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ABSTRACT

The polymorphism of Bi,O, has been studied by means of differential thermal
analysis and electrical conductivity measurements, thermogravimetry, high temper-
ature X-ray powder diffraction, and differential scanning calorimetry. Two stable
and two metastable phases have been observed. Transition temperatures and enthalpies
are reported.

INTRODUCTION

The polymorphism of Bi,O; has been the subject of several investigations® ™2,
Levin and Roth” have reviewed the work prior to 1964. Four polymorphs of Bi,O,
have been reported in the literature. The phase transition of the low temperature
monoclinic o-phase to the high temperature cubic d-phase at approximately 730°C
has been observed by several investigators®~°. The §-phase is stable up to the melting
point at 825(5)°C7- 2. The data regarding the enthalpy of the « — & transition and
the enthalpy of fusion, however, are inconsistent®- 8- - 13- 14 The extremely large
" transition enthalpy AH(x — ) = 28 kcal/mole given by Gattow and Schroder® and
cited in many thermodynamlc tables is incorrect, since it is based on contradictory
observations? ¢ 14,

On cooling from the high temperature phase, hysteresis phenomena and the
occurrence of intermediate metastable phases near 650°C have been reported®~11- 15,
Two metastable phases at room temperature have been observed in quenching and
decomposition experiments, i.e. the tetragonal § phase® ** ® and the bcc y-phase?” ?
The available data on the behaviour of Bi,O; on cooling are inconsistent and in-
complete. In Table 1, temperatures and enthalpies of the transitions in Bi,O; are
summarized together with the results of the present investigation. Recent papers by
Takahashi and coworkers on the electrical properties of mixed oxides in the systems
Bi,03—Me, O, (e.g. Me = Sr, Ca, La, W)'¢- 17 have provoked a renewed interest in
the polymorphism of Bi,O;. Takahashi et al.1® recognized that the high temperature
phase of Bi,O; shows high ionic conductivity and can be used as a solid electrolyte.
The electrical properties!® and a more detailed description of the structures'?® of the
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TABLE 1

TEMPERATURES T(°C) AND ENTHALPIES A H (KCAL MOLE~1) OF TRANSITIONS IN Bi»QO3

This work Rao® - Leviml? Gattow’ Gattow® Levinld
DTA DSC DTA DTA DTA DTA
o — O T 729(2) 730(1) 727 730 710-740 717(D
AH 7.06(6) 8.8(4) 9.53)» - 8.4« 28(1)e
10.2(2)c
d—>L T 824(2) ’ 825 824(2) 824(2) 825(3)
AH  2.6(2) 3.84(8)® 2.05(5)f
3.86(6)¢
60— f T 650(2) 649(2) - 6302 660-640
AH 5.19(6) 6.7 . 2.005)¢
B—0 T 662(2) 667(1)
AH ' 5.19(6)
p—-a T 652-534 576-497 543a : 640-430
AH 1.74(5) 2.1 ’ 6.4(8)¢
0>y T 639(2) 643(2) ’ .
: AH 5.05(5)
y— 0 T 663(2) 652(2)
_ AH 5.05(5)
Yy o T 639-543 604-562
AH 1.86(5)

The intermediate phase was assumed to be the f-phase by Rao et al.

Internal standard K2=SO,.

Internal standard Ag. =

Calculated with AH(d — L) = 2.05 (ref. 13). From Fig. 7 (ref. 8) AH( — f) = 3 AH(f — o),
which suggests the interchange of the data for the 6 — f and f# — « transitions.

e Calculated with 4AH(S —» L) = 6.8 (refs. 2, 14).

f- Calculated by application of the Clausius—Clapeyron equation on the liquidus data of the Bi-Os—
B2O3 system.

R o o ®

various phases of Bi,O; will be published elsewhere. In the present study, differential
thermal analysis and electrical conductivity measurements, thermogravimetry, and
high temperature X-ray powder diffraction were used to detect the phase transitions
in Bi,O; and to establish the presence and the regions of existence of the metastable

phases. The enthalpiés of transition were determined by means of differential scanning
calorimetry.

