be slightly lower than Bi3Ni1.4Ta3O13.4. 
 

 
 

Figure-10. Dielectric losses, tan δ, as a function of 
temperatures at several frequencies. 

 
CONCLUSION 
 The pyrochlores provide great compositional 
variable and structural flexibility to form a wide range of 
solid solution which the BNT cubic pyrochlores are 
successfully prepared with the proposed mechanism 
Bi3Ni2-xTa3O14-x (- 0.2 ≤ x ≤ 1.0).  The phase purity of 
BNT and its solid solutions was investigated by X-ray 
diffraction (XRD) method. Phase pure BNT cubic 

pyrochlore was successfully synthesized at x = 0.6 
(Bi3Ni1.4Ta3O13.4) with sintering temperature of 1050 oC 
over 24 hours. Conductivity revealed that the sample was 
in bulk properties and it had a high activation energy of 
0.93eV and 0.95eV for heat and cool respectively. Ac 
impedance indicate that BNT exhibits dielectric properties 
with permittivity, ε’ of 44.85 and dielectric loss, tan δ, of 
0.003 at room temperature in the frequency region 1 x 105 
Hz (100 kHz) respectively. 
  
ACKNOWLEDGEMENTS 

We thank the Ministry of Higher Education, 
Malaysia and Universiti Teknologi Mara (UiTM), 
Malaysia under Research Acculturation Grant Scheme, 
RAGS (File no: 600-RMI/RAGS 5/3 (13/2012)) for 
supporting this study. 
 

REFERENCES 
 
[1] Setter N. and Waser. 2000. Electroceramic materials. 

Acta Materialia, Vol. 48, No. 1, pp. 151-178. 
 
[2] David Segal. 1989. Chemical synthesis of advanced 

ceramic materials. Cambridge University Press. 
 
[3]  Zanetti S. M., da Silva S. A. and Thim G. P. 2004. 

Electroceramic materials. Acta Materialia Vol. 48, 
No. 1, pp. 151-178. 

 
[4]  Tan P. Y., Tan K. B., Khaw C. C, Zainal Z., Chen S. 

K. and Chon M. P. 2012. Structural and electrical 
properties of nismuth magnesium tantalate 
pyrochlore. Ceramics International, Vol. 38, pp. 5401-
5409. 

 
[5]  Sudheendran K., Raju K. C. J. and Jacob M. V. 2009. 

Microwave dielectric properties of Ti-substituted 
Bi2(Zn2/3Nb4/3)O7 pyrochlores at cryogenic 
temperature. Journal of American Ceramic Society 
Vol. 92, No. 960, pp. 1268-1271. 

 
[6] Du H. and Yao X. 2002. Synthesis and dielectric 

development of new thermal stable bismuth 
pyrochlores. Journal of Physical Chemistry Solids, 
Vol. 63, pp. 2123-2128. 

 
[7]  Khaw C. C., Lee C. K. and Zainal Z. 2007. Pyrochlore 

phase formation in the system Bi2O3–ZnO–Ta2O5. 
Journal of American Ceramic Society, Vol. 90, No. 6, 
pp. 2900-2904. 

 
[8]  Cann D. P., Randall C. A. and Shrout T. R. 1996. 

Investigation of the dielectric properties of bismuth 
pyrochlores. Solid State Community, Vol. 100, No. 1, 
pp. 529-534 

 
[9]  Wu M. C., Kamba S., Bovtun V. and Su W. F. 2006. 

Comparison of microwave dielectric behavior 
between Bi1.5Zn0.92Nb1.5O6.92 and Bi1.5ZnNb1.5O7. 



                            VOL. 10, NO. 15, AUGUST 2015                                                                                                                ISSN 1819-6608            

ARPN Journal of Engineering and Applied Sciences 
 

©2006-2015 Asian Research Publishing Network (ARPN). All rights reserved.

 
www.arpnjournals.com 

 

 
6229

Journal of European Ceramic Society, Vol. 26, pp. 
1889-1893. 

. 
[10]  Khaw C. C., Tan K. B. and Lee C. K. 2009. High 

temperature dielectric properties of cubic bismuth 
zinc tantalate. Ceramics International Vol.  35, pp. 
1473-1480. 

[11]  Nguyen B., Liu Y., Ray L. and Withers L. 2007. The 
local crystal chemistry and dielectric properties of the 
cubic pyrochlore phase in the Bi2O3–M2+O–Nb2O5 
(M2+ = Ni2+ and Mg2+) systems. Journal of Solid 
State Chemistry, Vol. 180, No. 2, pp. 549-557. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


