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Powder mixtures of «-Bi»O3 (bismite) and monoclinic m-ZrO, (baddeleyite) in the molar ratio 2:3 were
mechanochemically and thermally treated with the goal to examine the phases, which may appear
during such procedures. The prepared samples were characterized by X-ray powder diffraction,
differential scanning calorimetry (DSC), electrical measurements, as well as scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The mechanochemical reaction leads
to the gradual formation of a nanocrystalline phase, which resembles 5-Bi,03, a high-temperature Bi; 03
polymorph. Isothermal sintering in air at a temperature of 820 °C for 24 h followed by quenching to
room temperature yielded a mixture of ZrO,-stabilized -Bi,Os and m-ZrO, phases, whereas in slowly
cooled products, the complete separation of the initial «-Bi;O3 and m-ZrO, constituents was observed.
The dielectric permittivity of the sintered samples significantly depended on the temperature. The
sintered and quenched samples exhibited a hysteresis dependence of the dielectric shift, showing that
the ZrO,-doped j-Bi,O3 phase possess ferroelectric properties, which were detected for the first time.
This fact, together with Rietveld refinement of the -Bi,Os/m-ZrO, mixture based on neutron powder
diffraction data showed that ZrO,-doped $-Bi»03 has a non-centrosymmetric structure with P42;c as
the true space group. The ZrO, content in the doped $-Bi,O3 and the crystal chemical reasons for the

stabilization of the p-Bi,O3; phase by the addition of m-ZrO, are discussed.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Pure or doped §-Bi;Os is the best high-temperature ionic
conductor known [1-3]. At the same time, when doped with some
lower valence cations (e.g., Ca®*, Sc>*, Y3, or rare-earth ions) ZrO,
also shows a high oxide ion conductivity [3-5]. Both facts indicate
the potential application of these materials as gas sensors and
electrodes for solid oxide fuel cells [6]. On the other hand, a great
interest for the synthesis and study of ferroelectric materials has
arisen in the last two decades. Among these materials, some
layered Bi compounds such as BisTi3O1,, with a perovskite-type
structure are of particular interest, because of their notable usage
for the production of electronic components [7]. However, to the
best of our knowledge the BisZr;0,, phase, analogous to BisTiz013,
has never been reported, although the geometric factor of stability
(Goldsmith factor of tolerance) indicates a ferroelectric character
of this hypothetical phase [8].
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Thus, it appears that there are many reasons for studying the
Bi,03—Zr0O, system in detail. This system was for the first time
examined by Aurivillius and Sillen during their studies on body-
centered cubic y-BiOs polymorphs stabilized with different
cations. In the case of Zr**, a }-Bi,0; phase with a lattice
parameter of 10.21 A was reported [9].

While investigating the effect of the addition of various oxides
on the corresponding Bi,Os; quasi-binary phase diagrams and
stability of Bi,Os polymorphs, Levin and Roth [10] described a
high-temperature §-Bi,O3 solid solution with a cubic, fluorite-like
structure in the Bi;0O3-ZrO, system containing up to 28 mol% of
ZrO,. On heating, this solid solution appears at 710 °C and partially
melts above 860°C. The appearance of solid solutions with a
tetragonal p-Bi,Os structure when a mixture of ZrO, and the
liquid phase was cooled below 860 °C was also reported.

Somewhat earlier, Hund [11] asserted the existence of a
B-Bi;03 solid solution for Bi;O3-ZrO, mixtures containing up to
82 mol% of ZrO,. The products were easily prepared by heating at
800°C for 0.5h, but the post-thermal treatment (quenching or
slow cooling) was not specified.

While investigating the Bi,03—ZrO, and Bi,03—HfO, systems,
Sorokina and Slight [12] did not find such a high ZrO, solubility.
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Instead, after heating at 600 °C, a 6-Bi,O3 phase with the general
formula BiyZr_xO2_x2 with x~0.5-0.75 was obtained. However,
the samples calcinated at 750°C or at higher temperatures
showed no BiyZr;_xO,_» phase, but only a mixture of Bijg4
719160308, With p-BiO3 structure and m-ZrO, (baddeleyite)
phases was obtained [12]. Once more, it is not clear whether the
samples were quenched or slowly cooled.

Somewhat later, Abrahams et al. [13] came to a similar
conclusion: in the Bi;Os-ZrO, system, the formation of Bi,_,
Zr03.4x2 (0.05<x<0.17) occurs when the corresponding oxide
mixtures are quenched a-fter heating at 850 °C for 12 h.

