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Abstract

The present study investigates the influence of Sb ions, introduced as dopants in o-Bi,Oj3, on the structure of the oxide polymorph
forms obtained at high temperature. The structural changes of a-Bi,O3 for compositions in the system Bi,_,Sb,O3 (x=0, 0.05, 0.1,
0.15, 0.2), at different thermal treatment temperatures were analyzed by thermal analysis, powder X-ray diffraction and infrared
transmission spectroscopy. A tendency of the structure to change to a higher symmetry (monoclinic — tetragonal — cubic) was
observed, as the content in antimony increased and the temperature reached 850 °C. The presence of Sb,O5 in the Bi,O; oxide
system promotes an oxygen release from the oxide and enlarges the stabilization domain of the d-phase.
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1. Introduction

Oxide ion conductors have been increasingly studied
for many years because of their application in many
devices with high economical interest such as solid oxide
fuel cells (SOFC), oxygen sensors, dense ceramic mem-
branes for oxygen separation, membrane reactors for
oxidative catalysis.!™

In order to favor high oxide ion mobility Boivin*
defined some basic requirements: (i) the existence of a
supernumerary number of equivalent crystallographic
sites for oxide oxygen ions, criteria which can be natu-
rally satisfied. For instance, the & form of Bi,O; exhibits
the fluorite-type sesquioxide lattice, same structure as
the doped zirconia but contains 25% of naturally
unoccupied oxygen sites. However, because of the very
large number of vacancies, long-range order easily
occurs at low temperature and, on cooling, the material
undergoes a phase transition accompanied by a dra-
matic three orders of magnitude lowering of its con-
ductivity. Substitution for Bi*" by another cation can
prevent long-range ordering being established on cool-
ing; (ii) the energy equivalence criteria between many
oxygen sites is more easily satisfied when the crystal
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lattice belongs to a higher symmetry system. However,
some materials exhibit very high conductivity despite a
non-cubic symmetry (the conductivity is strongly aniso-
tropic—e.g. the BIMEVOX phases); (iii) the polarisa-
bility of the cation host structure. In order to jump from
one site to the next available one, the oxygen ion must
cross a bottleneck usually delimited by three cations.
Polarisable cations will make this crossing very much
easier. Moreover, an additional effect can occur if the
cation polarisability results from the presence of active
electron lone pairs (Bi**, Sb**, Pb?*, Sn2*, TI"..). In
that case, a dynamic accompaniment of the anion jump
can exalt the mobility. Owing to those requirements, fast
oxide conductors adopt a limited number of structures.

Doped bismuth oxide systems exhibit a complex array
of structures depending on the dopant concentration.
The aim of this article is to investigate the influence of
an isoelectronic ion as antimony on the polymorph
transition of Bi,O;.

2. Experimental procedure

Bi,05 (99%) and Sb,O3; (99%) were mixed in stoi-
chiometrc proportions to form (Bi,O3),_(Sb,03), (x=0,
0.05, 0.1, 0.15, 0.2). The samples were repeatedly
ground in a mortar and pestle to remove any present
agglomerates, then pressed into discs of 10 mm diameter
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and sintered at different temperatures up to 850 °C and
cooled in the furnace till room temperature.

The structure of the obtained materials was deter-
mined by X-ray diffraction (XRD). The XRD patterns
were recorded with a standard D5000 Siemens Dif-
fractometer 6-26 equipped with a graphite mono-
chromatized using Cu K, radiation (A=1.5405 A)
operating at 40 mA and 40 kV. The IR spectra were
recorded using a Specord M80 type Carl Zeiss Jena
spectrometer in the spectral range 800-200 cm~!. Ther-
mal analysis (DTA/TG) was realized with a MOM-OD
102 derivatograph, in non-isothermal conditions, in air.
More detailed thermal analysis was performed in a
Stanton thermobalance, with sensibility 0.1 mg. The
powder morphology was determined by scanning elec-
tron microscopy with a Scanning microscope Zeiss
DSM 942 equipped with a Link Energy Dispersive
X-ray system.

