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Abstract

Bismuth niobate (Bi3sNbO5) exists under two crystallographic modifications, a tetragonal (type-111) phase between 800 and 900 °C, and
a pseudocubic (type-11) phase above and below this thermal range. The quenching at room temperature of pseudocubic type-II phase
made it possible to carry out a detailed study of the transformation kinetics of this metastable type-II phase to the stable type-III phase,
using isothermal in situ X-ray diffraction. The obtained Avrami exponent and activation energy for the transition are around 2.5 and
3.25eV, respectively. The value of the Avrami exponent is consistent with a three-dimensional diffusion-controlled transformation with
constant nucleation rate. Investigations of electrical properties using AC impedance spectroscopy and Wagner polarization method show
that the tetragonal phase exhibits higher ionic and electronic conductivities than those of the pseudocubic form. Such a deviation is likely

to originate from different distributions of cations/electronic-lone-pairs and oxygen vacancies.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The high-temperature form of bismuth oxide 6-Bi,Os,
which has an oxygen-deficient fluorite-type structure, was
recognized as one of the best solid-state oxide ion
conductors owing to the high concentration of intrinsic
oxygen vacancies [1-3]. Although the high-temperature
cubic phase only exists in the temperature range from
730°C up to its melting point 825°C and cannot be
quenched to room temperature, the stability of the high
conductivity phase can be greatly enhanced by partial
substitution of bismuth with trivalent rare earth (such as
Gd, Y, Er ions) or with higher-valency cations (such as Nb,
Ta, or W) [4-8]. Such cation substitutions generally form
different solid solutions with good ionic conductivity in
combination with electronic conductivity. This mixed ionic
and electronic conduction property makes them suitable
for use in electrochemical devices such as high-purity
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oxygen generators, electrochemical sensors and anode
materials in solid oxide fuel cells [9,10].

Among the many choices of substituting cations in o-
Bi,O;, Nb°* is probably the most frequently used one
owing to its high efficiency to stabilize the cubic phase to
room temperature. The minimum concentration of nio-
bium oxide necessary to stabilize 6-Bi,O3 is 10 mol% [8].
Studies of the Bi,O3—Nb,Os phase diagram revealed that it
contains at least four distinct phases (types I-IV) in the
composition range between pure Bi,O3 and 5Bi,05:3Nb,05
[11-13]. For the type-II phase that exists in the composition
range from 6.2% to 25% Nb,Os5 [13], it crystallizes with a
three-dimensional (3D) incommensurate modulated super-
structure of a fluorite-type cubic subcell [12]. A commen-
surate structural model derived from the formalism of
superspace symmetry predicts interpenetrating Nb rows at
60° to one another, with a specific distribution of oxygen
vacancies [14]. Type-III single phase with 25% Nb,O5 was
initially synthesized at 900 °C by Ling et al. [13,15]. In
contrast to the incommensurate type-1I phase, the type-III
modification has a commensurate superstructural ordering
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relative to a tetragonal subcell [16]. The structure of this
type-III form was modeled as a tetragonal deficient
fluorite-type structure with an I-centered 3 x 3 x 7 supercell
[7,15]. This superstructure consists of independent rows
and isolated tetrahedral units of corner-sharing NbOg
octahedra imbedded in a Bi-O matrix, and can be
considered as a hybrid of fluorite and pyrochlore structural
types [15].

Previous studies have shown that the type-II phase is not
stable between 800 and 900 °C at which it undergoes a
phase transition to the tetragonal type-1II form [16,17].
Contrary to an earlier claim of a stability range from room
temperature to melting point 1100°C [13], the type-III
phase is stable only below 900°C. Above 930°C, it
transforms back to a single type-1I modification after
passing a mixed tetragonal-pseudocubic phase regime
between 900 and 930 °C [17]. The formation characteristics
and stability range of the type-III phase were investigated
by Pirnat et al. [18], who studied the type-II/type-III phase
transition kinetics through room temperature X-ray
powder diffraction. They observed a temperature-depen-
dent induction time for the phase transformation, and were
able to determine the Avrami exponent to be around 1.5.

In this paper, we reexamine the kinetic process of this
BisNbO; phase transition in real isothermal conditions,
using in situ X-ray powder thermodiffraction, and find
significantly different results. In addition, the effects of
structural difference on the ionic and electronic electrical
properties of both phases are investigated by AC impe-
dance spectroscopy and Wagner polarization method.