The composition Bi; gsZrg 1503075 prepared by Abrahams et al.
was further structurally characterized and refined in the tetra-
gonal system, space group P4,/nmc, using a combination of X-ray
and neutron powder diffraction data [13]. Since the structure of
Biq85Z1r91503.075 is similar to that of 8-Bi,0Os, the new phase was
termed as the pgy-phase. The main structural features of
Biyg5Zr01503.075 are the partial substitution of Bi* for Zr** and
the existence of a new O3 atom, which is situated in BizO4
channels and involved in the heptacoordination of Zr. Both the Zr
and O3 sites are of rather low (0.075) occupancy.

Very recently, an increase of the Zr content up to x = 0.67 in
quenched Biy_,Zry03.s with the py;-Bi,O3 structure was reported
again [14]. The increase of x was attributed to the use of
ZrO(NOs),, instead of the usual ZrO, as the reactant in the solid-
state reaction with Bi,Os.

From the foregoing, it appears that there are considerable
discrepancies regarding the compounds or solid solutions and
their stability, particularly in the region with higher ZrO,
contents.

In this study, we focused on the Bi03-ZrO, system with
60 mol% of ZnO,, i.e., the 2Bi,03-3Zr0O, composition, which is
close to the upper limits of solubility reported by Hund [11] and
Meatza et al. [14]. Besides, this composition corresponds to the
above-mentioned ferroelectric Bi4TizO1> phase. With the goal of
investigate the phases which may be formed in this system, the
2Biy03 - 3Zr0, mixture was treated in two different ways. One was
the thermal treatment followed by either quenching or slow
(furnace) cooling. The other was mechanochemical treatment as a
very convenient technique for producing metastable phases and
(supersaturated) solid solutions, which are occasionally used as
prepared or they can be further treated in order to tune their
properties [15-17]. As related examples, such a treatment was
applied for the preparation of doped y-Bi,O3 phases [18], or the
TiO, stabilized, high-temperature, cubic ZrO, phase [19].

Recently, the mechanochemical treatment of a 2Bi;03-3ZrO,
powder mixture using steel vials and balls as the milling medium
was reported [8]. However, iron contamination, originating from
the vial and balls debris, accumulated throughout the treatment,
reaching a value of 13 at% Fe after 20 h of milling. As a result, Fe
was found to participate in the mechanochemical reaction and
subsequent reactive sintering. On account of this, it was decided
to perform the milling of the 2Bi,O3-3ZrO, mixture in zirconia
vials with zirconia balls.

2. Experimental procedure

A mixture of commercial Bi;O3 and ZrO, powders (both of
>99% purity) in a 2:3molar ratio was used as the starting
material. By the X-ray powder diffraction (XPD) technique, Bi,O3
was identified as being in the «-Bi,O3 (bismite) form, while ZrO,
was mainly in the monoclinic (baddeleyite, denoted as m-ZrO,)
modification, but contained about 5 wt% of the high-temperature
tetragonal polymorph (JCPDS card 42-1164).

Mechanochemical treatment was carried out in a Fritsch
Pulverisette 5 planetary ball mill. Zirconia vials of 500cm3
charged with 93 zirconia balls of a nominal diameter of 10 mm
were used as the milling medium. The mass of the powder
mixture was 15 g, giving a ball-to-powder mass ratio of 20:1. The
angular velocity of the supporting disk and vials was 33.2 (317)
and 41.5rad s~ (396 rpm), respectively. The mixtures were milled
for 10 and 30 min, as well as 1, 2, 5, 10, 15, 20, and 50h in an air
atmosphere. Each milling run was carried out with a fresh powder
mixture and without opening the vial.

The homogenized powder mixture (milling time 0 h), as well as
the powders mechanochemically treated for various milling times
were cold pressed (500 MPa) into pellets of 10 mm diameter and a
thickness of about 1.5mm, then isothermally sintered in air at
820°C for 24h and quenched in air to room temperature. For
comparison, some milled samples were also furnace cooled after
sintering.

An additional sample was also prepared from the initial
powder mixture by heating (up to 780°C; heating rate:
20°Cmin~!) and quenching. The chemical composition of this
sample was analyzed quantitatively in eight points using a LINK
AN 1000 EDS microanalyzer attached to a JEOL JSM-6460 LV
Scanning Electron Microscope. The software ZAF-4/FLS provided
by LINK was used for corrections. Metallic Zr and Bi were applied
as standards.

Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) analyses of the sample milled for 50 h
were performed on a Philips M400 instrument.