3. Results and discussions

The thermal analysis results for the starting powders
mixtures, presented in detail in a prewious paper’
showed for all Sb-doped samples a small exothermal
event at 500 °C, associated with the oxidation of Sb3*—
Sb>*; in the temperature range of 520-560 °C, TG
curves recorded a weigh loss of 1.5-2% associated with
an endothermic event on the DTA curves, except for
Sb-free samples. A high content in Sb,O5 decreased the
transition temperature o— 8 (735-710 °C) and increased
the melting point from 835 to 880 °C.

The thermal behavior of the samples after annealing
treatment was examined. The color of the powders
changed from deep orange to yellow as the content in
Sb,0; increased. Fig. la shows the DTA curves of the
annealed samples at 800 °C for 20 h. Two small endo-
thermic events are present in the range 630-655 °C. The
temperature corresponding to the transition a— 9 Bi,O3
was noticed at ~730 °C and the melting of the samples
took place at ~880 °C, at higher temperature than the
undoped sample. The melt crystallized at 822 °C in the
case of Sb-free samples and at 790-795 °C for the Sb,O3
containing samples (Fig. 1b). The 6 — o Bi,O3 transi-
tion was assigned to the observed exothermal event at
660 °C (Bi,O5 curve). When antimony is present, small
exothermal events were observed in the range 630-
550 °C. A higher content in Sb lowers the crystallization
process of the metastable phases identified in the sam-
ple. No changes were observed on the TG curves.

The phases identified by X-ray diffraction after dif-
ferent treatments are presented in Table 1. All the sam-
ples contained phases mixture, mainly the tetragonal
B*Bi,O; and cubic y*Bi,O3; phases. Gattow and
Schroeder® proposed that the impurity forms of the B-,
v- and &- polymorphs be expressed using star designa-
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Fig. 1. DTA curves of the Bi,_(Sb,O3 (x =0-0.20) mixtures after 20 h
annealing treatment at 800 °C; (a) heating, (b) cooling.
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tion (e.g. B*, v*, 0%). The phases were identified using
JCPDS cards 45-1344, 74-1375, 74-1373, 48-0469).
Short annealing treatments at temperatures as low as
600 °C, produced no transition of the monoclinic
aBi,O3 phase, but some incipient crystallization peaks
of the tetragonal phase were observed. This phenom-
enon may be considered a surface (interface) effect. At
760 °C, after 10 h treatment the promotion of the tet-
rahedral and cubic phases becomes evident as the con-

Table 1
Phases identified in the sample after specified annealing treatments

tent in antimony increases. This tendency was noted
also at higher temperature, as can be confirmed by the
results showed in Fig. 2. As the temperature increased
and the concentration in antimony was greater, the
cubic phase became dominant. Some of the reflections
can be attributed to a 6*Bi,O5; phase. aSb,04 was also
identified in the samples. At higher concentration of
antimony (x=0.8) and 850 °C the compound BiSbO,
was obtained mixed with y*Bi,O; phase. This infers an

Sample Phases identified in the annealed sample
600 °C/5 h 760 °C/10 h 800 °C/20 h 820 °C/20 h 850 °C/40 h
BS1 (XZOOS) ’XBisz, o Bi203 o Bi203 o Bi203 ’Y*Bi203, B*B1203
B* Bi203 B* Bi203 B* Bi203 6*B1203
BS2 (X =0.1 0) CXBi203 B* Bi203 B* Bi203 B*B1203 ’Y*B1203T
B*Bi203 trace) o Bi203 "{* Bi203 'Y* Bi203 ﬁ*Ble‘;l,
BS3 (x=0.15) Bi,O; B*Bi, 05 v* Bi,O; 7*Bi,051
B*Bi203(trace) "{*B1203 B* Bi203 B*B1203l,
O(Sb204 chb204
BS4 (X = 020) (XBlzo'; "{*Ble'; "{*B1203 'Y*Ble';T
B*Bi,Os(trace) B*Bi,O5 B* Bi,O; §*Bir0s,
Gsb204 Gsb204
BS5 =0.40) Y*Bi»03,08b,04
BS6 =0.80) BiSbO4,7*Bi,Os
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Fig. 2. XRD patterns of the Bi, ,Sb,O; (x =0.10-0.80) mixtures after 40 h annealing treatment at 850 °C.
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Fig. 3. The SEM micrograph showing the morphology of the powders
of composition BS4; x=0.20 in the system (Bi,03),.(Sb,03),, 850 °C/
40 h.

upper limit of the solubility of antimony, which is in
agreement with previous reported results by Béqué’ who
established that Bi:Sb 1.1:0.9 ratio represent the upper
limit of the solid solution Bi, ,SbyMo0Og.