EXPERIMENTAL

Reagents

As sample material, Bi,O; (Kawecki-Billiton, 99.99 9 pure) was used. Emission
spectroscopical analysis showed Si (0.001 wt.%) as the main impurity. Except for
- Fe (0.0002 wt.%) and Mg (0.00005 wt.%), no metals could be detected. Bi,O;
(Baker AR, 99.9 9 pure) was used in some experiments. The main 1mpur1t1es detected
in this material were Na (0.03 wt. %) and Si (0.02 wt. % )
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Differential thermal analysis and electrical conductivity measurements

The corrosive nature of molten and high temperature phase Bi,O; makes
special demands on the apparatus used. An apparatus that was originally described by
Bottelberghs and van Buren?? for DTA experiments proved convenient. Sample
holders of Pt, Au, Al,O; (Degussa Al23) and ZrO, (Degussa Zr23) were used.
Sample weights between 0.5 and 1.0 g were used to limit the contamination of the
sample by the holder material. Moreover, only on large samples can the high electrical
conductivity at high temperatures be measured. Provisions were made to the sample
holder to permit a Kelvin-type of measurement?!, which was necessary in view of the
high electrical conductivity. The thermocouple in the sample and a Pt sample holder
served as the electrodes. The conductivity was measured at 1592 Hz by means of an
autobalance bridge (Wayne Kerr 641B, range 10% to 1077 Q') equipped with an
automatic ranging system. The temperature accuracy was 4= 2°C. The apparatus was -
calibrated at the solid state transition and melting temperature of Li,SO,. For DTA
measurements, heating and cooling rates of 10°C min~' were used, whereas for
simultaneous DTA/EC, measurements rates of 1 and 3°C min~! were necessary.

DTA-TG _

Thermogravimetry was performed with a Mettler TA2 and an atmosphere of
purified argon or oxygen. The overall gas flow was 60 cm® min~! and the heating rate
5°C min~!. Platinum sample holders were used. The calibration of the temperature
scale was checked with the solid state transition of K,CrO, (NBS). The average
~ sample weight was about 90 mg.

High temperature X-ray powder diffraction

A Guinier-Lenné camera (Enraf-Nonius) was used for the hlgh temperature
X-ray powder diffraction. Heating and cooling rates of 0.1°C min~* were employed.
Due to the high absorption of Bi,O;, higher heating or cooling rates were not possible
in dynamic measurements. A voltage stabiliser limited fluctuations in the oven power. .
At high temperatures, the Pt gauze of the sample holder served as a standard, since
internal standards could not be used due to the corrosive nature of Bi,O;. At room
temperature, Si (NBS, SRM 640) was used as reference material. The line positions
were read from the exposures with a viewer (Enraf-Nonius). The cell dimensions were
refined with a least squares program by Langford?? using the Nelson-Riley extra-
‘polation if the Si reference material could not be used.
DSC

The DSC measurements were performed with a Perkin-Elmer DSC-2 using Au
sample holders. The apparatus was calibrated by means of the solid state transition of
K,CrO, (NBS). The peak areas were determined with a planimeter and a weighing
procedure. The sample weight varied from 20 to 50 mg. Scanmng speeds of 10 and
2.5°C min~ ! were employed
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Fig. 1. DTA curves of Bi=O3. The measuréments were taken below the melting point.

Fig. 2. DTA curves of 0« f and J «> y transitions in Bi2Oa.
- RESULTS AND DISCUSSION

The colour of the samples changed from red-brown to black at the « — o
transition. Hysteresis effects in the colour change were visible on cooling.

Dljferentlal Thermal Analysis

The « — 6 and & — L transitions were observed at 729(2) and 824(2)°C,
respectively, in good agreement with the results of Levin and Roth’. On cooling, the
J-phase persisted 76-93°C below 729°C, if the temperature had been raised above
750°C. Generally, this hysteresis preceded the formation of an intermediate phase.
The transition of the intermediate phase to the low temperature phase was observed
in the temperature range 650497°C in a series of measurements, and showed the
‘typical behaviour of a transition from a metastable phase. In repeated cooling runs
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Fig. 3. Histograms of transition temperatures observed in Bi2Oas. a, 6 — £ 650(2)°C, 6 — v 639(2)°C;
b, « = 4 729(2)°C; c, 6 —» L 824(2)°C froin measurements 1-5 (shaded area); d, L — J 824(2)°C.

from the S-phase, we noticed that the behaviour of the transition at approximately
645 °C was not fully reproducible. Apparently, two types of phase transitions occurred
with a small temperature difference of about 10°C. A series of heating and cooling
runs was performed on each sample to check the significance of this phenomenon.
Representative DTA curves are given in Figs. 1 and 2 for measurements performed
below the melting point of Bi,O;. Identical results were obtained irrespective of the
sample holder materials used. A histogram of the observed temperatures for 94
transitions from the d-phase is given in Fig. 3a. For comparison, the histogram for
107 measurements of the o« — & transition temperature is given also (Fig. 3b). The
observed peaks on cooling from the d-phase clearly correspond to two different phase
~ transitions, one at 650(2)°C and the other at 639(2)°C. The DTA peaks observed at
these temperatures had a different shape (Figs. 1 and 2). A slight preference for the
transition at 639°C was observed for Bi,0O; supplied by Baker. Bi,O; supplied by
- Kawecki showed a clear preference for the transition at 650°C. Small hysteresis
effects were noticed in the transitions from the metastable phases to the J-phase
(Fig. 2). ,