The XPD data were collected on a Rigaku PH 1050 diffract-
ometer with CuKa graphite-monochromatized radiation
(2 =0.15418 nm) in the range 10-100° 20 (step length: 0.02° 20,
scan time: 5s). The program PowderCell [20] was used for
preliminary phase analysis.

The sample mechanochemically treated for 1h, isothermally
sintered at 820 °C for 20 h and quenched was chosen for detailed
structural characterization by the Rietveld method. For this
sample, XPD data were collected as described above, but with a
scan time of 18s.

The neutron diffraction experiments were performed at the
Swedish research reactor R2 in Studsvik. The data were collected
at 295 and 10 (+1)K. The monochromatic neutron beam was
obtained by a double monochromator system, using reflections
from the (220) planes of two copper crystals, giving a wavelength
of 1.474(1)A. After collimation of «; =12’ and « =10/, the
neutron flux at the specimen was approximately 10°cm=2s71.
The powdered sample (a volume of about 3 cm?) was placed in an
11mm diameter vanadium tube. For the data collection, a
computer controlled multidetector system with 35 separate
detectors was used. The detectors scanned over range
4.00-135.92° 20 with a step length of 0.08°.

The Rietveld refinements of both, X-ray and neutron powder
diffraction data were performed using the program FULLPROF [21]
in the WinPLOTR environment [22]. The peak profiles were
described by a pseudo-Voigt (X-ray diffraction) or Gaussian
(neutron diffraction) function, whereas the Fourier filtering
method with the window in the range 500-1500 points was used
for the background description. Scattering factors for the neutral
atoms were applied for the X-ray refinements.

Three structural models were tested assuming a mixture of
m-ZrO, with (a) BiygsZrg1503,975 in the space group P4,/nmc,
(b) Biyg5Zr01503.,075 in the space group P42;c, and (c) -Bi,03 in
the space group P42;c. For (a) and (b), the structural parameters
published by Abrahams et al. [13] were used as the starting model
(henceforth called the Abrahams model). The positions of Zr and
03 atoms and their displacement parameters were not refined,
because of their rather low occupancy. For (c), the revised model
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of the p-Bi,03 phase described by Blower and Greaves [23] was
used. The structural parameters given by Winterer et al. [24] were
used as the starting values for the refinement of m-ZrO,.

The thermal behavior of the initial mixture (milling time 0 h),
powders milled for 30min, 10, 20, and 50h, as well as
corresponding sintered and quenched samples was investigated
from room temperature to 1000 °C using an SDT Q600 simulta-
neous differential scanning calorimetry DSC-TGA instrument
(TA Instruments) with a heating and cooling rate of 20 Kmin™!
under a dynamic (100 cm?® min~!) N, atmosphere.

Electrodes for the electrical measurements were applied to
polished surfaces of the sintered disks by the screen-printing
method. The silver paste was polymerized at 450°C for 30 min.
The capacitance was measured at a frequency of 1 and 10kHz in
the temperature range from room temperature to 750 °C using an
LCZ impedance analyzer (Hewlett-Packard 4192A). The relative
dielectric permittivity was calculated from the capacitance data
by the relation ¢ = Cd/«S, where C is the capacity, d the thickness
of the sample, S the electrode area and ¢, the permittivity of the
free space (8.85x10""2Fm™"). A standard Sawyer-Tower circuit
was used for the hysteresis measurements (room temperature,
electric field of 13.5kV cm™!). The unpoled samples were kept in a
silicon oil bath to avoid air breakdown at high electric fields.

3. Results and discussion
3.1. Mechanochemical and thermal treatment

The XPD patterns of the initial mixture (milling time 0h) and
powders milled for various milling times are given in Fig. 1.
Significant structural changes were observed already after 10 min
of milling, and they were very pronounced for milling times up to
30 min, when the system passed through the state of minimum
crystallinity. In this period, the peaks of both «-Bi,O3 and m-ZrO,
notably decreased and broadened as a result of crystallite size
reduction and the introduction of lattice strain. After that it seems
that a new phase appeared. The maxima of this new phase
increased up to 2h of milling (Fig. 1). With prolonged milling
times, the structural changes were much slower but notable,
indicating that deformational mixing progressed.

In the sample milled for 50h, the average crystallite size,
calculated by the Scherrer formula (with a highly crystalline
a-BiO3 as the standard) was 4nm. On the other hand, the
microstructure, as indicated by TEM (Fig. 2), consisted of very fine
grains of about 8-10nm immersed in an amorphous-like matrix.
However, SAED did not confirm a significant presence of
amorphous phase.

