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In the present work, tetragonal 8 type Bi(lll),_,,Dy(ll),,03_x0x (O0: empty oxygen site) solid
solutions have been synthesized in the ranges 0.06 < x < 0.08 at 750°C and 0.05 < x < 0.09
at 800°C by doping small amounts of Dy,03 into monoclinic «-Bi,O3. X-ray powder
diffraction (XRD) has been used for characterisation of the doped Dy,03; powders as well as
for calculation of the unit cell parameters. The polymorphic phase transitions,
crystallographic properties, particle sizes, the scanning electron microscope (SEM)
microprobe analysis and Dy,03; content dependence of the lattice parameters of the
observed B-phase has been reported. The obtained solid solutions had nonstoichiometric
character and nonstoichiometry increases with the increasing amount of Dy,03 addition.
The experimental results suggested that oxygen vacancies are present in the crystal
structure of Dy,03; doped g type solid solutions.

© 2005 Springer Science + Business Media, Inc.

1. Introduction
Bi,O3-based materials have been extensively investi-
gated for a long time for applications in energy conver-
sions, chemical processing, combustion controls, pro-
moting heterogeneous catalytic reactions, solid oxide
fuel cells [1-9]. Due to their oxygen ionic conductiv-
ity, they are used for producing oxygen sensors, Oxy-
gen pumps, oxygen-permeable membrane reactors and
solid electrolytes of electrochemical cells. The oper-
ation of these devices with high efficiency requires a
high temperature due to a utilisation of their high oxide-
ion conductivity [1-3, 7-9]. Solid electrolytes such as
polymorphs of Bi;O3 are essential components in the
production of solid state electrochemical devices. They
have also been used as the insulating coating materi-
als for some superconductivity applications and pro-
duction of Bi-based superconductors. In recent years,
the development of new materials as alternatives to the
traditional stabilized zirconias has taken place. These
systems often show improved low-temperature conduc-
tivity compared to the stabilized zirconias [1-9].
Bi,03 itself shows significant polymorphism, four
polymorphs of bismuth trioxide have been reported in
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the literature, viz: «, §, y and S-phases [1, 2,7, 9, 10].
The phase transition from the monoclinic «-phase, to
the high temperature cubic (fcc) §-phase, at approxi-
mately 730°C. The §-phase is also stable up to its melt-
ing point of approximately 825°C. On cooling from
the high temperature §-Bi,O3 to room temperature, a
large thermal hysteresis is observed, with the possible
occurrence of two intermediate metastable phases, viz:
the tetragonal S-phase or the cubic (bcc) y-phase. The
B-BiO3 occurs at approximately 650°C on cooling,
while the y-form is formed at approximately 640°C
[8-10]. Usually these metastable phases transform to
the a-phase below 500°C temperatures [8—10, 12]. On
the other hand, the y-BiyOs is also shown to persist to
room temperature, when the cooling rate is kept very
low [7-11]. The §, B and y-phases of bismuth oxide
can be stabilized by addition of small amounts of other
oxides such as ZrO,, Y,03, MoO3, CoO, WO3, SrO,
CaO, La203, SCOQ, V205, EUZO3, Gd203, Sm203 and
Sb,0s [1, 2,7, 8, 10-21].

In this paper, we report on the effect of Dy,0;
doping in Bi,O3. After accomplishing the stability of
Bi, O3 polymorphs by the solid state reactions, we have
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determined lattice parameters at room temperature for
each doping ratio. The solubility limits, colour changes,
effects of heat treatment temperatures, and nonsto-
ciohometry of the obtained phases were investigated.
Moreover, some crystallographic and microstructural
properties of the obtained single 8-phase samples were
examined.