Representative DTA runs obtained with Pt sample holders in heating and
cooling runs in which the melting point of Bi,O; was exceeded are given in Fig. 4. The
enthalpy of fusion is much smaller than the enthalpy of the & — § transition. The ratio
of the peak areas of the « — 0 and the 6 — L transitions is 2.7(2). This value is in
contrast to the value of 4.1(1) of Gattow and Schréder®, but agrees well with the value
of 2.5(1) of Levin and McDaniel?2. Both intermediate phases were observed in differ-
ent cooling runs. In some experiments, a small hump was observed in the DTA curve
at approximately 730°C. Interaction of the molten Bi,O5 with the Pt container had a
distinct influence on the melting temperature. Histograms of 18 melting and 17
solidification temperatures are given in Fig. 3c and 3d, respectively. The melting
temperature shifted gradually from 824 to 817°C after the first measurements. With
emission spectroscopical analysis, a concentration of 0.06 wt. % Pt was detected in the
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Fig. 4. DTA curves of Bi2O3 (Pt sample holder). Maximum temperature 890°C.

sample.'Using Au and Pt sample holders, we found the same transition temperatures
in Bi,0;. Several of the Pt and Au sample holders ruptured in the experiments due to
the volume changes in Bi,O; at the phase transitions.

Repeated heating and cooling runs in Al,O; and ZrO, sample holders clearly
indicated that chemical reactions occurred between molten Bi,O; and the container
The chemical corrosion of these very stable oxides emphasizes the corrosive nature of
molten Bi,05. The DTA results with Al,O; sample holders, i.e. a gradual decrease of
the heat effect of the & — o transition and a gradually increasing new heat effect at
792°C which surpassed the melting peak, can be explained by the formation of the
‘compound BiAlO; (ref. 23) or the compound Bi, ;AlO,, (ref. 24). The temperature of
the « — J transition was not affected. With emission spectroscopical analysis, 0.1
wt. % Al was detected in the sample. In DTA experiments with ZrO, containers, the
0 — L peak disappeared and the temperature of the @ — & transition decreased to

_approximately 700°C. A mixture of Bi,O; and ZrO, (6: 1) heated at 860°C exhibited
a high temperature phase which was metastable down to 591 °C. The low temperature
material was tetragonal with unit cell axes corresponding to those of B-Bi,0,. Solid
solutions of Bi,O; and ZrO, with a tetragonal structure have been reported earller25
26 These sohd solutions may show fast ionic conduction at high temperature.

Differential thermal analysis and thermogravimetry

The DTA data obtained for the « — é and 6 — L transitions with the Mettler
TA2 agreed well with the data given in the previous section. In the DTA/TG measure- ‘
ment, only a small weight loss of 0.5 mg in the temperature range 100-320°C and of
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0.4 mg in the temperature range 320-790°C was observed, which can be attributed to
the release of physisorbed water and of hydroxyl groups of the surface of the sample,
respectively. The sample was kept at 790°C under an argon flow. Under these circum-
stances, the weight loss in 53 h was lower than 0.02 mg, of the order of the long term
instability of the apparatus. No weight change was detected when the atmosphere was
changed by the introduction of oxygen. Hence we conclude that no appreciable
deviations from stoichiometry cccur in solid Bi,O;.

High temperature X-ray powder diffraction _

The cell dimensions of the «-phase are in agreement with those obtained by
Malmros?”. The transition from the a-phase to the fcc §-phase was observed at
about 730°C. On cooling, similar hysteresis effects as observed in the DTA experiments
were encountered. In all experiments performed with a cooling rate of 0.1°C min~ !,
the bee y-phase was observed at approximately 645°C. The y-phase persisted to room
temperature, which enabled us to determine the cell dimensions accurately using Si as
reference material (see Table 2). On heating the y-phase, the y — § transition occurred
with a slight hysteresis. Since, in the DTA experiments, the existence of two different
intermediate phases was detected around 645°C, the temperature stability of the
Guinier furnace was improved. A number of experimental conditions such as the
sample holder material, the cooling rate and the time during which the sample was
kept in the d-phase, were varied. The f-phase was detected in an experiment wherein
- the sample that had been in the o-phase for a few minutes only, was cooled at 33°C
min~ . The B-phase could not be preserved to room temperature, but persisted down
to approximately 330°C. The temperature inaccuracy in the Guinier exposures
prevented us deciding which of the phases is formed at 650°C. Structural data of the
various phases are given in Table 2.