The peak broadening and the similarity of the B-Bi,O3 and
0-Bi; 03 XPD patterns [25] preclude a straightforward interpreta-
tion of the XPD results for samples milled between 2 and 50h.
Therefore, an unambiguous phase assignment (-Bi,O3 or 5-Bi»03)
definitely required the supporting evidence (see later).

The phase composition of milled and sintered products is
sensitive to the cooling rate, i.e., quenching versus slow (furnace)
cooling, after the isothermal heat treatment. In the latter case, the
products obtained at 820°C always decomposed to the initial
«-Bi»0O3 and m-ZrO, phases (Fig. 3).

The XPD analysis of all sintered and quenched samples revealed
the identical phase composition regardless of the precursor used, i.e.,
the powders mechanochemically treated for various milling times.
In fact, as already stated, the same phase composition was obtained
after a continuous heating up to 780 °C and quenching of the initial
powder mixture. The density of either the quenched or slowly
cooled samples practically did not depend on the milling time.
The measured sintered densities for quenched and slowly cooled
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Fig. 1. XPD patterns of the 2Bi,05-3ZrO, powder mixtures mechanochemically
treated for various milling times.

samples were about 7.60 and 7.45 g cm~>, respectively, meaning that
91-93% of the estimated theoretical density was achieved.

At first sight, the routine XPD patterns of the quenched
samples are easily indexed on the - or By;-Bi,O3 phase [13]. Only
several very weak maxima that could be attributed to minor
impurities remain unindexed. However, a more careful examina-
tion of the XPD data showed a high-angle shoulder at the most
intense maximum and an anomalous width of the 0 02 maximum
at 31.65° 20 (Fig. 3a). This allowed the confirmation of the
presence of another phase, which was further identified as
m-ZrO, in an approximate amount of 30 wt% (the initial mixture
contained 28.4 wt% of ZrO,).

3.2. Thermal behavior

In the first heating, remarkably different DSC traces were
obtained for the initial powder mixture, the sintered and
quenched sample, and the powders mechanochemically treated
for various milling times (Fig. 4). However, very similar thermal
behaviors were obtained in the subsequent heat treatments, i.e.,
cooling and second heating, implying that the structure attained
at 1000 °C is the same regardless of the starting state.

The DSC curve (first heating) of the initial mixture (Fig. 4a)
shows a well-defined sharp endothermic peak at 731°C (onset
temperature) with an enthalpy of 61.41]g™!, which may be
attributed to the «-— §-Bi,O3 phase transition. The obtained values
for the temperature and molar enthalpy (4,H = 28.6k] mol™!) are
very similar to the literature values for the «— ¢ transition given by
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Fig. 2. TEM (a) and SAED (b) analysis of the sample milled for 50 h.

Shuk (729°C and 4,H = 29.6 k] mol™!) [1]. According to Levin and
Roth [10], the peak at 854°C may be assigned to the melting of
Bi»Os3, while the small peak at 824 °C was not identified.

The sintered and quenched sample, on the first heating
displays two endothermic heat effects up to 800°C: at 634 and
705 °C (Fig. 4b). The DSC curve of this sample is similar to the
curve obtained by Abrahams et al. for the Bi;gs5Zrg 1503075 phase;
the positions of these peaks almost coincide with previously
reported values (642 and 714 °C) [13]. Accordingly, the peak at the
lower temperature may be attributed to the appearance of the
y-Bi»O3 phase, while the second peak is due to the y — § transition.
However, the results of high-temperature XPD reported by Meatza
et al. [14] showed that, between about 650 and 720 °C, a complex
mixture containing m-ZrO, and orthorhombic Bi,0, 3, besides
y-Bi»O3 as a main phase, exists. Once again, the peak at 838 °C
(Fig. 4b) can be attributed to the melting of the Bi,O3 phase.

On the other hand, on the DSC traces of the powder milled for
10 h (Fig. 4c¢), as well as for 20 and 50 h (DSC traces not given), no

<<

v B-Bi,0,
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Fig. 3. XPD patterns of the 2Bi,0s3-3ZrO, powder mixture mechanochemically
treated for 10 h, sintered at 820 °C for 24 h and (a) quenched or (b) slowly (furnace)
cooled to room temperature.

remarkable thermal effects can be resolved up to 800 °C. Such an
observation suggests that the high-temperature &-phase was
obtained by mechanochemical treatment. Hence, during the
milling the very fine mixture of the constituents, i.e., a-BiO3
and m-ZrO,, reacted leading to the formation of a very deformed,
nanocrystalline structure resembling the J-phase. It should be
noted that the lack of exothermic heat effect(s) as a characteristic
for the crystallization of an amorphous, for example Bi4Tiz015
phase [26], reveals that the material is predominantly in the
nanocrystalline form. These findings resolve the ambiguity in the
interpretation of the foregoing XRD and TEM results.

