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Phase equilibrium and electrochemical studies of the ternary system Bi–Sr–O indicate
the presence of six ternary oxides (Bi2SrO4, Bi2Sr2O5, Bi2Sr3O6, Bi4Sr6O15, Bi14Sr24O52,
and Bi2Sr6O11) and three solid solutions (d, b, andg). An isothermal section of the
phase diagram is established at 1050 K by phase analysis of quenched samples. Thre
compounds, Bi4Sr6O15, Bi14Sr24O52, and Bi2Sr6O11, contain Bi51 ions. The stability of
these phases is a function of oxygen partial pressure. The chemical potentials of SrO
in two-phase fields are determined as a function of temperature using solid-state cells
based on single crystal SrF2 as the electrolyte. Measurement of the emf of cells based on
SrF2 as a function of oxygen partial pressure in the gas at constant temperature gives
information on oxygen content of the compounds present at the electrodes. The chemi
potentials of Bi2O3 in two-phase fields of the pseudobinary Bi2O3 –SrO are measured
using cells incorporating (Y2O3)ZrO2 as the solid electrolyte. The standard free energies
of formation of the ternary oxides are calculated independently using emfs of different
cells. The independent assessments agree closely; the maximum difference in the valu
DG±

f (Bi2mSrnOp)y(m 1 n) is 6 350 Jymol of component binary oxides. The results are
discussed in the light of the phase diagram and compared with calorimetric and chemi
potential measurements reported in the literature. The combined use of emf data from
cells incorporating fluoride and oxide electrolytes enhances the reliability of derived da
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I. INTRODUCTION

As a part of the systematic studies on phase eq
libria and thermodynamic properties of the quatern
system Bi–Ca–Sr–Cu–O which contains several sup
conducting oxides, measurements have been made o
ternary system Bi–Sr–O. Phase diagrams provide in
pensable guidelines for the control of impurity phases
the preparation of highTc oxides. Thermodynamic dat
on subsystems are fundamental inputs for computatio
phase equilibria in a multicomponent oxide system a
function of temperature and partial pressure of oxyg
Because of their high oxygen-ion conductivity, Bi2O3-
based solid solutions are also of interest as electrol
for solid oxide fuel cells.

The phase diagram for the system Bi2O3 –SrO has
been investigated by a number of researchers. Guille
et al.1 and Conflantet al.2 used high temperature x-ra
diffraction (HTXRD) and differential thermal analysi
(DTA) to establish phase relations in the pseudobin
system in air. The diagrams proposed are very sim
and are probably based to a large extent on a c
mon database. Conflantet al.2 have slightly altered the
phase transition temperature ofb-phase. Hence, only

a)Address correspondence to this author.
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the most recent paper2 will be referred to in further
discussions. Levin and Roth3 used HTXRD to study
Bi2O3-rich solid solutions. XRD on quenched sample
was employed by Rothet al.,4 Hwang et al.,5 and
Vstavskayaet al.6 to map the phase diagram in air. Phas
diagrams of Rothet al.4 and Hwanget al.5 also appear
to be based on the same experimental informatio
DTAyTGA (thermogravimetric analysis) and XRD wer
employed by Abbattistet al.7 to study phase relations
for SrO-rich compositions in pure O2, air, and silica
ampules sealed under vacuum. Jacob and Mathe8

have investigated the ternary system BiO1.5–SrO–CuO
at 1123 K in pure O2 at ambient pressure. Slobodin
et al.9 have investigated the ternary system in the r
gion Bi2O3ySrO . 0.5 in air at 1023 K. Strictly, this
diagram is a projection of phase relations in the terna
Bi2O3 –SrO–O (PO2  2.12 3 104 Pa) from the oxy-
gen apex onto the Bi2O3 –SrO isopleath. The diagram
shows that the phases that will appear if compositio
along the Bi2O3 –SrO pseudobinary are equilibrated i
air. Phase relations in the binary Bi2O3 –SrO under
the specified conditions can be obtained from the
studies on the ternary system. A review of the report
ternary compounds indicates that several of these con
excess oxygen and do not lie on the Bi2O3 –SrO join
of the ternary system Bi–Sr–O. Although there a
 1998 Materials Research Society 1905
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some common features in the results obtained by var
investigators, there are differences in the stability ran
of many phases. Among the important differences
the extended stability ofb-phase and reduced stabilit
of Bi2SrO4 in the phase diagram of Conflantet al.2

compared to that of Hwanget al.5 Normally, HTXRD
used by the first group of researchers2 is more reliable
for mapping high temperature phase relations than ro
temperature XRD of quenched samples employed
the second group.5 However, because of the volatilit
of Bi2O3, the sample composition can change duri
prolonged high temperature exposure unless special
tainment techniques are employed.8 More recent work by
Vstavskayaet al.6 is in better agreement with the pha
diagram proposed by Hwanget al.5 An evaluated “phase
diagram” for the system Bi2O3 –SrO in air is displayed
in Fig. 1 to provide a focus for discussion. Strictly, th
diagram is a projection of phase relations in the tern
Bi2O3 –SrO–O (PO2  2.123 104 Pa) from the oxygen
apex onto the Bi2O3 –SrO isopleath. The diagram show
the phases that will appear if compositions along
Bi2O3 –SrO pseudobinary are equilibrated in air. Pha
relations for XSrO . 0.67 are primarily based on th
results of this study. Crystallographic information on t
compounds is summarized in Table I.

The solubility of SrO in low temperaturea –Bi2O3

appears to be negligible.2 Hwanget al.5 indicate a small
solubility of SrO in a –Bi2O3, without experimental
evidence. There is considerable solubility of SrO
d–Bi2O3,1–5 but the solid solution range is less extensi

FIG. 1. Projection of phase relations in the system Bi2O3 –SrO–O in
air onto the Bi2O3 –SrO isopleath.
1906 J. Mater. Res., Vol.
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than for the corresponding Bi2O3 –CaO system.10 The
b-phase with a rhombohedral unit cell extends from
XSrO ø 0.2 to XSrO ø 0.42 at 1000 K5,6 and melts
congruently at 1225 K.5,6 The b-phase exists in two
forms; the high temperature formb1 is stable above 906
to 987 K, depending on composition.2 The high tempera-
ture phase exhibits high oxygen ion conductivity,11 but
cannot be retained at room temperature by quenching

Conflant et al.2 found that the compound Bi2SrO4

decomposes tob1 and g at 1053 K using HTXRD.
According to Hwanget al.,5 the compound Bi2SrO4

undergoes a phase transition to a high temperature for
with slightly lower SrO content at 1098 K. The high
temperature form decomposes to liquid andg-phase at
1213 K. Zinkevichet al.12 report melting of stoichio-
metric Bi2SrO4 at 1214 K. Jacob and Mathews8 identi-
fied the compound in samples quenched from 1123 K
Vstavskayaet al.6 show the decomposition of Bi2SrO4

to b and Bi2Sr2O5 at 1188 K. Emf results obtained in
this study suggest congruent transformation of Bi2SrO4

to b1 solid solution. The rhombohedral solid solution
(b1) cannot be quenched to room temperature withou
crystallization of Bi2SrO4. At higher temperatures the
compound composition enters the two-phase fieldb 1

g. If Bi 2SrO4 decomposed tob1 andg as proposed by
Conflant et al.,2 it should have been possible to retain
the high temperature two-phase structure by quenchin
Figure 1 is based on the findings of Conflantet al.2

and results of this study, both of which are based o
high-temperature measurements.