2. Experimental

Polycrystalline Bi;NbO; was prepared by conventional
solid-state reaction from a stoichiometric mixture of high-
purity Bi,O3 (99.9%) and Nb,Os (99.9%) powder. After
having been well mixed in an agate mortar, the initial
powders were heated at 700 °C for Sh at first, to form less-
volatile Nb compounds and avoid Bi,Oz loss in the
following sintering process at higher temperature. The
pre-reacted powder was then calcined at 800 °C for 5h, and
finally obtained as a homogenous type-11 Bi;NbO; (labeled
as “0-BNpt powder”) for the kinetic studies of the
pseudocubic-tetragonal transformation. In the studies of
electrical properties, two series of pellets with tetragonal
and pseudocubic modifications were prepared. The pow-
ders with pure type-III and type-II forms were obtained by
annealing the 6-BN 1t powder at 870 °C for 12 h and 950 °C
for 6h, respectively. The obtained powder samples were
shaped in a uniaxial press at first, and then pressed in an
isostatic Top Industrie press (about 0.55 GPa). In order to
get high-density ceramic pieces, the tetragonal and the
pseudocubic samples were finally fired for 5h at 870 and
950 °C, respectively. The density of both pellets was about
97% of their theoretical density calculated from X-ray
diffraction (XRD) data.

XRD patterns were recorded on a 6/6 Bragg—Brentano
X’pert MPD PRO diffractometer (Cu Ko 4, radiations)
equipped with an X’celerator detector and a HTK 1200
Anton Paar chamber. The high-resolution diffratograms
were collected in the [5°—130°] scattering angle range with a
step of 0.0167° and scanning time of 200s per step. Based
on a standard fluorite prototype cell, the whole pattern
matching refinement of powder XRD patterns was
performed using the Fullprof program [19]. For the
kinetics study, each scan was performed with a step of
0.0167° in the 20 range [54.5°-57°], where the cubic
diffraction line (311) and two tetragonal diffraction lines
(113, 131) are wholly covered at each experimental
temperature. In each isothermal experiment, the sample
was continuously scanned in terms of successive periods of
10 min for 624 h, depending on the annealing temperature.
The integrated intensity of the three peaks was determined
using the fit profile option of X’Pert Highscore Plus
program (version 2.0a).

The electron diffraction study was performed with a
200kV JEOL 2010 TEM equipped with a side entry +30°
double tilt specimen holder. The sample was prepared by
grinding raw powder in ethanol and depositing one droplet
on a carbon-coated holey film.

For the measurements of charge transport, thin platinum
films were deposited as electrodes by magnetron sputtering
on both flat faces of the pellet samples. The impedance data
were collected on an Schlumberger Solartron SI 1260
frequency response analyser working with a Dielectric
Interface Solartron 1296 in the frequency range of
0.05-10 MHz. The electronic conductivity was measured
by Wagner polarization method on an Schlumberger
Solartron 1287/1260 electrochemical response analyser, in
which the platinum films were used as the ion-blocking
electrodes.

3. Results and discussion

3.1. X-ray diffraction at different temperatures and electron
diffraction

Fig. 1 presents the XRD patterns of Bi;NbO; recorded
at four typical temperatures of 25, 760, 870 and 950 °C. The
initial sample selected is the 0-BNpt powder. Before
scanning at 870 and 950 °C, the sample was annealed for
6 h at each given temperature in order to get single type-II1
and type-II phases, respectively. In Fig. 1, only a portion of
the 260 range is given for clarity. The three patterns
recorded at 25, 760 and 950 °C have the same appearance.
The basic lines correspond to those of a cubic fluorite
phase, and the superstructure peaks (labeled by stars in
Fig. 1) are consistent with the so-called Type-II phase. The
modulation parameter ¢ (~0.383) is consistent with the
reported values in similar (Bi;_,Nb,),05 >, phases [13]. It
does not evolve with temperature in the low-temperature
stability domain (¢ around 0.3835 up to 800°C) but
decreases slightly at higher temperature (e = 0.3821 at
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Fig. 1. Typical X-ray diffraction patterns of Bi;NbO- recorded at various
temperatures. Inset (a) enlargement showing the (311) cubic and (113, 131)
splitted tetragonal diffraction lines (single subcell indexation); (b) on a
larger scale, satellite reflections recorded at 870 °C (type-III) and 950 °C

(type-10).