On cooling down to 400°C, all the samples exhibited an
exothermic effect at about 570 °C, which could be attributed to the
8- to B-Bi0Os transition, while on the subsequent second heating,
an endothermic heat effect appeared at around 640 °C, which
plausibly arose from the opposite f— ¢ transition.

Therefore, it seems that the reactive sintering at 820°C (or
heating up to 780 °C) produced a high-temperature-doped §-Bi,O3
phase with the nominal formula Bi; 14Zrgg6034+s. This phase could
not be retained on cooling to room temperature, but transformed
to a mixture of -Bi,0O3 and m-ZrO, at approximately 570 °C.

3.3. Dielectric and ferroelectric characteristics

The dielectric permittivity at room temperature of the samples
prepared by reactive sintering did not depend on the employed
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Fig. 4. DSC curves of the 2Bi,0s3-3ZrO, powder mixtures: (a) before mechan-
ochemical treatment, (b) sintered at 820°C for 24h and quenched, and
(c) mechanochemically treated for 10 h.

precursor, i.e., powders mechanochemically treated for various
milling times. Thus, for the sintered and quenched samples
obtained from the powders milled for 10min to 50h, the
permittivity values were in a narrow range from 28.3 to 29.1.
Such an observation is in agreement with the fact that the density
of the sintered samples also did not depend on the milling time.

On the other hand, the permittivity at room temperature
depends on the manner of sintering, and was around 28.5 and 11.2
for the quenched and slowly cooled samples, respectively,
implying that the different values of the permittivity arise mainly
from the different phase composition.

The permittivity of either the quenched or slowly cooled
samples showed pronounced temperature dependence in the
range 400-750 °C (Fig. 5). For example, for a quenched sample, the
value of about 28 at room temperature increased to about 215 at
400°C, and to about 1.6 x 10* at 700 °C at a frequency of 1 kHz.

As expected, the dielectric permittivity decreases with a
frequency increase, but both results (at 1 and 10kHz) confirm
the existance of phase transition at the same temperature.

The anomalous behavior of the quenched samples at tempera-
tures between 620 and 660 °C should be due to the ferroelectric to
paraelectric phase transition, as a characteristic of ferroelectric
materials (Fig. 5). Therefore, the peak at ~620 °C may be assigned
to the Curie temperature, and is related to the transition of g- to
6-Bi,03 structural type, which, according to the DSC results,
occurs at ~640 °C. The value of the dielectric permittivity at the
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Fig. 5. Relative dielectric permittivity as a function of temperature for the
2Bi,05 - 3Zr0, powder mixture mechanochemically treated for 20h, sintered at
820°C for 24 h and quenched (@ W) or slowly cooled (O ) to room temperature.
Circles: at 1kHz, squares: at 10 kHz.

Curie point is 1.35 x 10% at a frequency of 1 kHz. In comparison, for
the BisTi30q (2Bi»03-3TiO,) compound, the value of dielectric
permittivity, ¢ higher than 3 x10* (along the a-axis) for the
temperature above 550°C has been reported [27] and also, &
higher than 2 x 10* (measured at frequency of 1 kHz for the same
temperature range) was obtained for polycrystalline BisTi3O0q2
ceramics [28].

Fig. 6 represents a typical ferroelectric (P-E) hysteresis loop,
characteristic for the products obtained by reactive sintering and
quenching. The values of the spontaneous, Ps, and remnant, P,
polarization, as well as a coercive field, E., are P; = 17.4 uCcm™2,
P,=92pCcm™2, and E.=135kVcm~'. Both, the hysteresis
dependence of the dielectric shift in an alternate electric field
and the temperature dependence of the permittivity, indicate the
ferroelectric nature of the quenched products. Since the m-ZrO,
polymorph belongs to the centrosymmetric space group P2,/c, the
ferroelectricity must arise from the Bi-containing phase. This
indicated the necessity for detailed structural investigations of the
quenched samples.

3.4. Structural characterization of quenched samples

There are two main difficulties in phase and structural
characterization of products obtained in the Bi,03-ZrO, system.
First, the maxima of m-ZrO, phase are hardly visible in XPD
patterns when -Bi,Os is the major phase in the sample. This was
already noticed by Levin and Roth [10] for the 6BiOs-ZrO,
composition (14.3 mol% of m-ZrO,), and confirmed by Abrahams
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et al. [13], who also could not detect m-ZrO, by the X-ray analysis,
but only in the neutron powder diffraction pattern of Bijgs
Zr91503.075.