2. Experimental

The powder oxide mixtures of (BiyO3);_,(Dy203),
system in the range 0.01 < x < 0.1 have been pre-
pared by mixing and homogenising the stoichiometric
amounts of the monoclinic Bi; O3 (99.99% Merck) with
Dy,03 (99.99% Merck) in an agate mortar. These pow-
der mixtures were firstly heated at 650°C for 48 h. The
pre-annealed powders were ground and then annealed
each from 50°C up to 800°C for 48 h with several in-
termediate grindings. After these heat treatments oxide
powders were heat treated further at 825°C (around
melting point of bismuth trioxide) for 24 h. All these
heat treatments were performed as loose powders, in
alumina crucibles, in air and without any compaction.
At the end of each heat treatment procedure, annealed
powders were slowly cooled in the furnace by switch-
ing it off (uncontrolled). Each of these prepared pow-
der samples were heat treated separately at 825°C in a
vertical tube furnace in air, and quenched by suddenly
dropping the sample into ice-water mixture which was
prepared from double distillate water. Quenching ex-
periments were performed to observe high tempera-
ture phase transitions in the synthesized samples with
Dy,03 to BipOs addition ratio. The colour changes
of the obtained single-phases were determined care-
fully depending on the Dy, O3 additions, and heat treat-
ment temperatures (on the disk shape samples, diam-
eter 10 mm, thickness 0.4 mm, in a stainless holder
~1000 kgf cm™2).

The X-ray powder diffraction (XRD) data of the
samples were recorded on a computer-interfaced
Bruker AXS D8 advanced diffractometer operat-
ing in a Bragg-Brentano geometry (CuK, radiation,
graphite monochromator, 40 kV and 40 mA) over a
10° <26 < 90° angular range. The divergence and re-
ceiving slits of 1 and 0.1 mm, respectively, were located
on the diffractometer. Diffraction patterns were scanned
by 0.002° (20) steps and diffracted beams were counted
with a Nal(TI) scintillation detector. Measured XRD
patterns were readily compared with the reference data
[22].

Microprobe analysis of formed tetragonal type sam-
ples were carried out by LEO 440 scanning electron mi-
croscope (SEM). Microprobe analysis data were taken
from flat surface of the pressed samples. At least five
different analysis were made from different regions of
each sample at high magnification and mean values
from these measurements were used for calculations.
Particle sizes of the obtained S8 type samples at vari-
ous heat treatment temperatures were determined using
XRD data and the Scherrer and Warren equations [24]:

S =0.91/(BcosBg)

where A is the wavelength of the X-ray source, S is the
grain size of the crystallite, 6g is the Bragg angle of
the considered XRD peaks, and B represents the fwhm
line broadening obtained as follows:

2 2 2
B> = B} — B’

where B2 is the fwhm line broadening of the material
and B? represents the fwhm line broadening of the in-
ternal standard («-Al,O3). In this study, the values of
crystallite sizes obtained from the (201), (002), (220)
and (222) planes which have the strongest diffraction
peak intensities by using Bruker AXS D8 TOPAS 2
software [24].

3. Results and discussion

The observed single-phases and heterogeneous solid
mixtures in the (Bi;O3);-,(Dy,203), system, depend-
ing on the reaction temperature, are given in Table 1.
The XRD patterns completed on the samples after fir-
ing at 700°C showed that a range of mixture of o and
B-phases. The dominant single-phase regions have syn-
thesized the tetragonal 8-Bi; O3 type crystal structure.
750°C was the minimum temperature at which the -
phase was obtained from furnace cooled specimens in
the range of 0.06 < x < 0.08 and at 800°C, x was be-
tween 0.05 and 0.09 additions of Dy;0s3. In these dop-
ing ranges, all of the observed XRD pattern peaks were
indexed in the tetragonal type unit cell. The XRD pat-
terns of 7 mol% Dy, O3 addition (after firing at 750 and
800°C for 48 h) are given in Fig. 1. The XRD patterns
of the other single B-phase samples were quite simi-
lar to the patterns of the single phase sample given in
this figure. The XRD measurements revealed that dop-
ing with more than 8 or 9 mol% Dy,03 and less than
5 or 6 mol% Dy,03, depending on the heat treatment
temperature, had produced the heterogeneous mixture

TABLE I The observed phases in the system of (BioO3);—,(Dy203)y ; x being 0.01 < x <0.1

Mol% Dy, 03 addition

Temperature (°C) 1 2 3 4 5 6 7 8 9 10
700 a+p a+p a+p a+p a+p a+p o+ p o+ p oa+p a+p
750 at+p a+p a+p a+p a+p B B B atp a+p
800 a+p a+p a+p a+p B B B B B a+p
825 aty aty Y Y y+8 y+8 y+8 y+8 y+8 y+8
825 wq® a+p a+p a+p a+p a+p a+d a+d a+é 8 8
Water quench.
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Figure 1 XRD patterns of -Bi»O3 doped with 7 mol% Dy,Os: (a) after heating at 800°C, (b) after heating at 750°C.

of o and B forms. XRD patterns of some of the multi-
phase samples are given in Fig. 2 and assignments of
individual peaks to «, B, y or 8- phases were indicated
on the patterns.