There is general agreement on the stability range o
the g-phase and the upper stability limit of Bi2Sr2O5.2,5

The compound Bi2Sr2O5 decomposes tog and Bi2Sr3O6

at 1206 K. The unit cell of Bi2Sr2O5 has orthorhom-
bic symmetry, but there is variability in the reported
space group.1,4,21 Torardi et al.21 found evidence for
the existence of a superlattice along thec-direction in
long exposure precession photographs of single crysta
They attributed the superlattice to the ordering of oxyge
vacancies and the resultant replacement of Bi atom
Conflantet al.2 suggest decomposition of the compound
Bi2Sr2O5 to Bi2SrO4 and SrO at 913 K. This is not
supported by the studies of Abbattistaet al.7 who show
the presence of two other stable phases Bi4Sr6O15 and
Bi2Sr6O11 between Bi2Sr2O5 and pure SrO. The phase
relations shown in Fig. 1 for XSrO . 0.67 are based
on the results obtained in this study; supported by th
findings of Abbattistaet al.7

The compound Bi2Sr3O6 decomposes to liquid and
SrO at 1483 K.5 There is controversy on the low tem-
perature stability limit of Bi2Sr3O6. Conflantet al.2 indi-
cate the compound is stable only above 1083 K, where
Hwang et al.5 show the compound to be stable down
to 973 K. Abbattistaet al.7 show the low temperature
stability limit as 873 K in pure O2, but the decomposition
13, No. 7, Jul 1998
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TABLE I. Crystallographic data on compounds in the system Bi–Sr–O.

Lattice parameters

Compound a (nm) b (nm) c (nm) a b g Structure Ref.

a – Bi2O3 0.5849 0.8165 0.7510 112.98± Monoclinic, P21/C 14
d – Bi2O3 (T  1047 K) 0.5660 Cubic,Fm3m 14
SrO 0.5160 Cubic,Fm3m 15
SrO2 0.3563 0.6616 Tetragonal,I4ymmm 16
BiSr2 0.5012 1.7683 Tetragonal,I4ymmm
b–solid solution (XSrO  0.4)

b2

T  300 K 0.3970 2.8540 120± Rhombohedral,R3m 18
T  600 K 0.3983 2.8690 120± Rhombohedral,R3m 18

b1

T  1050 K 0.4011 2.9011 120± Rhombohedral,R3m 18
b2, XSrO

0.25 0.3976 2.8102 Rhombohedral,R3m 19
0.33 0.3967 2.8300 19
0.40 0.3968 2.8481 19

Bi2SrO4 1.9300 0.4358 0.6106 94.80± Monoclinic, C2ym 20
g solid solution 1.3239 0.4257 Tetragonal,I4ym 1
Bi2Sr2O5 1.4261 0.6160 0.7642 Orthorhombic,Pnma 21

1.4293 0.6172 0.7651 Orthorhombic,Pcmm 1, 22
1.4307 0.6171 0.3826 Orthorhombic,Cmcm 4, 23

Bi2Sr3O6 1.2526 1.8331 120± Rhombohedral,R3m 4
Bi4Sr6O15 1.7236 1.7102 1.1875 Orthorhombic 7
Bi2Sr6O11 1.6933 1.6648 Tetragonal 7

0.6009 0.8372 Tetragonal,I4ym 24, 25
0.6009 5.8663 120± Rhombohedral 4
1.7147 1.6758 1.6998 Orthorhombic 6, 26
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involves a four-phase equilibrium.7 Abbattistaet al.7 also
suggest the presence of an oxygen-rich compound w
the same BiySr ratio (Bi4Sr6O15) which is stable below
,973 K. The formation of this oxygen-rich compoun
also involves a four-phase equilibrium. The occurren
of two four-phase equilibria in such close proximit
is rather unlikely. Hwanget al.5 have identified a new
compound Bi2Sr6O9 which was not detected by Conflan
et al.2 The compound has also been identified by Jac
and Mathews8 at 1123 K. More recent studies, howeve
show that this compound has excess oxygen and can
represented as Bi2Sr6O11.7,13 The BiySr ratio is identical
for both designations. The excess oxygen was detec
using TGA and DTA. The compound Bi2Sr6O11 was
found to decompose to Bi2Sr3O6, SrO, and O2 between
1293 K and 1363 K.7,13 There is a phase transition assoc
ated with this compound at 673 K.2 The low temperature
form appears to have tetragonal symmetry,7,24,25although
reported cell parameters show discrepancies. The hi
temperature form of Bi2Sr6O11 can be quenched to room
temperature. At moderate cooling rates both the high a
low temperature forms may be present in the samp
making the determination of the correct crystal structu
more difficult.

Baek and Virkar27 have used galvanic cells with SrF2

solid electrolyte to determine the activity-compositio
relationship in the system Bi2O3 –SrO in the temperature
J. Mater. Res., Vol.
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range 850–975 K. Surprisingly, measurements on ele
trodes with average compositions in the range 0.59,

KSrO , 0.8 gave approximately the same emf. Accordin
to Fig. 1, these compositions should fall in at least tw
separate phase fields. The emf data of Baek and Virka27

are not sufficient to derive free energies of formation o
interoxide compounds. Idemotoet al.28 have measured
the enthalpies of formation of six compositions whic
correspond to compounds Bi2SrO4, Bi2Sr2O5, Bi2Sr3O6,
Bi2Sr6O11, and solid solutionsb and g. The Bi ion
was found to be in the trivalent state by titration in
all the samples. This conflicts with other information
which indicates that Bi is in the pentavalent state i
the compound Bi2Sr6O11.7,13,29 A reinvestigation of the
ternary system Bi–Sr–O, with emphasis on the therm
dynamic properties, would be useful to resolve th
discrepancies reported in the literature. Phase equilib
under different conditions can be readily computed fro
the thermodynamic data.