950 °C). It is the only noticeable difference between the low
and high temperature type-II phases. Note that this ¢ value
is practically identical to that measured on the x = 0.234
composition (¢ = 0.384) [13], thus confirming that ¢ is
nearly constant outside the range 0.13<x<0.24 [20].

In contrast to the previous phases, a significant tetra-
gonal splitting is observed in the pattern collected at
870 °C, more distinctly visible in inset (a) of Fig. 1. Both
splitting and superstructure peaks correspond to the type-
IIT 3 x 3 x 7 tetragonal form of BizNbO.

The structural transitions detected in our X-ray thermo-
diffractograms are in good agreement with Valant et al.
investigations [16,17]. In Fig. 2, the thermal evolutions of
the lattice parameters and volume of type-II (a) and type-
III (b) subcells from room temperature to 950°C are
presented. The two samples used for this study were the
original J-BNpt powder as the initial type II phase
(Fig. 2a), and a sample annealed at 870 °C for 6h as the
initial type IIT phase (Fig. 2b). In between two successive
thermal steps, a heating rate of 10 K/min was used, and at
each given temperature, the sample was thermally stabi-
lized for 20min before XRD scanning. Each XRD
diffractogram was collected in the [5°-130°] scattering
angle as described in the experimental section. In Fig. 2(a),
the unequal values of a and ¢ evidence the presence of the
tetragonal form between 800 and 900 °C. It is to be noted
that, compared with the extrapolated value for the
pseudocubic form (the dotted line in Fig. 2(a)), the subcell
volume of the tetragonal phase is a little smaller at
comparable temperatures, due to either a slight shrinkage
or a levelling off at the pseudocubic-tetragonal transforma-
tion. Fig. 2(b) shows the thermal evolution of the type-111
tetragonal cell with transition to type-II pseudocubic cell
around 900 °C. Note that the cell volume is slightly smaller
than that of the cubic cell in the same thermal range. At
low temperature, the stable phase seems to be the
tetragonal one, whereas the pseudocubic phase is meta-
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Fig. 2. Thermal evolution of lattice parameter and unit cell volume of
Bi;NbO; upon heating: (a) pseudocubic type-II phase, showing the
transition to tetragonal type-III phase between 800 and 900 °C; (b)
tetragonal type-III phase, showing the transition to pseudocubic type-II
phase above 900 °C.

stable (stabilized from quenching the high-temperature
form) and transforms to the stable tetragonal phase upon
heating.

In order to further characterize both forms and confirm
the presence of type-II and type-III superstructures,
electron diffraction patterns were collected on samples
annealed at 800 and 870 °C, respectively. For the pseudo-
cubic type-II form, according to Ling et al. [13], any Bragg
reflection H can be written in the form

H = haj + kb{ + Icf + meaf
+ nebf + pecf[= hlkmnp]*.

Indeed, selected area electron diffraction (SAED) patterns
present main diffraction spots which are singly indexed
[hkl] onto the §-Bi,Os-like fluorite cubic subcell, as shown
in Fig. 3(a) and (c¢). In addition, satellite spots typical of the
type-II structure are observed, in agreement with the
electron diffraction study by Tang and Zhou [12] on
another composition of the Bi,_ Nb,O3 . solid solution.
In the outlines of Fig. 3(b) and (e) enlarged from 3(d), the
satellite spots of main central spot = [000mnp] are indexed
as mnp for simplicity. The modulation parameter ¢
measured from the satellite spots position is 0.38(1), in
agreement with the value measured by XRD. Note that
extra spots are also observed on the Fig. 3(a) SAED
pattern, as in all observed grains along the [001] axis,
showing that they are in fact multi-domains crystallites. In
other directions however, like along [110], crystals appear
as mono-domains (Fig. 3(c)).

For the tetragonal type-III form prepared at 870 °C, all
the crystallites exhibit a 3 x 3 x 7 tetragonal superstructure
of the fluorite-type 6-Bi,Os. Typical [100] and [001] SAED
patterns are given in Fig. 4(a) and (b), respectively. They
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Fig. 3. Typical SAED patterns of Bi;3NbO; type-II phase along [001] (a)
and [110] (c), together with their outlines ((b) and (d), respectively).
Indexation of the superstructure reflections are given in (b) and (e), which
is an enlargement of (d). For clarity, the three first main / k/ indices only
are given on the photographs for main reflections [#k/000], and the three
last mnp indices only on the outlines for satellites of the central spot
[000mnp] (full circles).