Hence, XPD data cannot be regarded as being suitable for
thorough studies of the -Bi,03-m-ZrO, system. Our refinements
using XPD data and the Abrahams model, in the absence or
presence of m-ZrO,, confirmed this conclusion. If the presence of
m-ZrO, is neglected, the values of the R, and Ryp-factors were
only 1-2% higher than if a mixture of Bi; g5Zrg 1503075 and m-ZrO,
was assumed. Although the differences should be judged as
significant for Ry, values in the range 6.3-7.7% they are not very
indicative for an incorrect structural model. Therefore, in the
following analysis and discussion, focus will be directed toward
neutron diffraction data only.

The second problem is the correct choice of the space group for
doped -Bi,0s. As stated above, the centrosymmetric space group
P4;/nmc applied in previous studies during the refinement of
Biy 852101503075 and Bij33Zrg 670345 [13,14] evidently cannot be
used for the present ferroelectric material, although the refine-
ment using this space group and the Abrahams model also
resulted in fairly low R-factors (Table 1). In such a case, the most
logical choice is the space group P42;c, as a subgroup of P4,/nmc
and a widely accepted space group for pure and doped j-Bi,O3
phases (Refs. [23,25,29,30] and JCPDS card 43-0445). The
calculated powder diffraction patterns in various space groups
using the Abrahams model showed that the above-mentioned

30
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Fig. 6. Hysteresis loop of the 2Bi;03 - 3ZrO, powder mixture mechanochemically
treated for 20h, sintered at 820 °C for 24 h and quenched to room temperature.

Table 1

groups are practically indistinguishable, as several extra reflec-
tions, which should be present in the P42;c pattern are of zero or
extremely low intensity. The present Rietveld refinement in the
space group P42;c converged to slightly higher R-factors than in

Spectrum 1

Fig. 7. Typical SEM micrographs of the 2Bi,05 - 3ZrO, powder mixture heated up to
780°C and quenched. White rectangles indicate the analyzed areas.

Final results of Rietveld refinements using different structural models for the g-Bi,O3 phase and neutron diffraction data collected at 295 and 10K

T (K) Unit cell parameters, a, ¢ (A), and

, Global R-factors (%)
unit cell volume, V (A%), of -Bi»05

Phase R-factors 8-Bi,03 ZrO, (%) B-Biy03:Zr0, weight ratio

(%)

Abrahams model for Bi; g5Zry1503.075 in space group P4,/nmc
295 7.7402(6), 5.6450(6), 338.20(5) R
.01
Abrahams model for BiygsZro 503,075 in space group P42,c

295 7.7400(6), 5.6445(6), 338.15(5) R
19
B-Bi;03 in space group P42;c

295 7.7400(6), 5.6446(6), 338.16(5) R
1.89
10 7.7346(5), 5.6198(6), 336.20(5) Ry =
72 =212

', = 3.34, Ryp = 4.36, Rexp = 3.08,

2_ o

p = 3.51, Rup = 455, Rexp = 307,
=2

p =326, Rup = 4.2, Rexp =3.07,

3.52, Ruyp = 4.46, Rexpp = 2.06,

Ry = 4.00, Ry = 2.14
Rg = 3.56, Ry = 2.06

70.0(7):30.0(3)

Ry = 4.78, Rp = 3.30
Rp = 4.02, Ry = 2.42

71.5(8):28.5(3)

Rg = 3.46, Ry = 2.01
Rg = 2.95, Ry = 1.51
Rp = 3.95, Ry = 2.09
R = 4.20, Ry = 2.44

72.0(2):28.0(1)

68.5(2):31.5(1)
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the space group P4,/nmc (Table 1), probably because of the
absence of a symmetry center in P42c.

Certainly, the presence of ZrO, stabilizes the p-Bi»Os; poly-
morph [10-13,18], but the upper limit of ZrO, solubility is still
questionable. If unjustly high x values [11,14] in general formula
Bi,_xZryO3.x are discarded because they are based on X-ray
studies, x of about 0.15 seems at first sight very reasonable
(Refs. [12,13] and JCPDS card 43-0445). However, even this value
was not confirmed because the refinement of the Bi; g5Zro 1503075
structure also revealed the presence of m-ZrO, as a minor phase,
whereby the phase composition of the examined sample was not
reported [13].