Measurement strategy: Combined use of oxide
and fluoride electrolytes

The activity of SrO in various phase fields of the
system Bi–Sr–O can be measured as a function
temperature using solid-state cells based on SrF2 under
controlled partial pressure of oxygen. The electroly
13, No. 7, Jul 1998 1907
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SrF2 is a fluoride ion conductor with transport numbe
tF 2 0.99. The emf of a cell based on SrF2 is directly
related to the difference in the chemical potential of F2

at the two electrodes. The chemical potential of fluorin
is established at each electrode by the exchange reac

SrF2 1
1
2

O2 °! SrO 1 F2 , (1)

where SrO is present at unit activity at the reference el
trode and at reduced activity at the working electrod
To obtain free energies of formation of interoxide com
pounds from the emf data, Gibbs–Duhem integrati
across the single-phase field ofb is necessary. Accurate
measurement of the chemical potential of SrO in sing
phase field is rather difficult, since the working electrod
in such a case is monovariant. Small perturbations d
ing measurement can cause changes in emf. Hig
accuracies are obtained when chemical potentials
two-phase fields are measured under controlled oxyg
partial pressure, since equilibria defining potentials at t
electrodes are then invariant at constant temperature
total pressure.

Information on oxygen nonstoichiometry or oxyge
content of ternary oxides can be obtained by meas
ing the emf of cells based on SrF2 as a function of
oxygen partial pressure at the electrodes at const
temperature.30,31 This technique is helpful in determining
excess oxygen in some ternary oxides present in
system Bi–Sr–O.

In principle, the standard free energy of formatio
of interoxide compounds can be obtained from mea
urements of the activity of Bi2O3 in various phase fields
starting from the SrO side. The accuracy of such me
urements decreases as one moves progressively tow
compounds richer in Bi2O3. For example, to obtain the
free energy of formation of Bi2SrO4 at 1050 K, emf of
four cells involving phase fields SrO1 Bi2Sr3O6 1 Bi,
Bi2Sr3O6 1 Bi2Sr2O5 1 Bi, Bi2Sr2O5 1 g-phase1 Bi,
andg-phase1 Bi2SrO4 1 Bi have to be combined with
the consequent accumulation of errors.

The inaccuracies introduced by Gibbs–Duhem int
gration across theb-phase field and combining emf o
several cells can be overcome by independent meas
ments of the activity of both SrO and Bi2O3 in two-phase
fields using different kinds of solid-state cells. The fre
energy formation of each ternary oxide lying on th
Bi2O3 –SrO join can then be obtained from activitie
of SrO and Bi2O3 in two-phase fields on either side o
the compound under consideration. For the compou
Bi2mSrnO3m1n, the standard Gibbs energy of formatio
from component oxides is given by:

DG0
f,0x  mDmBi2O3 1 nDmSrO

 RTsm ln aBi2O3 1 n ln aSrOd , (2)
1908 J. Mater. Res., Vol.
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where values for chemical potentials and activities ar
those in equilibrium with the compound. Two values
for the free energy of formation of each compound
are obtained when activities of both components ar
measured in all the two-phase fields of the pseudobina
system Bi2O3 –SrO, thus providing an independent check
on the accuracy of measurements. The standard Gib
energies of formation of phases that contain exces
oxygen and lie above the Bi2O3 –SrO join are obtained
from measurements on cells based on SrF2, relative
to values for Bi2Sr3O6 and Bi2Sr2O5. Measurements
are made on more than the minimum number of cell
required to obtain thermodynamic data on compound
and solid solutions, so that the derived information ca
be cross-checked for internal consistency. For the corre
design of galvanic cells, phase relations in the ternar
system Bi–Sr–O should be known. Hence, a study o
the isothermal section of the phase diagram at 1050
is undertaken first.

II. EXPERIMENTAL

A. Materials

Starting materials used for the preparation of inter
oxide compounds in the system Bi2O3 –SrO were
fine powders of Bi2O3 and SrCO3, each of 99.99%
purity, obtained from Johnson Matthey Chemicals Ltd
Anhydrous SrCO3 contained in a platinum crucible was
decomposed under vacuum at 1073 K to SrO. The Sr
thus formed was found to be highly reactive. Fine pow
ders of the component oxides were mixed in appropria
stoichiometric ratio, pelletized at,20 MPa, contained in
Pt crucible, and sealed in quartz ampules under reduc
pressure of,2 3 104 Pa. The ampules were heated a
1073 K for ,50 h and at 1173 K for,25 h. Formation
of interoxide compounds Bi2SrO4, Bi2Sr2O5, Bi2Sr3O6,
Bi2Sr6O11, b-phase (0.123, XSrO , 0.423), and
g-phase (0.605, XSrO , 0.635) was confirmed by
x-ray diffraction. The compound Bi4Sr6O15 was obtained
by heating Bi2Sr3O6 in pure oxygen at ambient pressure
at 920 K for ,6 h. The compound Bi14Sr24O52 was
obtained from component oxides only when heated i
pure oxygen at,1050 K.

Alloys and intermetallic compounds in the system
Bi–Sr were made by melting or reacting together pur
metals in closed iron crucibles under flowing Ar gas. Th
metals were 99.9% pure. High purity Ar gas used wa
dehydrated by passing through anhydrous MgClO4 and
P2O5, and deoxidized by passing through Cu turnings a
750 K and Ti granules at 1150 K.

Optical grade single-crystal SrF2 pellets of 5 mm
thickness and 10 mm diameter were obtained from
Aldrich Chemicals. Yttria-stabilized zirconia crucibles
contained approximately 8 mol % Y2O3. High purity O2

gas (99.999%) was passed over CuO at 800 K to conve
13, No. 7, Jul 1998
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residual CO and H2 to CO2 and H2O, respectively. CO2
was absorbed by passing the gas through NaOH. T
gas was subsequently dried by passage through colu
containing silica gel, anhydrous MgClO4, and P2O5. Gas
mixtures containing Ar and O2 were prepared by mixing
metered streams of the two gases. Mass-flow control
were used to meter each gas fed into a mixing tow
filled with glass beads.

B. Phase relations in the system Bi–Sr–O

Phase relations at 1050 K were explored
equilibrating different mixtures of alloys and compound
for ,100 h, followed by quenching in chilled Hg an
phase identification using optical microscopy, XRD
and EDAX. Preliminary experiments indicated th
,60 h was sufficient to attain equilibrium. Furthe
heat treatment did not change the composition
the samples. Samples containing oxides were held
closed stabilized-zirconia crucibles. Each sample pe
was placed on a small presintered sacrificial pel
of the same composition. The zirconia crucibles we
sealed in quartz ampules under a reduced pressur
,2 3104 Pa. Samples containing oxide mixtures we
also equilibrated under pure oxygen at a pressure
1.01 3 105 Pa to check for the presence of phas
containing excess oxygen. The mass of each sam
was determined before and after equilibration. Mixtur
containing metallic phase were equilibrated in clos
iron containers kept under prepurified inert gas flowin
at a rate of,3 mlys. Phase composition of quenche
samples was determined using XRD, SEM, and EDA
For accurate determination of composition using EDA
the electron beam was focused at the center of gra
larger than 10mm. The composition was found to b
invariant across large grains. Different grains belongi
to the same phase had identical composition. Pure hi
density pellets of SrO and Bi2O3 were used as standards
To check for the attainment of equilibrium, sample
of the same overall composition were prepared us
different starting materials. Approach to equilibrium
was thus verified from different directions.