Fig. 4. SAED patterns of Bi;NbO- type-III phase along [100] (a) and [001]
(b).

evidence the I-type condition of reflection, which is in
agreement with the type-III superstructure determined by
Ling and Johnson [15].

3.2. Kinetics of the pseudocubic-tetragonal phase
transformation

Since the high temperature pseudocubic type-1I form can
be readily preserved to lower temperatures as a metastable
phase by quenching, it is possible to carry out a detailed
study of the transformation kinetics of the metastable
pseudocubic phase to the stable tetragonal phase.

3.2.1. Isothermal in situ XRD measurements

The isothermal kinetics of the pseudocubic-tetragonal
phase transition in BizNbO; has been investigated system-
atically using in situ X-ray thermodiffraction. In order to
timely detect the evolution of phase transformation, a
scanning period of 10min is chosen for XRD measure-
ments.

For the kinetic investigation of low-temperature pseu-
docubic-tetragonal transformation, four different anneal-
ing temperatures of 810, 840, 870 and 900 °C were selected.
The initial powders before annealing at each given
temperature are identical type-II 6-BNpt samples. In
Fig. 5, a selection of diffraction patterns recorded during
the annealing at 870 °C for various times are presented. At
t = 0 the cubic line (311) only is detected (indices in the
single subcell, a~5.5 A), indicating the presence of the
initial type-II BizNbO; phase only. After a while, two
diffraction lines (113, 131) associated with the tetragonal
phase appear (single subcell indices). The coexistence of the
three diffraction lines (311, 113, 131), hence of the two
phases, is visible for about 2h at this temperature
(Fig. 5(b)—(f)). The intensity of the tetragonal diffraction
lines gradually increases, while that of the cubic line
decreases with time. At ¢ = 180 min, only the tetragonal
lines are visible (Fig. 5(g)), indicating the completion of the
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Fig. 5. Evolution with time of XRD patterns associated with the
pseudocubic-tetragonal transition of BisNbO; recorded at 870 °C. Pattern
(a) single pseudocubic phase; Patterns (b)—(f) a two-phase mixture of
pseudocubic and tetragonal forms; Pattern (g) single tetragonal phase.
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pseudocubic-tetragonal transformation. For the other
isothermal experiments, similar processes are observed,
with a slower or faster evolution depending on the
annealing temperature.

The transformation rate o at any time ¢ can be calculated
from the growth of the new Bragg reflection (hkl) as
defined by [21]

_ ki@
I i(o0)’

1) (1
where I, () represents the integrated intensity of reflec-
tion (hkl) at time ¢ and I, (o0) is the integrated intensity
when the reaction is complete. Here, the growth of the
tetragonal line (113) is used as the indicator. The plots of
transformation rate o(¢) versus time ¢ at different annealing
temperatures is given in Fig. 6, in which a similar tilted *“S”
shape kinetic curve based on nucleation and domain
growth is observed in each isothermal transformation.
With increasing annealing temperature, the reaction time is
found to sharply decrease from around 1440 min at 810 °C
to 120min at 900°C. In the phase transformation
investigation reported by Pirnat et al. [18], a long induction
time about 126-285min is observed in the Bi;NbO,
samples initially fired at 700 °C. However, we did not
observe any induction time in our samples. The reason for
this discrepancy might be ascribed to the difference either
in the thermal procedure or in the samples shaping (pellets
in reference 18, powders in this work). In Fig. 7, the full-
width at half-maximum (FWHM) as a function of time for
the diffraction patterns are given. A decrease of FWHM
for the tetragonal line and an increase of FWHM for the
cubic line are observed in each isothermal transformation.
Since the peak width is related to the coherent domain size,
this evolution reflects the progressive increase of the type-
IIT domains (decreasing width) at the expense of the type-11
domains (increasing width).