The results of scanning electron microscopy (SEM)/EDS
analyses showed that it is not possible to distinguish g-Bi,O3
and m-ZrO, phases (Fig. 7). Instead, grains larger than 10 um
without any defined shape in combination with agglomerates of
submicrometer dimensions were observed. This, very likely, could
be ascribed to the quenching as a step in the sample preparation.
The Zr distribution, as obtained by the EDS analysis (Table 2), was
not uniform and the Zr content varied over a wide range from 0.0
to 20.7 wt% (calculated for 2Bi,05 - 3ZrO,: 21.0 wt%). Nevertheless,
many regions with zero or low Zr content exist.

The Rietveld refinements of the room temperature neutron
diffraction data, no matter which model was assumed, consis-
tently yielded an m-ZrO, content in the narrow range of
28.0-30.0wt% (Table 1). These values are very close to the
composition of the initial 2Bi; O3 - 3ZrO, mixture (28.4wt%). As a
minor amount of debris from the vial and ball could also be
expected, the m-ZrO, content in doped B-Bi,O3 cannot exceed few
weight percents. This is in agreement with the results of Ayala
et al. [31], who reported that the content of Hf, as a Zr analog, in
Hf-doped B-Bi,03 cannot exceed 5 at%.

Table 2

Zr content as obtained by EDS analysis of the sample prepared by continuous
heating up to 780°C (heating rate: 20°Cmin~!) and quenching of the initial
2Bi,05 - 3Zr0, powder mixture

Point 1 2 3 4 5 6 7 8

Zr content (wt%) 0.0 22(6) 20.7(16) 0.0 9.8(13) 7.2(6) 00 0.0

Estimated standard deviations are given in parentheses.
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A comparison of the refined unit cell parameters listed in
Table 1, which are very close to the values reported for pure g-
Bi,O3 phase [23,25,29,30], also supports the previous conclusion.
Since, contrary to some preceding studies [13,14], a decrease of
the unit cell volume was not noticed, it was decided to finish the
refinement assuming the presence of only -Bi,O; and m-ZrO.,.
The lowest R-factors (Table 1) and the excellent agreement
between the experimental and calculated diffraction profile
(Fig. 8) justified this approach. The final AF maps also did not
indicate any possible positions of Zr and additional O atom(s).

The refined atomic coordinates, displacement parameters, and
selected bond distances and angles for p-Bi,O; and m-ZrO, at
295K are listed in the Supplementary material. A comparison of
the Bi-O bond distances is given in Table 3. In $-Bi,Os3, the Bi
atoms are surrounded by six O atoms, three at shorter and three at
longer distances. All O atoms are located in one hemisphere
leaving space for the stereochemically active Bi** lone electron
pair. Taking into account the spread of the overall (columns) and
corresponding (rows) Bi-O distances, it is not easy to compare
these values. It is obvious that for the first two refinements of
p-Bi»03 (columns 1 and 2 in Table 3), the average Bi-O distances
are significantly longer in comparison to the corresponding values
found in the other six refinements, which, on the other hand, are
similar to each other.

The Bi polyhedra are connected in such a way that channels
parallel to the c-axis, with an approximate diameter (Bi-Bi
distance) of 4A and an octagonal cross-section, are formed
(Fig. 9). These cross-sections are irregular in cases a and b, and
slightly less irregular in case c. However, they are much more
regular in cases d and e, in which the entire structures look less
distorted. (In fact, the structure e can be regarded as an average of
the structure d.) This observation could give a possible explana-
tion as to why the p-Bi,O3 phase is readily stabilized by the
addition of ZrO,, i.e., a more ordered structure is obtained. In
addition, the similarity of the structures d and e can be under-
stand as an indirect proof that the p-Bi,O3 analyzed in this study
also contained some amount of Zr, although it was not detected
during the structure refinement.

The refinement of the low-temperature neutron powder
diffraction data (10K) assuming a mixture of p-BiOs and
m-ZrO, converged to slightly higher R-factors in comparison to
the room temperature data (Table 1). In general, the structural
features, including the phase composition, were very similar to

g 1000 | {1 g gath JQWWW
oo S A e
corrmrerscen A b mire s g e — .