C. Emf measurements on cells based on
(Y2O3)ZrO2 as the solid electrolyte

A schematic diagram of the cell used is shown
Fig. 2. The reference electrode consisting of an eq
molar mixture of Bi and Bi2O3 powders was contained in
a stabilized-zirconia crucible with an Os wire embedd
in the mixture. The metal Os was found to be inert
liquid Bi and its oxides. A mixture of Bi and Bi2O3 was
tightly packed inside the crucible by ramming with
steel rod. The crucible was covered with a stabilize
zirconia lid. The contacting surface of the crucible an
the lid were polished using diamond paste. The Os le
J. Mater. Res., Vol. 1
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FIG. 2. Schematic diagram of the cell used for emf measureme
employing (Y2O3)ZrO2 as the solid electrolyte.

was taken out through a small hole in the lid. Th
aperture was sealed with a zirconia-based cement.

The working three-phase electrode was contained
a larger zirconia crucible. The electrode was prepar
by taking Bi and two coexisting oxide phases belongin
to the pseudobinary system Bi2O3 –SrO in the molar
ratio 1 : 1.5 : 1.5. The mixture was pelletized at,20 MPa
pressure before placing in the zirconia crucible. Althoug
Bi metal was liquid at the temperatures of measureme
it did not segregate at the bottom of the container. Fi
droplets of liquid Bi in the pellet were held by surfac
tension forces between surrounding oxide grains. T
smaller zirconia crucible containing the reference ele
trode was pressed down against the three-phase elect
pellet by a system of alumina tubes, slabs, and sprin
The annular space between the two zirconia crucib
was packed with the three-phase mixture, compositi
of which was identical to that of the working electrode
The outer solid electrolyte crucible was also closed wi
a lid containing a circular hole in the center and a
aperture for Os wire contacting the working electrod
The Os wires were connected to Pt leads outside ea
crucible. Since both OsyPt junctions were at the same
temperature, there was no thermoelectric contribution
the cell emf. The cell assembly shown in Fig. 2 wa
placed inside a vertical alumina tube and suspend
in the even-temperature zone (61 K) of a resistance
furnace. A stainless steel sheet was wrapped arou
the alumina tube and earthed to minimize induced e
on cell leads. The top and bottom ends of the vertic
alumina tube enclosing the cell were closed with bra
3, No. 7, Jul 1998 1909
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caps. The brass caps were provided with a gas i
and outlet and insulated provision for electric leads. T
alumina tube was flushed with pre purified Ar gas a
flow rate of,3 mlys. The emf developed between the
leads was measured using a high impedance voltme
Temperature of the cell was measured by a PtyPt-13%
Rh thermocouple placed adjacent to the zirconia crucib
The temperature was controlled to61 K.

The emf of the following cells were measured as
function of temperature:

Pt, Os, SrO1 Bi 2Sr3O6 1 BijsY2O3d ZrO2j

Bi 1 Bi 2O3, Os, Pt, (I)

Pt, Os, Bi2Sr3O6 1 Bi 2Sr2O5 1 BijsY2O3d ZrO2j

Bi 1 Bi 2O3, Os, Pt, (II)

Pt, Os, Bi2Sr2O5 1 Bi 2SrO4 1 BijsY2O3d ZrO2j

Bi 1 Bi 2O3, Os, Pt, (III)

Pt, Os, Bi2SrO4 1 b-phase1 BijsY2O3d ZrO2j

Bi 1 Bi 2O3, Os, Pt. (IV)

The reversibility of emfs was checked by micro
coulometric titration in both directions. Emf was foun
to return to the same value after each titration. T
chemical potentials at the electrodes were altered
essentially an infinitesimal amount during each titratio
Since the chemical potentials returned to the same va
after very small displacements in opposite directio
attainment of equilibrium was demonstrated. Emfs we
independent of the flow rate of Ar gas (2 to 5 mlys)
around the cell and reproducible on temperature cycli
After each emf run electrodes were examined by x-r
diffraction. No significant change in the phase compo
tion of the electrodes was noted.

D. Emf measurements on cells based on SrF 2 as
the solid electrolyte

A schematic diagram of the cell assembly incorp
rating SrF2 as the electrolyte is shown in Fig. 3. Th
electrode pellets were spring-loaded on either side o
transparent single crystal of SrF2, with a thin Pt gauze
placed between each electrode and the solid electro
Pt wires, spot-welded to the Pt gauze on either s
of the electrolyte, provided electrical leads to a hi
impedance voltmeter (1013 V). The pellets were held
together under pressure through a system consistin
springs, an alumina rod, and a flat-bottomed alum
tube with a section cut away parallel to its axis
shown in the figure. Direct contact of the electro
pellets with alumina rod or tube was prevented
inserting Pt foils between them. The cell was maintain
under dry flowing O2 at a pressure of 1.013 105 Pa.
1910 J. Mater. Res., Vol.
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FIG. 3. Schematic diagram of the apparatus used for emf measure
ments on cells based on single-crystal SrF2 as the electrolyte.

In preliminary experiments, transparent SrF2 crystals
were found to become translucent during the run. Fine
opaque precipitates appeared on the outer surface of Sr2

crystals. These precipitates were identified by selecte
area electron diffraction as SrO. They apparently formed
by the reaction of the crystal with residual moisture in
the gas:

SrF2ssd 1 H2Osgd °! SrOssd 1 2 HFsgd . (3)

The precipitation of SrO was minimized by degassing the
alumina tubes and rods under vacuum and by using a
improved drying procedure for O2 gas. It can be shown
from thermodynamic considerations32 that SrF2 will not
react with dry O2 to form SrO and F2 at h(PF2yP0)j .

10210 unless the chemical potential of SrO is very low
(DmSrO , 2360 kJymol at 1100 K).