The unit cell parameters (a and c) of the B-phase
increasing slightly with increasing Dy,0O3; content
(Fig. 3) in good agreement with effective ionic radii
considerations. The reported ionic radii (6-coordinated)
are 0.102 nm for Bi**, 0.121 nm for Dy?>* and 0.105 nm
for Dy, based on 0.140 nm for the O?~ ion [23]. When
the Dy>* ions replace the Bi**cations, the lattice pa-
rameters expand (Bi** ion has smaller ionic radii than
Dy?") and these enlargements are consistent with our
observations on the lattice parameters changes. It was
also observed that the lattice parameters of the same
composition differ for various heat treatment tempera-
tures, being slightly larger for 800°C, compared to for
750°C. The solid solutions of Bi;O3 and Dy,03 were
obtained as single S-phase in the range of 6—8 mole
% Dy,0s3 addition, when the oxide mixtures are heat
treated at 750°C. The solubility range widens when the
heat treatment temperature is increased to 800°C, being
5-9 mol%. In Fig. 3, it is also suggested that the solu-
bility limits of Dy,Oj3 in the 8-Bi, O3 phase are around
9 mol% at 800°C and 8 mol% at 750°C. This experi-
mental observation is explained with insufficient solid
state reaction at 750°C, rather than solubility limita-
tion. This is conclusive with larger unit cell parameters
at higher annealing temperatures for the same compo-
sitions as out lined above.

On the other hand, the formation of the tetragonal
type (Bi;03);_,(Dy;03), solid solution was a very
slow process requiring a long heat treatment. It was
concluded from this fact that the diffusion rate for the
dysprosium ions into bismuth trioxide was quite low.
Through this slow diffusion mechanism, the Dy cations
substitute the Bi ions in the crystal structure. Although
the valence number of the Dy cation is 3+ in Dy,0s3,
those incorporated in the Dy ions would probably be
reduced to bivalent in that obtained from the tetrag-
onal type solution. When the charge balance is con-
sidered, as the addition of Dy,0j3 increases, the 0%
ions should spontaneously be oxidized to O, molecules.
Then, some oxygen ion vacancies should occur in the
0%~ sublattices of the tetragonal (Bi;03);_(Dy203).
solution. As a result, the obtained solid solution ac-
quires nonstoichiometric character. The nonstoichiom-
etry for formed samples in this study can be regarded
as an oxygen vacancy type as seen in the other stud-
ies [2, 7-10, 15-19, 25-28]. Therefore, the compo-
sition of the B-type solid solution can be expressed
as

Bi(IH)Z—Zx DY(H)zx O3fx Ly

where O denotes the vacancy of oxygen ion. x values are
in 0.06 < x < 0.08 range for heat treatment at 750°C
and they are in the range of 0.05 < x < 0.09 for heat
treatment at 800°C.
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Figure 2 XRD patterns of some of the multiphase samples. (a) 4 mol% Dy, O3 addition (after heating at 750°C), (b) 7 mol% Dy,0O3 addition (after

quenching at 825°C), (c¢) 5 mol% Dy,Os3 addition (after heating at 825°C).
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Figure 3 The relationship between the amount of Dy,O3 doping, and
the lattice parameter of S type solid solution; (a) Unit cell parameter a,
(b) Unit cell parameter ¢ (M : after heating at 800°C, A : after heating
750°C).
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The calculated weight ratio values of elements, ob-
tained using the approximations outlined above, are
given in Table II. The values of wt% Bi and wt% Dy
were calculated according to nonstoichiometric theo-
retic formula [15, 16]. The weight ratio values mea-
sured by using SEM microprobe analysis are also given
in Table II. These measured values are in good agree-
ment with the calculated ones. The cation concentra-
tions are higher than the expected stoichiometric val-
ues, indicating the oxygen vacancies in this phase were
considered to distribute randomly. Although, this is not
a solid proof for the oxygen deficiency, it nevertheless
is in agreement with the cited literature [7, 10, 15, 16,
25, 26]. This oxygen deficiency can lead to variations
in the electrical conductivity properties of these doped
samples [1, 2, 11-13].