Fig. 8. Observed (circles), calculated (line) and difference (the lowest line) neutron powder diffraction pattern for the mixture of -Bi,O3 and m-ZrO, at 295 K. Markers

indicate reflection positions for -Bi,O3 (top) and m-ZrO, (bottom) phase.
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Table 3
Comparison of the Bi- O bond distances in the BiOg-polyhedra for different structural models of pure and doped $-Bi,O3 phase, with the average ¢( Bi-O) distances added in
bold

Literature data This study

Bond Harwig Aurivillius and Blower and Blower and Greaves, Abrahams model Abrahams model The mixture of -
[25] Malmros [30] Greaves [23] revised model [23] [13] (sp. gr. P4,/nmc) (sp. gr. P42:c) Bi, O3 (sp. gr. P42;c)

and m-ZrO,

Bi-O1 1.96(3) 2.196% 2.087(11) 2.096(4) 2.086(5)° [2.105(1)] 2.093(6) 2.097(5)

Bi-02 2.12(6) 2.080 2.094(7) 2.128(5) 2.185(8) [2.152(2)] 2.159(11) 2.157(9)

Bi-02 2.31(6) 2.305 2.176(11) 2.253(6) 2.199(8) [2.192(2)] 2.246(10) 2.236(8)

Bi-02 2.45(6) 2.445 2.530(11) 2.463(6) 2.541(7) [2.576(2)] 2.595(11) 2.593(9)

Bi-0O1 3.04(9) 2.987 2.736(10) 2.720(5) 2.713(6) [2.720(2)] 2.697(7) 2.687(6)

Bi-02 3.06(9) 3.038 2.988(11) 2.977(6) 2.886(8) [2.863(2)] 2.798(11) 2.817(9)

({Bi-0) 249 2.509 2435 2.440 2.435 [2.435] 2431 2431

¢ Standard uncertainties not given.
b The values listed in brackets are from the original literature [13].

ST ae
”‘&%SI 11
S80S

Fig. 9. The structures of -Bi,05 projected along the c-axis (a-axis down, b-axis right, large circles: Bi, small circles: O atoms) according to (a) Harwig, (b) Aurivillius and
Malmros, (c) Blower and Greaves, revised model, (d) Abrahams et al. (the smallest circles show the positions of an additional 03 atom with 0.075 occupancy; see Section 1)
and (e) this study. (For the list of references see Table 3.)

the model described above. Only expected decrease of the The overall structural characteristics of m-ZrO, phase, regard-
atomic displacement parameters, the unit cell volume and less of the refinement procedure applied, are in close proximity
some standard uncertainties were observed for the p-Bi O3 phase, with previous reports [32-34], and will not be discussed in detail.
but no systematic trends in the Bi-O bond lengths were noticed. It is worth noticing that the refined lattice parameters and unit
These results also showed that p-Bi,Osz and m-ZrO, are stable cell volume of m-ZrO, did not indicate the presence of Bi. This is
below room temperature and no phase transitions occur down in accordance with the observation of Sorokina and Sleight [12],

to 10K. who also did not detect any significant solubility of Bi;O3 in ZrO,.
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4. Conclusion

The results of a structural, thermal and electrical study of the
Bi»03-Zr0O, system containing 60 mol% of ZrO, can be summar-
ized as follows.

Mechanochemical treatment (up to 50 h) of 2Bi;053 - 3ZrO, led
to the gradual formation of a very fine nanocrystalline phase,
which resembled the high-temperature 6-Bi,O3 polymorph.

When mechanochemically treated samples were heated at
820°C and slowly (furnace) cooled, complete separation to the
initial «-Bi,03 and m-ZrO, phases was observed, i.e., §-BiO3
cannot be retained to room temperature by addition of ZrO,.

After quenching, the mechanochemically treated and reactive
sintered samples contained a mixture of $-Bi,O3 and m-ZrO,
phase, confirming that ZrO, stabilizes the $-Bi,O3 polymorph.

The relative dielectric permittivity of both the quenched or
slowly cooled samples showed pronounced temperature depen-
dence, but the quenched samples, in addition, possessed ferro-
electric properties with a Curie temperature at about 620°C.
Because m-ZrO, crystallizes in a centrosymmetric space group,
the ferroelectricity must be related to the presence of ZrO,-doped
B-Bi,03 phase. To the best of our knowledge, the ferroelectricity of
B-Bi;03 phase has not been reported before.

The Rietveld refinement of the $-Bi>O3/m-ZrO, mixture using
neutron powder diffraction data collected at 295 and 10K
confirmed the non-centrosymetric space group P42;c as the true
space group for ZrO,-doped B-Bi,Os. The ZrO, content in the
B-Bio03/m-ZrO, mixture, as obtained by the Rietveld analysis
(28.0-30.0wt%), is very close to the composition of the initial
2Bi;03-3Zr0, mixture (28.4wt%). This means that the ZrO,
percentage in doped -Bi,O3 phase must be very low, which is
opposed to the results of most previous studies.
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