The emfs of the following cells were measured as a
function of temperature:

Pt, O2, SrOjSrF2jBi 2Sr6O11 1 Bi 2Sr3O6, O2, Pt,

(V)

Pt, O2, SrOjSrF2jBi 2Sr6O11 1 Bi 14Sr24O52, O2, Pt,

(VI)

Pt, O2, SrOjSrF2jBi 2Sr6O11 1 Bi 4Sr6O15, O2, Pt,

(VII)

Pt, O2, SrOjSrF2jBi 2Sr3O6 1 Bi 2Sr2O5, O2, Pt,

(VIII)
13, No. 7, Jul 1998
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Pt, O2, SrOjSrF2jBi 14Sr24O52 1 Bi 2Sr2O5, O2, Pt,

(IX)

Pt, O2, SrOjSrF2jBi 4Sr6O15 1 Bi 2Sr2O5, O2, Pt,

(X)

Pt, O2, SrOjSrF2jBi 2Sr2O5 1 g-phase, O2, Pt,

(XI)

Pt, O2, SrOjSrF2jBi 2Sr2O5 1 Bi 2SrO4, O2, Pt,

(XII)

Pt, O2, SrOjSrF2jg-phase1 Bi 2SrO4, O2, Pt,

(XIII)

Pt, O2, SrOjSrF2jBi 2SrO4 1 b-phase, O2, Pt,

(XIV)

Pt, O2, SrOjSrF2jb-phase1 g-phase, O2, Pt,

(XV)

Pt, O2, SrOjSrF2jb-phase1 a-phase, O2, Pt.

(XVI)

Since SrO, SrF2, and O2 gas must be in contact to fix th
fluorine potential, SrF2 powder was added to SrO in th
preparation of the reference electrode pellet. Similar
SrF2 was also added to the measuring electrode pe
Pellets were prepared by mixing component oxides a
SrF2 in 1 : 1 : 0.5 molar ratio, compacting at,20 MPa
and sintering in prepurified O2 gas. The emf of each cel
was first measured as a function of temperature un
pure oxygen. Then, the emf was measured as a func
of oxygen partial pressure in the gas phase at sele
temperatures. The partial pressure was controlled us
Ar 1 O2 mixtures. In all cases, the same partial press
of oxygen was maintained at both electrodes.

Each cell exhibited reproducible emfs only in
limited temperature range. The time required to obt
steady emf varied from,20 h at 880 K to,2 h at
1200 K. Reversibility of the cells was checked usin
microcoulometry, temperature cycling, and varying t
gas flow rate over the electrodes.
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III. RESULTS AND DISCUSSION

A. Phase relations

An isothermal section of the phase diagram of
the system Bi–Sr–O at 1050 K composed from the
results of this study is shown in Fig. 4. The bulk
compositions of the samples analyzed are shown by cros
marks. Twenty-five compositions were analyzed. The
hatched composition ranges represent solution phase
All the oxygen-saturated liquid alloys and intermetallic
compounds along the binary Bi–Sr were found to be
in equilibrium with pure SrO. The oxygen solubility in
the alloys was negligible. The oxygen chemical potentia
is expected to increase with concentration of Bi in
the alloy in the two-phase fields involving the alloy
and SrO. In three-phase fields, the oxygen potentia
has to be constant at a fixed temperature according t
the phase rule. The compositions of all the compound
and solid solutions were confirmed by EDAX. The
information obtained from XRD was consistent with
crystallographic data in Table I. The ternary oxides
Bi2Sr3O6, Bi2Sr2O5, Bi2SrO4, and solid solutionsd, b,
andg were in equilibrium with pure Bi metal. The Bi ion
was found to be in the trivalent state in these interoxide
compounds and solid solutions. It is therefore possible t
equilibrate the coexisting phases along the pseudobina
Bi2O3 –SrO with metallic Bi to fix the oxygen chemical
potential which can be measured accurately using a
oxide electrolyte. The interoxide compounds Bi2Sr6O11,
Bi14Sr24O52, and Bi4Sr6O15 were in equilibrium with
pure O2 gas. These oxides were not in equilibrium
with alloys or intermetallics. The classical iodometric

FIG. 4. Isothermal section of the phase diagram for the system
Bi–Sr–O at 1050 K composed from the results of this study. The
average composition of sample examined is shown by X.
13, No. 7, Jul 1998 1911
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method indicated that all the Bi ions in Bi2Sr6O11,
50% of the Bi ions in Bi14Sr24O52, and 75% of the
Bi ions in Bi4Sr6O15 were pentavalent. The ordering o
pentavalent Bi ions in these structures requires furth
study. The compound Bi2Sr6O11 was found to coexist
with Bi2Sr2O5 at reduced partial pressure in seale
capsule experiments: Bi14Sr24O52 does not coexist with
Bi2Sr3O6 at 1050 K. Additional information on phase
relations and stoichiometry of oxides obtained from em
measurements are discussed in Sec. III. C.

B. Chemical potential of Bi 2O3

The reversible emfs of cells I to IV are plotted a
a function of temperature in Fig. 5. The emfs of cells
to IV exhibit a change of slope at 1003(61) K. This is
related to thea ! d transformation of Bi2O3 in the
reference electrode. The average value of the entha
of transformation deduced from the change in slope
emf is 30.6(60.5) kJymol at 1003 K. The emf of cell IV
exhibits a second change of slope at 904 K, related to
phase transition of theb-phase. The enthalpy of transi
tion for the composition Bi1.16Sr0.42O2.16 is 8.9(62) kJy
mol. Within experimental uncertainty limits, the emf
of cells I to IV can be expressed as linear function
of temperature over most of the range, with changes
slope as identified in the figure. The change in slo
is due to phase transition of one of the constituen

FIG. 5. Emf of cells I to IV based on (Y2O3)ZrO2 as a function of
temperature.
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of the electrodes. Expressions for the emf obtained b
a least-squares regression analysis are summarized
Table II. Uncertainty estimates correspond to twice the
standard deviation. The emf of cell IV forT . 1050 K
is nonlinear, suggesting that the composition of the
b-phase in equilibrium with Bi2SrO4 changes rapidly
with temperature. The activity or chemical potential of
Bi2O3 in various two-phase fields in the pseudobinary
system Bi2O3 –SrO can be deduced from the emfs of
cells I to IV. The emf is directly related to the chemical
potential of Bi2O3 by the relation,

26FE  DmBi2O3  RT ln aBi2O3 . (4)

The derived chemical potentials relative toa –Bi2O3 as
the reference state are given in Table III.

C. Chemical potential of SrO

The variation of emfs of cells V to XV, operated
under pure O2, with temperature is displayed in Fig. 6.
Reproducible emfs were obtained only in a limited tem-
perature range for each cell. This may be related t
the instability of one or more phases present at th
electrodes. Some evidence for decomposition was ob
tained from XRD analysis of electrode pellets after
emf measurements. The emfs of the cells, except fo
cells XI and XIV, vary linearly with temperature. The

TABLE II. Emf of cells based on (Y2O3)ZrO2.

