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Abstract: Bismuth niobate solid solutions, Bi,NbO;s (2.5 < x < 6), have been prepared
using a mechanochemical method. The solid solutions were also prepared using a solid-
state conventional method for comparison purposes. Bi;NbO; was successfully obtained
via a mechanochemical method at a lower synthesis temperature (milled at 1000 rpm for
one hour followed by heating at 700°C for 24 h) than the conventional solid-state method.
Electrical properties of the single-phase materials were studied by AC impedance
spectroscopy. Further characterization of the materials was carried out using differential
thermal analysis (DTA) and thermogravimetric analysis (TGA). The results showed that
no thermal changes and phase transitions were observed and all materials were
thermally stable.
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1. INTRODUCTION

Ionic conductors have provided a fascinating interdisciplinary field of
study for over a century. In oxygen ion conductors, current flow occurs by the
movement of an oxide ion through the crystal lattice. As well as the intrinsic
interest in these materials, there has been a continued drive for their applications
in technological devices such as solid oxide fuel cells (SOFCs), oxygen sensors,
and many other applications. These entire devices offer the potential of enormous
commercial and ecological benefits provided suitable high performance materials
can be developed."™ Yittria-stabilized zirconia (YSZ), which is used as the
electrolyte in SOFC operates at a temperature around 1000°C. Thus, high
operating temperatures will result in high fabrication costs and also affect the
material stability and compatibility and the thermal degradation of the electrolyte
itself. Therefore, there is a continuing effort to search for oxide ion conductors
that can operate at lower temperature in order to reduce costs.
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Bismuth oxide, Bi,03, is recognized as a good oxide ion conductor due to
its crystal structure (fluorite type) and its high ratio of oxygen vacancies. Bi,O;
exists in four polymorphs, which are a, B, y, and 8. The high-temperature form of
bismuth oxide, 3-Bi,O3; which has an oxygen-deficient fluorite-type structure, has
been recognized as one of the best solid-state oxide ion conductors due to the
high concentration of intrinsic oxygen vacancies.” However, 8-Bi,O; is only
stable in a narrow temperature range from 730°C to its melting point at 824°C.
Below 730°C, the monoclinic a-Bi,Os is the stable phase. In order to enhance the
stability of the high-temperature and highly conducting 6-phase, it can be doped
with transition metal oxides such as Nb,Os, Ta,Os, WO; or rare-earth oxides.*”’
Among the many choices of substituting cations in 8-Bi,O3;, Nb ™ is probably the
most frequently used due to its high efficiency in stabilizing the cubic phase at
room temperature.lo

Bismuth niobate (Bi;NbO;) exists in two crystallographic configurations,
a tetragonal (type III) phase and a pseudocubic (type II) phase. The tetragonal
phase shows a higher electrical conductivity than the pseudocubic phase. It was
suggested that this is associated with the redistribution of the oxygen sublattice
(or oxygen vacancies) induced by superstructure ordering in tetragonal Bi;NbO,
which appears to increase the mobility of free charge carriers and therefore
improves the electrical conductivity. The plots of ionic conductivity versus
reciprocal temperature are adequately fitted by the Arrhenius law: or = 6y exp
(-E/KT). The activation energies (E,) of oxygen ion diffusion for the Type II
phase was higher than the Type III phase. The lower diffusion activation energy
of the tetragonal phase shows that the Type III Bi;NbO; structure offers a lower
energy barrier to oxide ion migration than the Type II phase. Over the entire
temperature range, the tetragonal phase exhibits a higher electrical conductivity
than that of the cubic phase.'”"" In this paper, we examine the properties of the
solid solutions in Bi;NbO; (type III), which include the phase purity, thermal
stability, and the electrical properties.

Preparation via a traditional solid-state reaction usually requires high
temperatures and long firing cycles leading to the inevitable coarsening of
particles and aggregation of the powders, which results in poor microstructures
and properties of electroceramics. The mechanochemical process, which is also
known as mechanical alloying, has been recently employed to prepare oxides and
compounds with smaller particle sizes. This technique is superior to both the
conventional solid-state method and wet chemistry-based processing routes for
several reasons. This method can provide better chemical mixing and produce
materials with smaller particle sizes, thus enhancing the electrical properties of
the materials. Furthermore, the mechanochemical method may produce single-
phase materials at lower temperatures and shorten the synthesis time.'* "
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2. EXPERIMENTAL

Solid solutions of BiyNb;O; (2.5 < x < 7) were synthesized using a
mechanochemical and a conventional solid-state method. For the
mechanochemical method, the stoichiometric mixtures of Bi,0; (99.9% Aldrich)
and Nb,Os (99.9% Alfa Aesar) (total weight ~ 8 g) and 50 agate balls with
diameters of 10 mm were placed in an agate bowl (99.9% Si0O,) with a maximum
volume of 250 ml. 120 ml of ethanol (99.8%, Fluka) was added as a milling
medium to prevent excessive abrasion. The mixture was milled using a planetary
ball mill (Model Pulverisette 4 vario-Planetary mill) at different speeds (700,
1000, and 1400 rpm) for one hour in order to determine the optimum milling
speed. The mixture was then dried at 80°C to evaporate the ethanol. For the
conventional solid-state method, however, 3.0-4.0 g of the mixture of the
required reagents were weighed and mixed manually using an agate mortar and
pestle. Heat treatments with different temperatures and durations were carried out
to ensure the formation of single-phase materials.