The cubic y*Bi,O3 phase [Space Group 123 (197)] is
actually a mixture of phases with the « cell parameter in
the range 10.08-10.26 A. Reportedly, the cell dimen-
sions for y*Bi,03 vary from 10.09 to 10.25 A for differ-
ent impurities.® These values were influenced by the
content in antimony and the annealing temperature.
That infers a substitution of the Bi** ion with the ionic
radius of 1.17 A (CN6), by the smaller ion Sb** with
ionic radius 0.90 A (CN6).°

The SEM/EDX analysis of the samples treated at
850 °C showed similar microstructures with two main
detected phases, y¥Bi,O3 and aSb,O4. A general image
is shown in Fig. 3 for the composition BS4 (x=0.20).

Detailed infrared (IR) spectra have been obtained for
the annealed compositions Bi, ,Sb,O; at room tem-
perature. The spectra are in great concordance with the
XRD observations. In the case of bismuth sesquioxide
the large distortion of the Bi-O polyhedra for o-Bi,O;
separated the Bi-O stretching modes into more localized
and narrow-line vibrations. The structure of «-Bi,O5 is
very complex: two distinct Bi-O polyhedra highly dis-
torted, with bond lengths ranging from 2.08 to 3.25A
being noticed.!® The differences in the bond lengths in
Bi,03 led to different absorption bands, so it can be
assumed that the observed fine structure bands can be
correlated with the clusters of similar bond lengths.
More explicitly, each absorption band found in the
range 800-200 cm~! can be correlated with the stretch-
ing mode vibration of each type of Bi-O bond, taking
into account the intensity and the mean wavenumber of
the bands.!® The characteristic vibrations of the mono-
clinic Bi,O; structure are slightly shifted and, more sig-
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Fig. 4. Infrared spectra of the annealed samples at 850 °C/40 h.
(aBi,O5 dotted line).

nificantly, new absorption bands are observed for all the
Sb-doped samples at wavenumber greater than 600
cm~! (Fig. 4). The broadness and band contours can be
postulated as being due to the particle size and Frohlich
surface mode effect that typically modifies IR spectra of
polar compounds,'! observations supported by XRD
analysis. The monoclinic a-Bi,O3 was detected in all the
samples heated 5 h at 600 °C but a systematic shift of
the bands to a higher wavenumber was observed, sug-
gesting a possible substitution of Bi** by the smaller
ions of Sb3*. Sb** ion enters into the bismuth layer,
due to its similar stencil behavior, by the presence of a
5s(2) lone pair associated with Sb3* and 6s(2) asso-
ciated with Bi’*.!! The IR spectra of the samples
annealed at different temperatures show that the bands
identified in the case of samples annealed at 850 °C are
broader that those found at 760 °C. The increasing
content of antimony in the samples from x=0.05 - 0.20
led to different features in the IR spectra. It can be
concluded that the broad envelope in the metal-oxygen
stretching region in the IR spectra of the doped phases
can be associated with highly polar bonds and a large
longitudinal transverse mode separation.

4. Conclusions

Detailed structural analysis were realized for the sys-
tem (Bi,03);4(Sb,03)s, x=0.05-0.2. After thermal
treatment, all samples contained a phase mixture of
B*Bi>,O5 and y*Bi,O; tetragonal and respectively cubic.
As the content in antimony increased and the annealing
temperature reached 850 °C a transition tendency of the
structure to change from lower symmetry to higher sym-
metry (monoclinic— tetragonal—cubic) was observed,
result confirmed both by IR and XRD analysis. The
changes in the IR spectra were determined both by
oxygen loss of Bi,O3 and the beginning of a new network
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arrangement characteristic for metastable polymorph
Bi,O; forms. The changes in the network arrangements
are more evident together with the increase of the Sb
content of the samples and the increasing temperature
of the thermal treatments.
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