Cell E (mV) Temperature (K)

I 189.5 2 1.49 3 1023 T (61.0) 840 – 1002
242.22 5.43 3 1022 T (60.5) 1002 – 1090

II 197.0 2 7.40 3 1022 T (60.9) 840 – 1004
249.92 1.27 3 1021 T (60.4) 1004 – 1090

III 39.5 2 2.10 3 1022 T (60.9) 840 – 1002
92.3 2 3.17 3 1022 T (60.3) 1002 – 1038

IV 79.8 2 5.39 3 1022 T (60.8) 840 – 906
227.01 6.403 1022 T (60.5) 906 – 1002

Nonlinear: 37 (1020 K), 1002 – 1090
37 (1040 K), 38.3 (1060 K),
40.5 (1080 K), 42.5 (1090 K)

TABLE III. Chemical potential of Bi2O3 in two-phase fields of the
pseudobinary system Bi2O3 –SrO relative toa –Bi2O3.

Phase field DmBi2O3 , Jymol

SrO 1 Bi2Sr3O6 2109,7151 0.86 T (6580)
Bi2Sr3O6 1 Bi2Sr2O5 2114,0601 42.84T (6520)
Bi2Sr2O5 1 Bi2SrO4 222,8702 12.16T (6520)
Bi2SrO4 1 b2 246,1901 31.18T (6470)
Bi2SrO4 1 b1 15,6202 37.04T (6300)

h840 – 1002 Kj
3, No. 7, Jul 1998
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FIG. 6. Emf of cells V to XIV based on SrF2 operated under pure
O2 as a function of temperature.

nonlinear variation of the emf of cell XI is probably
related to the change in composition of theg-phase with
temperature. The highly nonlinear variation of the em
of cell XIV above 1000 K suggests significant chang
in the composition ofb1-phase with temperature. The
results for cell XIV suggest congruent transformatio
of Bi2SrO4 to b1 at 1100(65) K. Emfs of cells V and
VI cross over at 1083(63) K, indicating decomposition
of Bi14Sr24O52 to Bi2Sr3O6 and Bi2Sr6O11 at higher
temperatures in pure O2. Similarly, emfs of cells
VI and VII cross over at 928(63) K, signaling
the decomposition of Bi14Sr24O52 to Bi4Sr6O15 and
Bi2Sr6O11 in pure oxygen. It is interesting to note that th
stable emfs of cells V, VI, and VII are obtained,20 K
above and below the stability domain of the phas
involved. This suggest that metastable equilibriu
exists at the electrodes, aided by the slow rate
decomposition of unstable phases. The lower tempe
ture limit for the stability of Bi2Sr3O6 is indicated
by the intersection of the emfs of cells VIII and
IX. Below 1073(63) K, Bi2Sr3O6 decomposes to
Bi14Sr24O52 and Bi2Sr2O5 in pure O2. The compound
Bi4Sr6O15 decomposes to Bi2Sr2O5 and Bi14Sr24O52

above 938(63) K in O2, as suggested by the interactio
J. Mater. Res., Vol. 1
f
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of the emfs of cells IX and X. The stability fields
of Bi2Sr6O11, Bi2Sr3O6, Bi14Sr24O52, and Bi4Sr6O15

are clearly delineated by the emfs of cells V to X
in Fig. 6. Phase relations in the ternary system B
Sr–O in pure oxygen can be deduced from the em
measurements using cells based on SrF2 as the solid
electrolyte. A projection of phase relations in th
ternary Bi2O3 –SrO–O (PO2  1.01 3 105 Pa) from
the oxygen apex on the Bi2O3 –SrO isopleath is shown
in Fig. 7 for XSrO . 0.45. All the phases in the ternary
Bi2O3 –SrO–O in pure oxygen will be seen on the
projection. The decomposition temperature of SrO2 is
calculated from thermodynamic data.32 Clearly, phase
relations in pure oxygen are substantially different from
that in air (Fig. 1). The compound Bi14Sr24O52 has a
small stability range in pure oxygen, but is unstable
air. The change in slope of the emf-temperature pl
for Bi2SrO4 1 Bi2Sr2O5 and Bi2SrO4 1 b phase fields
(cells XII and XIV, respectively) at 1098 K is related
to phase transition of Bi2SrO4. The enthalpy of phase
transition calculated from emf data is 4.83(61) kJymol.

FIG. 7. Projection of phase relations in the system Bi2O3 –SrO–O in
pure oxygen at ambient pressure onto the Bi2O3 –SrO isopleath.
3, No. 7, Jul 1998 1913
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D. Oxygen content of ternary oxides

If the ternary oxides present at the electrodes exh
oxygen nonstoichiometry or contain excess oxygen
compensate for the presence of higher valent catio
emfs of cells with fluoride electrolytes will vary with
the partial pressure of oxygen over the electrodes.30,31

The emfs of cells V, VI, VII, IX, and X were found
to be dependent on oxygen partial pressure in the
phase over the electrodes. The emfs of the other c
incorporating SrF2 were independent of oxygen partia
pressure. Figure 8 shows the variation of emf of cell
with the logarithm of partial pressure at 1150 K. Em
can be represented by the expression,

E  45.02 1 38.15 log sPO2yP±d , (5)

whereP± is the standard atmospheric pressure. The e
is zero whenlogsPO2yP±d  21.18, indicating that SrO
is present as a separate phase at unit activity below
value of partial pressure.

The activity of SrO at the working electrode o
cell V is defined by the equation:

Bi 2Sr6O11 °! Bi 2Sr3O6 1 3SrO 1 O2 . (6)

When Bi2Sr6O11 and Bi2Sr3O6 are present at unit activ
ity, the activity of SrO at the electrode and hence t
emf are functions of the oxygen partial pressure. T

FIG. 8. Variation of the emf of the cell V with partial pressure o
oxygen over the electrodes at 1150 K.P±  1.01 3 105 Pa.
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slope of the line in Fig. 8 is a measure of the numbe
of moles of gaseous oxygen involved in the electrod
reaction, which in turn depends on the oxygen conten
of the ternary oxides. If the oxygen content of Bi2Sr6O11

is considered to be unknown, the compound may b
represented as Bi2Sr6O91x . Then ≠Ey≠ (logPO2 ) would
be given by (2.303x RTy12F). The value ofx can be
determined from the slope of the line in Fig. 8 as 2.007
Thus, the measurement of the emf of cell V as a functio
of the oxygen partial pressure confirms the stoichiometr
suggested in the literature and the valency of the Bi io
determined by iodometry. Further, the value of partia
pressure below which SrO precipitates as a separa
phase can be used to derive the standard free ene
change for reaction (6) at 1150 K, and cross-check th
free energy data obtained independently.