For the kinetics of the higher-temperature tetragonal-
pseudocubic transition, diffraction patterns were recorded
above 930 °C, since a mixture of type-11 and type-III phases
is always observed between 900 and 930 °C [17]. Using the

1.0

0.8

06
3

0.4

02

0.0

0 200 400 600 800 1000 1200 1400

Time (min)

Fig. 6. Time dependence of the transformation rate of type-1I Bi;3NbO,
into the type-III phase at four different temperatures.
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Fig. 7. Evolution with time of the full-width at half-maximum (FWHM)
of tetragonal line (113) and cubic line (311) at four different temperatures.
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Fig. 8. Evolution with time of XRD patterns associated with the
tetragonal to pseudocubic transition at 940°C. Pattern (a): single
tetragonal phase; Pattern (b): a two-phase mixture of pseudocubic and
tetragonal forms; pattern (c): single pseudocubic phase.

same experimental procedure mentioned above, an iso-
thermal scanning at 940 °C was performed, as shown in
Fig. 8. From the single tetragonal phase to a single
pseudocubic phase, the total reaction time is found to be
limited to 20 min, implying that the nucleation and growth
of the higher-temperature tetragonal-pseudocubic trans-
formation occurs with a faster kinetic than the pseudo-
cubic-tetragonal transformation.

3.2.2. Avrami parameters and activation energy of the phase
transformation

The isothermal reaction kinetics of solid—solid phase
transitions are usually expressed by the well-known
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Johnson—Mehl-Avrami (JMA) equation [22-24]:

1) = 1 — exp(—(k1)"), 2)
leading to
In(— In(1 — «(?))) = n.In(k) + n.In(z), (2)

where o(f) is the transformation rate mentioned in the
above section, n is the Avrami exponent and k is the
reaction rate constant that includes nucleation and growth.
In the reaction temperature regime, the temperature
dependence of parameter k& can be expressed by an
Arrhenius-type relation:

k = kyexp (— R_ET>’ (3)

where ko is the frequency factor, T is the absolute
temperature, R is the gas constant and E is the effective
activation energy that describes the overall transition
process.

Fig. 9 gives the Avrami plots of the pseudocubic-
tetragonal transformation in BisNbO; at the four anneal-
ing temperatures of 810, 840, 870 and 900 °C. It can be seen
that a linear relationship between In(—In(1—a)) and In(?) is
observed, demonstrating that the phase transition process
can be adequately described by the JMA relation. Through
the least-squares linear fitting of Eq. (2/), the kinetic
parameters n and k can be deduced from the slope and the
intercept of the In(—In(1—«)) versus In(f) plots, as
summarized in Table 1. With increasing annealing tem-
perature from 810 to 900°C, the kinetic parameter n
slightly increases from 2.46 to 2.62 (indicating that the
annealing temperature has a little influence on the growth
mechanism [22-24]) whereas k varies from 1.90 x 107> to
2.5x 107 s,

The activation energy and frequency factor of the
pseudocubic-tetragonal transformation can be calculated
by taking the logarithm of both sides of Eq. (3):

In(k) = In(ky) — E/RT. 4)
T T T T T T T T T
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Fig. 9. Avrami plots for the isothermal pseudocubic-tetragonal transfor-
mation in Bi;NbO; at four different temperatures.

Table 1

The Avrami kinetic parameters of n and k as a function of isothermal
annealing temperature for the pseudocubic-tetragonal transformation in
Bi;NbO; compound

Annealing temperature (°C) n —In(k)
810 2.46 10.87
840 2.60 9.78
870 2.61 8.49
900 2.62 8.20

Fig. 10 shows the dependence of In(k) on 1/T for the
transition process in BizNbO;. From the slope and
the intercept of fitting line, the activation energy E and
the frequency factor k, are determined as 3.25e¢V and
2.7 x 10'%s7!, respectively.

Both n and k parameters are at variance from those
measured by Pirnat et al., who found an Avrami exponent
around 1.5, and a k parameter independent of temperature
[18].

The Avrami exponent can be expressed [25,26] in terms
of nucleation and growth parameters, n = a + bc, where

a is the nucleation index which governs the time
dependence of the number of nuclei per unit volume of
untransformed material Noc ¢ (¢ = 0 for nucleation rate 0,
a = 1 for constant nucleation rate, a> 1 for increasing and
0<a<1 for decreasing nucleation rates, respectively).

b is the dimensionality of the growth (b = 1,2,3 for 1D,
2D, 3D growth, respectively),

¢ is a growth index depending on the type of
transformation (typically ¢ = 1 for a linear growth, as in
interface-controlled growth, and ¢ = 1/2 for a parabolic
growth, as in diffusion-controlled growth).