The observed colour of the S-phase samples had a
systematic change depending on the amount of Dy,03
addition. The colours of the sintered specimens were
observed only light yellow colour for the multiphase
(o + B) samples. On the other hand, as 8 type solid
solution is formed with increasing addition ratio, the
colour of the disks changed to red brown which is a
darker colour. The colour varying phenomenon may be
considered to be related to the degree of nonstoichiom-
etry. Also, the observed color change may be attributed
to a charge transfer between the oxide ions and va-
cancies. The existence of O?~ vacancies in the crystal
structure can also contribute to the colour; because va-
cancy points maybe occupied by electrons through a
light absorption mechanism.

The results of the grain size calculations from XRD
data are shown in Table III. There is a general tendency
that grain size becomes smaller with increasing addition



TABLE II The microprobe analysis for the tetragonal (8) type solution of (BiO3)_x(Dy203), system

After heating at 750°C After heating at 800°C Calculated
x (Dy203) (mol%) wt% Bi wt% Dy wt% Bi wt% Dy wt% Bi wt%Dy
0.05 (—)? 86.34+£0.21 3.48+0.10 86.23 3.53
0.06 86.12+0.22 3.94+0.19 85.49+0.23 430+0.14 85.52 4.25
0.07 84.42+0.19 4.73+£0.27 84.91+£0.26 491+£0.11 84.81 4.96
0.08 85.27+£0.31 5.79+£0.23 84.14+£0.27 5.57+0.13 84.10 5.69
0.09 (—)? 83.53+£0.29 6.37+0.11 83.39 6.41
2Single B phase could not be observed.
TABLE III Effect of doping ratio of Dy,O3 on grain size for the planes (nm)

After heating at 750°C After heating at 800°C

x (Dy203) (mol%) (201) (002) (220) (222) (201) (002) (220) (222)
0.05 (—)*? 125.3 144.8 97.2 114.8
0.06 139.8 155.9 94.5 111.9 117.1 136.6 88.8 98.3
0.07 126.4 122.5 89.6 101.1 109.4 114.7 71.3 79.7
0.08 104.2 112.9 69.7 91.7 107.4 102.1 60.1 62.2
0.09 (-)*? 95.6 88.3 57.4 52.9

2Single B phase could not be observed.

ratio. The sharpest and symmetrical peaks were used
for calculations and the (201) plane has the highest
intensity. We have also observed that grain sizes of the
samples annealed at 800°C are slightly smaller than the
samples annealed at 750°C.

Previously reported studies of Bi,O3 polymorphs
show that the unit cell parameters of the nonstoi-
chiometric phase §-Bi;O,5 are a = 0.750 nm and
¢ = 0.563 nm in the space group P42, [2]. The loca-
tions of the bismuth ions in the crystal structures of the
stoichiometric and nonstoichiometric bismuth three ox-
ides are almost identical while locations of the oxygen
ions exhibit differences. For stoichiometric compounds
of this type, all particular cationic and anionic sites in
the tetragonal crystal system are fully occupied. The
nonstoichiometric S-phase has the oxygen ion vacan-
cies in the crystal structure [10, 25, 26]. The calculated
lattice parameter values of the observed B-type solid
solutions (see Fig. 3) are in agreement with the unit
cell parameters of the 8-Bi;O, 5 phase [26], indicating
oxygen nonstoichiometry in the synthesized tetrago-
nal solid solutions. The higher doping rates introduce
more defects into the structures, hence tetragonality is
enhanced.

Another polymorph y-phase was prepared from the
samples of 3 and 4 mol% Dy,03 additions by heating
at 825°C (around melting point) then furnace cooled
(slow cooling) samples. Measured XRD patterns of 4
mol% Dy,03 sample was given in Fig. 4. The XRD pat-
tern peaks of these samples were indexed in the body
centred cubic crystal symmetry. This phase could not
be obtained with lower and higher Dy,03 concentra-
tions, and the other heat treatments. The colours of
produced samples were orange yellow. The observed
colour change may be attributed to a charge transfer be-
tween the oxide ions and vacant orbital of Dy>* cations.
Indeed, most of the metal oxides with high oxidation
numbers are coloured and these colours also stem from