The variation of the emfs of cells VI and IX with
oxygen partial pressure at 1000 K is displayed in Fig. 9
The emfs of two cells converge at log(PO2yP±)  20.42,
suggesting decomposition of Bi14Sr24O52 to Bi2Sr2O5

and Bi2Sr6O11 below this partial pressure:

Bi 14Sr24O52 °! 4.5Bi 2Sr2O5

1 2.5Bi 2Sr6O11 1 O2 . (7)

The experimental determination of the partial pressur
provides an additional check on the Gibbs energies o
formation of the three ternary oxides involved. The
activity of SrO at the working electrodes of cells VI
and IX are defined by the equations:

Bi 14Sr24O52 1 18SrO 1 3.5O2

°! 7Bi 2Sr6O11 , (8)

FIG. 9. Variation of emfs of cells VI and IX with partial pressure of
oxygen over the electrodes at 1000 K.P±  1.01 3 105 Pa.
13, No. 7, Jul 1998
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Bi 14Sr24O52 °! 7Bi 2Sr2O5

1 10SrO 1 3.5O2 , (9)

respectively. When the two ternary oxides involved
each reaction are present at unit activity, the activ
of SrO and hence the emf are functions of oxyg
partial pressure. The values of≠Ey≠slog PO2 d obtained
by experiment are almost identical to values calcula
from Eqs. (8) and (9). The oxygen content of Bi14Sr24O52

is thus confirmed. Similar studies on the variation
emfs of cells VII and X with oxygen partial pressur
confirm the oxygen stoichiometry of Bi4Sr6O15.

Expressions for the emf of cells V and XV ob
tained by least-squares regression analysis are give
Table IV. When oxygen at the same partial pressure
present over both the electrodes, the relative chem
potential of SrO at the working electrode can be direc
obtained from the emf of cells incorporating SrF2 as the
solid electrolyte:

DmSrO  22FE . (10)

Equations for the chemical potential of SrO deduc
from emfs are presented in Table V.

E. Gibbs energies of formation of the interoxide
compounds and solid solutions

The standard Gibbs energies of formation of terna
oxides and solid solutions can be derived from the e
of the various cells. The overall plan of deployment
the emf data for deriving and cross-checking thermod
namic properties of various phases is shown in Fig.
The scheme is not unique. Thermodynamic properties
ternary phases can be calculated with slightly reduc

TABLE IV. Emf of cells based on SrF2.

Cell E (mV) Temperature (K)

V 344.5 2 2.60 3 1021 T (61.0) 1065 – 1245
VI 251.1 2 1.74 3 1021 T (60.5) 910 – 1100

VII 156.3 2 7.20 3 1022 T (60.5) 875 – 950
VIII 27.5 1 7.25 3 1022 T (60.6) 1090 – 1200

IX 266.2 2 1.83 3 1021 T (60.6) 940 – 1090
X 556.8 2 4.93 3 1021 T (61) 870 – 940

XI Nonlinear: 142 (1077 K), 1070 – 1170
133 (1101 K), 123 (1128 K),
114 (1155 K), 102 (1169 K)

XII 228.7 2 7.00 3 1022 T (61) 880 – 1030
XIII 2137.01 2.82 3 1021 T (60.5) 1040 – 1087
XIV 334.7 2 9.33 3 1022 T (61) 880 – 1005

Nonlinear:
234 (1038 K), 224.5 (1068 K), T . 1005
208 (1095 K)

XV Nonlinear:
172 (1114 K), 171 (1143 K), 1087 – 1200
170 (1175 K)

XVI 215.2 1 2.14 3 1021 T (62) 880 – 990
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TABLE V. Chemical potential of SrO in two-phase fields of the
system Bi–Sr–O in pure oxygen.

Phase field DmBi2O3 , Jymol

Bi2Sr6O11 1 Bi2Sr3O6 266,4851 50.18T (6200)
Bi2Sr6O11 1 Bi14Sr24O52 248,4601 33.58T (6100)
Bi2Sr6O11 1 Bi4Sr6O15 230,1651 13.90T (6100)
Bi2Sr3O6 1 Bi2Sr2O5 14502 13.99T (6120)
Bi14Sr24O52 1 Bi2Sr2O5 251,3751 35.32T (6120)
Bi4Sr6O15 1 Bi2Sr2O5 2107,4601 95.14T (6200)
Bi2Sr2O5 1 g-phase 227,405 (1077 K),

225,670 (1101 K),
223,740 (1128 K),
222,000 (1155 K),
219,685 (1169 K)

Bi2Sr2O5 1 Bi2SrO4 244,1401 13.51T (6200)
g-phase1 Bi2SrO4 26,4002 54.42T (6100)

h1040 – 1087 Kj
Bi2SrO4 1 b-phase 264,5951 18.01T (6200)

h880 – 1005 Kj,
245,160 (1038 K),
243,330 (1068 K),
240,140 (1095 K)

b-phase1 g-phase 233,195 (1114 K),
233,000 (1143 K),

232,810 (1075 K)
b-phase1 a-phase 241,5302 41.30T (6400)

h880 – 990 Kj

FIG. 10. Plan for the deployment of emf data on various cell
for deriving and cross-checking Gibbs energies of formation o
ternary oxides and solid solutions. The© sign indicates that Gibbs
energy of formation of the preceding phase is combined wit
measurements on the designated cell to obtain the properties
the following phase on the diagram.

accuracy using other combinations of emfs. The sta
dard Gibbs energy of formation of each ternary oxid
on the pseudobinary Bi2O3–SrO join can be computed
from the chemical potentials of Bi2O3 and SrO in phase
fields involving the compound. Thus, two values for th
free energy of formation can be derived from chemica
potentials of component binary oxides on either side
a ternary compound using Eq. (2). The two values fo
the Gibbs energy thus derived for each compound a
13, No. 7, Jul 1998 1915
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found to be in close agreement, indicating good intern
consistency. The maximum difference in the value
DG0

f(Bi2mSrnO3m1n)y(m 1 n) is 350 Jymol of compo-
nent binary oxides. The mean values for the integral fr
energy of formation of the interoxide compounds an
solid solutions are given in Table VI, except for Bi2SrO4.
For this compound, the value obtained from the emf
cells III and XII appear to be more consistent with th
properties of theg-phase and phase diagram than tho
derived from the emfs of cells IV and XIV. For the solid
solution phasesb andg, only one value is obtained from
emf at fixed composition and temperature.

Gibbs energies of compounds containing Bi51 ions
(Bi2Sr6O11, Bi4Sr6O15, and Bi14Sr24O52) are derived rela-
tive to those for Bi2Sr3O6 and Bi2Sr2O5 using emf
of cells based on SrF2, as indicated in Fig. 10. The
difference between the two sets of values calculat
for Bi4Sr6O15, according to the scheme in Fig. 10, i
,700 Jymol; for Bi14Sr24O52 the difference is,2000
Jymol. The average values are given in Table VI.

Gibbs energies of formation of ternary phases in th
system Bi–Sr–O have not been reported in the literatu
However, the chemical potential of SrO for some com
positions has been measured by Baek and Virkar.27 Their
values are compared with results obtained in this wo
in Fig. 11. The agreement is satisfactory. Informatio
on standard Gibbs free energies of formation of terna
oxides and solid solutions, obtained for the first tim
in this study, permit computation of phase diagrams
different oxygen partial pressures. Chemical potent
diagrams can also be composed from the present res
at different temperatures.