The point here is to determine the types of nucleation
and growth which prevail in our case. The transition taking
place between two phases with same compositions, which
are modifications of the same structural type, one would be
tempted to consider it an interface-controlled transition.
However, one phase is commensurate while the other is
not, and moreover the Bi/Nb cations ordering is different,
with Nb in interpenetrated strings at 60° to one another in
one phase (type-1I), and in independent strings at 90° to
one another in the other (type-III). It shows that the phase
transformation cannot simply proceed through a mere
slight shift of interface atoms as in interface-controlled
growth, but has to occur through a longer-range migration
of both anions and cations as in diffusion-controlled
growth (¢ = 1/2). Then the simplest way to explain the
n = 2.5 Avrami exponent is to consider that there is a
constant nucleation rate during transformation (¢ = 1) and
that growth is 3-dimensional (b = 3).

There is a discrepancy, however, between the n = 2.5
Avrami exponent measured in this study and the n = 1.5
value found in the previous work by Pirnat et al. [18].
Indeed there are major differences between the two
experiments, since Pirnat et al. study pellets first annealed
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Fig. 10. Arrhenius plot for the isothermal Bi;NbO; pseudocubic-
tetragonal phase transformation.

then cooled down (not really isothermal conditions), while
we are studying the isothermal kinetics of powders.
General comments and comparisons have already been
made on kinetics studies derived from isothermal and non-
isothermal experiments [27,28]. In our case, a way to
reconcile our results with the previous ones is to consider
that, in the Pirnat et al. measurements, nucleation takes
place only during induction time, then growth alone occurs
afterwards (¢ =0, b = 3, ¢ = 1/2, then n = 1.5). Note also
that the same little thermal effect on Avrami exponent has
been observed by Pirnat et al., with n varying from 1.4 to
1.7 with increasing temperature [18].

The other discrepancy with Pirnat et al. results concerns
the reaction rate constant k, which they find almost
independent upon temperature. The reason might also lie
in the different thermal procedure, and the induction time
they observe. The order of magnitude of k, around
2x 107°s~! with our definition of k (which corresponds
to k" in Pirnat et al.’s formula), is, however, comparable
to ours at 810 °C.

Finally, note that both the n Avrami exponent and
activation energy we find for the pseudocubic-tetragonal
phase transition of BisNbO, are comparable to those
measured in the devritrification transition of PbGeO;
(n~2.5 and E~3.99¢V [29]).

3.3. Electrical conductivity

The complex impedance spectra measured at two
different temperatures of 425 and 475°C for type-III
BisNbO; are presented in Fig. 11. They show the presence
of two semicircles. The small arc at low frequency (see the
enlarged inset) corresponds to a capacitance of the order of
10~ F consistent with electrode polarization. We were not
able to differentiate any grain boundary from bulk
contribution within the large impedance arc at high
frequency. The capacitance corresponding to this high
frequency arc being around 10! F, this contribution was

interpreted as resulting from the bulk resistance of the
sample. The resistance values were obtained by using a
simple R//CPE model to fit the large arc of the impedance
diagrams. The fitted phase angles are around 10°, indicat-
ing that semicircles are slightly depressed. The impedance
spectra of the type-II phase are similar (not presented
here).

In Fig. 12, the temperature dependence of total
conductivity (ionic and electronic conductivity) for type-
I and type-III BizNbO, is given, in which a linear
Arrhenius plot is observed for each phase. The slopes of
the plots are determined as 1.06eV for the type-II phase
and 0.80eV for type-III phase, respectively. In the whole
temperature range, the tetragonal phase exhibits a higher
electrical conductivity than that of the pseudocubic phase.
This result is in good agreement with the conclusion
speculated from RF dielectric measurements [17], where
the tetragonal phase was found to exhibit a significantly
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Fig. 11. Complex impedance spectra (Nyquist representation) of type-III
Bi;NbO; at two temperatures.
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Fig. 12. Arrhenius plots of total electrical conductivity of tetragonal and
pseudocubic Bi;NbO;. Inset: Arrhenius plots of ionic part of conductivity
for both type-II and type-1II phases. Note: Due to reactivity with Pt
electrodes above 600 °C, the thermal range is voluntarily limited.
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Table 2