the charge transfer mechanism. In other words, the oxy-
gen lattice points of the Dy,03 doped y -phase are not
completely occupied with oxygen ions. It was consid-
ered that the changing of the colour occurs depend-
ing on the nonstoichiometry in the crystal structures
of y-BiyO3 type solid solution. As a result of these,
oxygen vacancies are partly responsible for nonstoi-
chiometry in our bulk samples. Some of measured XRD
patterns of & + y and y + B multi-phases samples
are also shown in Fig. 4. The lattice parameters, a, of
the bce materials were found @ = 1.02149 nm and
a = 1.02063 nm for x = 0.03 and x = 0.04 additions
of Dy, O3, respectively. According to our literatures sur-
veys [7, 12, 25, 26], the pure y-Bi, O3 contains BizgO39
in the cell with lattice parameters in the range of 1.010-
1.027 nm. y-Bi;O3 has the largest unit cell parameter
of the series of the reported Sillenite group compounds
[7, 12, 25, 26]. Other investigators [7, 10, 12, 25, 26],
suggest that the y-Bi,O3 phase is also reported to be
isomorphous with several other metal oxides giving the
general formula BipsM;0O39. The M cations are tetra-
hedrally coordinated and occupy the body centred sites
and cube corners linked by hepta coordinated bismuth
atoms. The Bi, O3 host lattice forms a cage type struc-
ture that can accommodate small metal ions in a tetra-
hedral coordination of oxygen atoms. For nonstoichio-
metric compounds, metal ions are not quadrivalent so
that the structure should contain fractionally occupied
sites. In other words, y-BiO3 has some oxygen ion va-
cancies in structure that is described as the distorted de-
fect crystal structure. On the other hand, crystal lattice
has the perfect structure where the M cation is tetrava-
lent giving the general formula Biz4M»QOyg in the unit
cell. Thus, for stoichiometric compounds of y-form,
all of the lattice points of the crystal structure are fully
occupied by cations and anions.

The §-phase was prepared from the samples of 9—10
mol% Dy,03 addition by melting at 830°C then fast
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Figure 4 XRD pattern of y-BiyO3 doped with 4 mol% Dy, O3 after heating 830°C.
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quenching to 0°C in the water-ice system. Below the 9
mol% doping level, led to coexistence a solid mixture
of 6 and y-phases. The XRD peaks of the 9-10 mol%
samples were indexed in the face centred cubic crys-
tal system. XRD pattern of 9 mol% Dy,03; material
is seen in Fig. 5. The unit cell constants were calcu-
lated a = 0.55321 nm, and a = 0.55358 nm for 9 and
10 mole percentage additions of Dy,0Os3 respectively.
This was an indication that Dy,03 dissolves in § type
Bi,03 matrix. In the references [15, 17], the fcc form
has an oxygen deficient fluorite structure with two for-
mula units, and two oxygen ion vacant sites per unit
cell. The unit cell parameter is a = 0.566 nm, with a
Pn3m space group and bismuth ions in the structure are
located on fcc sites, and differ only in the location of
the oxygen ions [15, 17].

4. Conclusions

Metastable B, y, and §-phases of Bi;O3 polymorphs
and related solid solutions have been obtained as room
temperature stable phases by doping pure monoclinic
a-Bi;O3 material with Dy,03, and employing solid
state reaction techniques. Heat treatment temperature,
heating time, cooling rates, and amount of Dy,03 are
effective factors in the synthesis of these polymorphs.
On the other hand, formation of 8, y, and §-phases were
very slow requiring high temperatures, and long time
heat treatments. Diffusion rate for dysprosium ions into
bismuth trioxide was quite low. Through this slow diffu-
sion mechanism, Dy>* cations are reduced to Dy>* ions
which are substituted bismuth cations in the tetragonal
crystal structure. During this reduction mechanism, the
0%~ ions in the crystal lattice have been oxidized to
oxygen molecules. Those reduction and oxidation re-
actions have been caused O®~ vacancies in the tetrago-
nal unit cell and nonstoichiometry. The synthesized -
phase has distorted defect crystal structures and some of
the oxygen ions move to vacancies. Higher doping rates
introduce more defects into the structures, and the most
predominant defects are oxygen vacancies, which in-
crease with increasing the amount of Dy, O3. Therefore,
B-phase shows a relatively high oxygen ionic electri-
cal conduction which is required for the solid electro-
chemical cell device performance. For that reasons, the
synthesized phases, especially S-phase, can be used in
some solid electrolytic industrial applications, for ex-
ample, to fabricate oxygen detectors.
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