The samples were characterized via X-ray diffraction analysis (XRD)
(Shimadzu diffractometer XRD 6000, CuK, radiation) in the 20 range from
10°-60° at 2° min"'. A chekcell refinement program was used to obtain the lattice
parameters of the structure. The thermal events of samples were studied from
room temperature to 800°C on heating and cooling cycles with a heating rate of
10°C min"' by DTA (Perkin-Elmer instrument with model DTA 7).

The electrical properties were determined by AC impedance
spectroscopy using a Hewlett Packard Impedance Analyzer, HP4192A, in the
frequency range of 513 MHz. Measurements were made from 200°C to 850°C in
incremental steps of 50°C on a heating cycle with a 30 min equilibration time.

3. RESULTS AND DISCUSSION
3.1 XRD Analysis

Figure 1 shows the phase evolution of Bi;NbO; synthesized by a
mechanochemical process with a milling speed of 1000 rpm for one hour. From
the results obtained, the mixture produced after milling one hour without any
heat treatment consists of raw materials that are Bi,O; and Nb,Os, indicating that
no reaction has occurred at this stage. After heating the precursor at 600°C for
24 h and 650°C for 72 h, traces of starting materials still remained, indicating that
the reaction was not complete. A single-phase Bi;NbO; was successfully
obtained after the ball-milled precursor was heated at 700°C for 24 h. The
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Figure 1: Phase evolution of Bi;NbO; synthesized via the mechanochemical
method (1000 rpm for one hour) with synthesis temperature (X = Bi,0s, Y =
Nb,0s): (a) without heat treatment; (b) 600°C for 24 h; (c) 650°C for 48 h;
(d) 700°C for 24 h; (e) 800°C for 24 h.

conventional solid-state method requires a higher temperature (800°C) and
24 h to obtain a pure phase compound. This may be due to the ball-milled
method, which can result in a better mixing of chemicals and therefore can speed
up the reaction rate and reduce the synthesis temperature.

The XRD patterns of BiyNbO; (2 < x < 7) solid solutions are shown in
Figure 2. Solid solutions with a single-phase were formed in the range of 2.5<
x<6. There is an expected small shift in the 26 at ~28.20° due to the increasing Bi
content that can change the atomic arrangement in the structure, resulting in a
shift in the d-spacing.'’ Refinements were performed using a chekcell program
with a lattice of BisNbO; reported by Ling and Johnson as starting values.'" All
of the peaks in the XRD patterns of these materials can be fully indexed in a
tetragonal system with a space group of /4m2.
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Figure 2: XRD patterns of Bi,NbO; (2 < x < 7) prepared via the mechanochemical
method. (# = BleO4, * = Bi5Nb3015)

Bi,NbOs 5 (x=2), a mixed-phase that consists of Bi;NbO; and BisNb;Os,
was obtained. The presence of the BisNb;O,5 phase was indicated by unindexed
peaks at 20 = 12.68° and 48.11°. For values of x larger than 6, a peak around
27.94° was obtained corresponding to BiNbO,, which is determined by
comparing the XRD pattern of Bi;NbOj3 to that of BiNbO, reported in ICDD
card number: 00-016-0486 indicating the presence of a mixed-phase. The
intensity of this peak did not change, even after heat treatment at 900°C for
72 h.

3.2 Thermal Analyses

DTA measurements were carried out on all of the solid solutions to
investigate the thermal events. Figure 3 shows the DTA thermograms of
materials in BiyNbOj; (2.5 < x < 6) solid solutions at a heating and cooling rate of
10°C min~'. From the results, no thermal changes and phase transitions were
observed. Straight lines observed in the TGA thermograms for samples in the
solid solutions showed that there was no weight loss when samples were heated
to 800°C. This indicates that these materials were thermally stable.

3.3 Conductivity Measurement

The impedance (Z°) complex plane (Z~ vs. Z) plots measured at three
different temperatures (300°C, 550°C, and 800°C) for Bi;NbO; synthesized via
the mechanochemical method are presented in Figure 4. An equivalent circuit
consisting of two parallel RC elements connected in series as shown in
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Figure 3: DTA thermograms: (a) Biy sNbOg »s; (b) BisNbO7; (¢) BiyNbOygs; (d) BisNbO;
(e) BigNbOy, 5 synthesized by the mechanochemical method.