Idemoto et al.28 measured enthalpies of formation
of five ternary phases at 298 K by solution calorimetr
using 1.53 M HClO4. The “second-law” enthalpies of
formation of ternary oxides from binary oxides (Bi2O3 1

SrO) and O2 (where required) obtained in this study
at a mean temperature of 1000 K are compared w
calorimetric information in Table VII. There is good
agreement, except for theb-phase and Bi2Sr6O11. Infor-
mation on theb-phase obtained in the two studies ar
for different compositions. The enthalpy of formatio
1916 J. Mater. Res., Vol.
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of the b-phase is expected to be a strong function o
composition, becoming more negative with SrO concen
tration. For the compound Bi2Sr6O11, calorimetric data
are more negative than the value obtained in this stud
by 233.3 kJymol. Bi51 ions were probably present in
solution when the compound was dissolved in acid dur
ing calorimetric measurement. Hence, by subtracting th
enthalpies of solution of Bi2O3 and SrO in acid from the
enthalpy of solution of the compound, the correct value
of enthalpy of formation of the compound would not be
obtained. An unknown enthalpy of oxidation of Bi31 to
Bi51 in solution is required to derive the correct value
for the enthalpy of formation of Bi2Sr6O11. Incorrect
determination of the valency of Bi in the ternary oxide
by Idemotoet al.28 led to a faulty calorimetric strategy.

IV. SUMMARY

An isothermal section of the phase diagram for
the system Bi–Sr–O at 1050 K was established. Sev
eral compositions in the ternary were quenched afte
equilibration, and phases present were identified by op
tical microscopy, XRD, and EDAX. Five ternary oxides
(Bi2SrO4, Bi2Sr2O5, Bi2Sr3O6, Bi14Sr24O52, and Bi2Sr6-
O11) and three solid solution phases (d, b, and g)
were identified at 1050 K. Another ternary compound
Bi4Sr6O15 was found to be stable at lower temperatures
The presence of pentavalent bismuth was confirmed i
compounds Bi4Sr6O15, Bi14Sr24O52, and Bi2Sr6O11 by
iodometry.

Based on the phase diagram, sixteen galvanic cel
were designed to measure the activity of Bi2O3 and SrO
in various phase fields. A yttria-stabilized zirconia solid
electrolyte was used to measure the oxygen potential o
oxide mixtures in equilibrium with metallic bismuth. A
single-crytal SrF2 solid electrolyte was used to measure
the activity of SrO in oxide mixtures under controlled
oxygen partial pressures. The emf data allowed inde
pendent assessments of the stability of ternary oxide
Data from the different cells were found to be internally
consistent. The free energies of formation of ternary
phases from the component binary oxides (and oxyge
TABLE VI. Integral molar free energies of formation of interoxide compounds and solid solutions.

Formation reaction DG0
f , Jymole Temperature (K)

a – Bi2O3 1 3SrO! Bi2Sr3O6 2109,7001 0.86 T (6650) 840 – 1090
a – Bi2O3 1 2SrO! Bi2Sr2O5 2111,1551 14.85T (6650) 840 – 1200
a – Bi2O3 1 SrO ! Bi2SrO4 267,0101 1.35 T (6550) 840 – 1098
a – Bi2O3 1 6SrO1 O2 ! Bi2Sr6O11 2309,1301 151.41T (6900) 1073 – 1250
2a – Bi2O3 1 6SrO1 1.5O2 ! Bi4Sr6O15 2437,2501 219.8T (61900) 870 – 938
7a – Bi2O3 1 24SrO1 3.5O2 ! Bi14Sr24O52 21,291,7301 456.3T (66600) 928 – 1083
0.39a – Bi2O3 1 0.61SrO! Bi0.78Sr0.61O1.78 (g) 220,3302 11.45T (6200) 1038 – 1175
0.58a – Bi2O3 1 0.42SrO! Bi1.16Sr0.42O2.16 (b2) 226,9702 4.14 T (6400) 840 – 906
0.58a – Bi2O3 1 0.42SrO! Bi1.16Sr0.42O2.16 (b1) 218,0702 13.92T (6200) 906 – 1090
13, No. 7, Jul 1998
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FIG. 11. Comparison of the chemical potential of SrO obtained
this study with the measurements of Baek and Virkar.27

TABLE VII. Comparison of enthalpies of formation of ternary oxide
from component binaries (and oxygen) obtained from emf data a
calorimetry.28

DH0
f (kJymol)

Compound This study, emf Idemotoet al.,28 calorimetry

Bi2SrO4 267.0 (63) 262.9 (610.8)
Bi2SrO2O5 2111.2 (64) 2115.2 (66)
Bi2Sr3O6 2109.7 (65) 2105.0 (612)
Bi2Sr6O11 2309.1 (68) 2542.4 (622.4)
g 220.3 (11) 221.9 (62.7)

XSrO  0.61 XSrO  0.62
b2 226.97 (63) 219.04 (63)

(Bi1.16Sr0.42O2.16) (Bi1.34Sr0.33O2.34)

gas) in the temperature range 850 to 1100 K are giv
by the following equations:

Bi 2SrO4 : DG0
fs0xd  267, 020

1 1.35T Jymol ,

Bi 2Sr2O5 : DG0
fs0xd  2111, 150

1 14.85T Jymol ,

Bi 2Sr3O6 : DG0
fs0xd  2109, 700

1 0.86T Jymol ,

Bi 4Sr6O15 : DG0
fs0x 1 O2d  2437, 250

1 219.8T Jymol ,

Bi 14Sr24O52 : DG0
fs0x 1 O2d  21, 291, 730

1 456.3T Jymol ,

Bi 2Sr6O11 : DG0
fs0x 1 O2d  2309, 130

1 151.6T Jymol .
J. Mater. Res., Vol. 1
n

nd

en

The standard state for Bi2O3 is the low-temperature crys-
talline a form. The second law enthalpies of formatio
of ternary oxides are in good accord with calorimetr
information, except for theb-phase and Bi2Sr6O11. The
source of the discrepancy for Bi2Sr6O11 is identified.
Using a novel variation of the galvanic cell technique
in which the emf of a cell incorporating a fluoride
electrolyte and oxide electrodes is measured as a funct
of oxygen potential of the gas phase, oxygen conte
of the ternary oxides were confirmed. Improved da
obtained in this study can be used to compute pha
equilibria in higher order systems as a function o
temperature and oxygen partial pressure. Equilibriu
phase diagrams are excellent guides for the developm
and optimization of new processing routes for highTc

oxide superconductors.
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