TABLE 2

STRUCTURAL DATA OF THE BizO3 PHASES

* Phase Unit cell a(A) b(A) c(Ad) B Ref. Notes
o Monoclinic  5.848 8.166 7.510 113.00 26 25°C
5.843(1) 8.160(1) 7.501(1) 112.92(1) 25°C
B Tetragonal 7.73 5.63 7 25°C from decomposition
of bismutite (reduced
to primitive cell)
7.738(3) 5.731(8) 643°C :
Vv bee 10.268 7 25°C preserved from
10.268(1) : high temperature
) 10.334(2) . 640°C C
0 fce 5.66 7 750°C

5.644(2) 756°C
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Fig. 5. Electrical conductivity, ¢ (1592 Hz), of Bi»Os versus temperature. Solid lines, measurements
from the liquid state. Broken line, measurement on a compressed powder specimen.

Differential thermal analysis and electrical conductivity measurements

The transitions in Bi,O; were attended by sudden changes in the electrical
conductivity. At the &« — & transition, an increase in conductivity of several orders of
magnitude was observed in agreement with data by Rao et al.® and Takahashi et al.16
(see Fig. 5). The conductivity in the S-phase is nearly as high as in the liquid state.
In repeated cooling runs from the liquid state, either the - or the y-phase appeared.
- The phase formed at 650(2)°C had a short existence range at low cooling rates, which
hampered the measurement of the conductivity in this phase.

The conductivity of both intermediate phases was determined reproducibly on
compressed powder specimens supplied with Pt electrodes in an oven with very high
temperature stability. Since the phase formed at 640°C persisted to room temperature,
in some of the experiments an unambiguous asSignment of the - and y-structure to
the intermediate phases could be made using X-ray powder diffraction. The DTA peak
at 639°C is associated with the & — y transition; the peak at 650°C is associated with
the 6 — B transition. The conductivity data obtained on compressed powder specimens
for the y and J-phases correspond with the data obtained in measurements cooling
from the melt. Representative results of the conductivity measurements are presented
in Fig. 5. It is clear that the electronic conductivity of the a-phase is sensitive to the

presence of impurities as is reflected in the divergency of the results of various
conductivity studies?8.

Differential scanning calormzetry

The transition temperatures and enthalpies obtamed in DSC experiments are
given in Table 1, together with data from the literature. Using the enthalpy value of
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Fig. 6. DSC results for the inhomogeneous Bi-O3 sample (see text).

7.06 kcal mole™! for the « — § transition and the ratio of 2.7 of the DTA peak areas
of the « — & and § — L transition, the enthalpy of fusion was calculated. The total
transition enthalpy on cooling from the d-phase to the a-phase is approximately
0.14 kcal mole™ ! smaller than the enthalpy of the « — § transition. This is due to the
large thermal hysteresis and the higher value of the specific heat of the d-phase
compared with the a-phase. :

One sample showed a different behaviour on cooling. Two intermediate phases
appeared reproducibly in each cooling run (see Fig. 6). This sample consisted of two
small lumps of which one transformed reproducibly to the f-phase and the other to
the y-phase on cooling. In heating runs of the inhomogeneous sample from 610°C,
where both the f- and the y-phase were present, the endothermic transition y — &
occurring at 650°C and B — J at 667°C. Frequently, however, the y —  transition
‘was followed by the exothermic transition 8 — f in the temperature range 652-660°C,
as shown in Fig. 6. This behaviour indicates that the material which showed the
y-phase reproducibly on cooling could exist in the f-phase. The 6 — f transition in
this material is apparently hindered by kinetic effects. Emission spectroscopical
analyses revealed substantially different Au and In contents in the two lumps. It is
tempting to associate the occurrence of the S-phase with the presence of In.

CONCLUSIONS

Bi,0; may exist in four crystalline modifications. At room temperature, the
monoclinic a-phase is the stable form. On heating, the oxide transforms at 729°C to
the fcc 8-phase, which is stable up to the melting point at 824°C. On cooling, large
thermal hysteresis occurs and two intermediate metastable phases may appear,
either the f-phase at 650°C or the y-phase at 639°C. A survey of the temperature
regions in which the stable and metastable phases have been observed is given in Fig. 7.
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Fig. 7. Survey of the temperature regions of stable and metastable phases encountered in Bi=O3.

Which intermediate phase is formed in a particular experiment depends on small
amounts of impurities and the texture of the sample.

From the transition enthalpies and temperatures summarized in Table 1, the
relative entropy gain at the & — § transition can be calculated.

AS(a —» 0) — 075
AS(x — 9) + A4S0 — L) ) :
Hence the degree of disorder in the d-phase is comparable with that in the liquid state,
a phenomenon which is frequently encountered in fast ionic conductors2®. The ionic
conductivity in the é-phase is approximately 70~75 %/ of the conductivity in the liquid
state. The large thermal hysteresis observed in Bi,O; is another phenomenon which is
typical for a compound exhibiting fast ionic conduction in the high temperature phase.
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