Figure 4(a) was used to interpret the Z" plots. One RC element, R,Cy,, models the
electrical response of the bulk, whereas the other, Ry,Cy, models the grain
boundary response. The overall sample impedance is the summation of R, and
Rg. The complex plane plot of Bi;NbO; measured at 300°C is shown in Figure
4(a). Generally, the high frequency arc has an associated capacitance of around
10> Fem™', which is a typical value for the bulk (intragranular) capacitance of a
sample. Figure 4(a) has a capacitance of this order and, thus, this contribution
was interpreted as resulting from the bulk resistance of the sample.

At 550°C a small, low frequency spike was observed as illustrated in
Figure 4(b), which is characteristic of an ionic polarization phenomenon at the
blocking electrode, which is known as a Warburg-response. At 800°C, the
diffusion of oxygen ions through the entire thickness of the electrode was seen in
the collapse of the spike into a semicircular arc [Fig. 4(c)], supporting the idea
that the conducting species were predominantly oxide ions. Similar impedance
data were observed for the solid solutions.

Combined spectroscopic plots of the imaginary components of the
impedance, 7', and the electric modulus, M, can be used as a general method for
probing the electrical homogeneity for ceramics. For an ideal Debye response
representing bulk properties, the frequency maxima of Z” and M” peaks should
be coincident and the half-height peak widths should be 1.14 decades on a log f
scale for a homogenous material."* The combined spectroscopic of M and Z
versus the log f for Bi;NbO; (Fig. 5) showed two non-overlapping peaks at
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Figure 4: Complex impedance plane plots for BisNbO; at (a) 300°C, (b) 550°C, and (c)
800°C.



Mechanochemical Synthesis and Characterisation 82

300°C. The half-height peak width of the M peak has a value of around 1.57 on
the log f scale and this indicates that the conductivity measured is not that of the
bulk alone and the material may not be homogenous.

Conductivity measurements were carried out on single-phase materials.
Conductivity values were extracted from the AC impedance data. These materials
showed reproducible conductivity in the heating and cooling cycles. Figure 6
shows the Arrhenius plots of BiyNbO; (2.5 < x < 6) during the first cooling cycle.
The conductivity values range from 107 to 10> ohm 'em ' between 250°C and
800°C. Among the materials prepared, BigNbOj; 5 has the highest conductivity
(5.0 x 10~ ohm'em™ at 300°C). Table 1 lists the conductivity values at 300°C
and 600°C, and the E, values for all of the samples of BiyNbO; (2.5 < x < 6).
The Arrhenius plot of YSZ is included for comparison purposes.'” In general, at
300°C, the conductivity decreased in order of:

BigNbOy; 5 > BisNbO; > BisNbOg 5 > BizNbO; > Bi, sNbOg 25
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Figure 5: A combined Z” and M” spectroscopic plot for Bi;NbO; at 300°C.
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Figure 6: Arrhenius plots of Bi,NbO; (2.5 < x < 6) synthesized via the mechanochemical
method. (X = BiZASNbOGQS; o = B13Nb07, A = B14Nb085, O = BISNbOI(),
o= BiéNbO]LS; * = YSZ)

Table 1: Conductivities (6399 and o) and E, of BixNbOj (2.5 < x < 6) synthesized via the
mechanochemical method.

X 6300 X 107% ohm 'em™ G600 X 107 ohm 'em™ E,(eV)
2.5 0.24 0.12 0.93
3 3.57 0.75 0.79
4 5.88 4.57 0.97
5 21.5 16.9 0.95
6 50.0 46.7 0.89
YSZ 15.00 3.53 0.82

Figure 7 shows the comparison of the Arrhenius plots of Bi;NbO;
synthesized by the solid-state and mechanochemical methods. Based on the
results, there is no significant difference in the conductivities between the two
samples synthesized via the two different methods. The slopes of the plots are
determined to be 0.79 eV for the compound prepared via the mechanochemical
method and 0.83 eV for the solid-state method, respectively. The sample
prepared by the mechanochemical method showed a lower E,, which appears to
increase the mobility of free charge carriers compared to the sample prepared by
the solid-state method over the entire investigated temperature range.
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Figure 7: Arrhenius plots of BizNbO; synthesized via the solid-state (A) and
mechanochemical (¢) methods.

4. CONCLUSION

Materials in BiO;-Nb,Os binary systems have been successfully
synthesized via a mechanochemical method at lower synthesis temperatures
(milled at 1000 rpm for one hour followed by heating at 700°C for 24 h) than the
solid-state method, which required a higher temperature (800°C for 24 h). The
ball milled method may have produced better mixing of the chemicals, thereby
increasing the reaction rate and reducing the synthesis temperature. A series of
solid solutions BiyNbO; was obtained at 2.5 < x < 6. Electrical measurements
indicated that there was no significant difference in the conductivities of the
Bi3;NbO; synthesized by the two different methods. The sample prepared using
the mechanochemical method showed a relatively lower E,, which appears to
increase the mobility of free charge carriers compared with the sample prepared
by the solid-state method.
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