Summary of electrical parameters of the pseudocubic and tetragonal Bi;NbO; phases, showing ionic conductivity oj.,, electronic conductivity ., and ionic

transference number ¢,

Temperature (°C) Pseudocubic (type-II)

Tetragonal (type-I11)

O_ion/ae ( X 10_5) (S Cm_l) o gion/ae( X 10_5) (S Cm_l) fo
500 7.20/0.81 0.90 12.2/4.5 0.73
450 2.56/0.35 0.88 — —
400 0.65/0.20 0.76 1.65/1.1 0.60
300 — — 0.21/0.13 0.61

higher high-temperature permittivity at 1 kHz than that of
the pseudocubic phase.

The Wagner polarization method has been used to
evaluate the electronic part of conductivity in type-11 and
type-1II Bi3sNbO, phases. The pure electronic and ionic
conductivities at different temperatures for both phases are
given in Table 2, together with the ionic transference
numbers f) = | — 6 /0ora- It is found that both the ionic
conductivity and electronic conductivity in the tetragonal
phase are higher than those in the pseudocubic phase at a
comparable temperature.

The plots of ionic conductivity versus reciprocal of
temperature are adequately fitted by the Arrhenius law:
6T = apexp(—E,/kT) (see the inset of Fig. 12), where gy is
the pre-exponential factor, E, is the activation energy.
From the slopes of the Arrhenius plots, the activation
energies (E,) of oxygen ion diffusion are determined as
1.14¢eV for the type-II phase and 0.82¢eV for the type-III
phase. The lower diffusion activation energy of the
tetragonal phase shows that the type-I11 Bi3NbO; structure
offers a lower energy barrier to oxide ion migration than
the type-II structure. In comparison, the electronic activa-
tion energy is comparable in both phases, around 0.7¢V.

Although ionic conductivity is dominant in both the
type-II and type-III phases, the relatively low ionic
transference number demonstrates that the electronic
conductivity, reported as p-type [8], is still substantial,
especially at low temperature. Indeed, the value of ionic
transference number is found to decrease with decreasing
temperature in both phases, due to the smallest activation
energy for electronic transport. The electronic conduction
is suggested to originate from the partial oxidation of Bi**
to Bi’ " [30].

From the thermal evolution of the unit cell volume of
BizNbO;, a slight shrinkage of lattice induced by the
pseudocubic-tetragonal transformation is observed (see
Fig. 2). The higher conductivity observed in the phase
with smaller unit cell volume implies that the difference in
cell volume is not responsible for the difference of
transport properties. Thus in a condition of same
concentration of oxygen vacancies, the large difference of
the conduction properties between type-II and type-III
BisNbO5 should be attributed to the structural differences.
Three main parameters can influence the anionic conduc-
tion in these phases: the cationic arrangement, the Bi lone

electronic pairs and the location of oxygen vacancies. The
Bi*"/Nb>" distribution determines the interaction poten-
tial seen by oxide ions. Depending on its position and
orientation, the bismuth lone pair can either block oxygen
migration, or favor it through the polarization phenomen-
on. Finally, the oxygen vacancy distribution is determinant
for migration path. All three parameters are different in the
type-11 and in the type-III phases, therefore implying a
difference in the subtle resulting balance, which controls
the carriers number and mobility as well as their migration
activation energy.

4. Conclusion

The kinetics of the metastable pseudocubic to stable
tetragonal phase transformation in Bi;NbO; has been
studied using isothermal in situ XRD. The obtained value
of 2.5 for the Avrami exponent is consistent with a 3D
diffusion-controlled transformation, with constant nuclea-
tion rate. While for the tetragonal-cubic transition at
940 °C, the short reaction time of 20 min implies that the
nucleation and growth of the transformation fulfills nearly
instantaneously. Electrical measurements indicate that,
although both the pseudocubic and tetragonal Bi;NbO,
exhibit a mixed ionic and electronic transport property, the
tetragonal phase shows a higher electrical conductivity
than the pseudocubic phase in the whole investigated
temperature range. The reason is suggested to be associated
with the redistribution of oxygen sublattice (or oxygen
vacancies) induced by superstructural ordering in the
tetragonal BisNbO-, which appears to increase the mobility
of free charge carriers and therefore improves the electrical
conductivity.
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