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Thermogravimetry at 20–900°°C and 1023–1 atm of oxygen
partial pressure (pO2) has been used to establish a region of
stability and oxygen nonstoichiometry of the compound
Bi2Sr2CoO61d . This phase was found to be unstable below 850°°C
at high oxygen partial pressures (air, oxygen), whereas at low
oxygen concentrations in the gas phase (pO251.5 3 1023–
2 3 1022 atm) it exhibits stability in the entire temperature re-
gion under investigation. Within, the region of stability, the
oxygen content in Bi2Sr2CoO61d (61d) has been determined
under equilibrium conditions as a function of temperature and
oxygen partial pressure and the corresponding defect model has
been proposed. The annealing of Bi2Sr2CoO61d outside the region
of stability is found to result in the formation of Bi2Sr3Co2O9 and
the binary compounds of the Bi2O3–SrO system. The kinetics of
this transformation has been studied at 700–850°°C in a pure
oxygen atmosphere and a possible interpretation has been
given. ( 1998 Academic Press

1. INTRODUCTION

Composite oxides of metals with mixed valences have
received a great amount of attention from scientists dealing
with solid state chemistry, since these oxides have a number
of remarkable physicochemical properties which can easily
be adjusted by changing the cationic composition and oxy-
gen nonstoichiometry. Highly conductive rare-earth cobal-
tates doped with alkaline-earth cations are known to be
promising materials for solid electrolyte devices (1). Re-
cently, new compounds with somewhat high electronic
conductivity containing cobalt, alkaline-earth metal, and
bismuth have been discovered. These compounds have for-
mulas such as Bi

2
M

n`1
Co

n
O

y
(where M"Ca, Sr, Ba,

n"1, 2) and they were first described in 1989 (2, 3) as the
structural analogues of superconductive cuprates. However,
the properties of these compounds are not yet well studied.
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It has been shown that single-phase Bi
2
Sr

2
CoO

6`d can be
obtained in air in the temperature region 870$30°C,
whereas either lowering of the synthesis temperature in air
or increasing oxygen partial pressure (pO

2
) near 800°C

results in the formation of a multiphase system containing
the Bi

2
Sr

3
Co

2
O

9
phase (2). It has also been found (2) that

the heating of Bi
2
Sr

2
CoO

6`d powder in Ar to 500°C results
in a 0.15% weight loss and about a 0.4% weight loss when
the powder is heated to 800°C. The present paper is devoted
to a more detailed investigation of stability, oxygen non-
stiochiometry, and transformations of Bi

2
Sr

2
CoO

6`d .

2. EXPERIMENTAL

To prepare the polycrystalline Bi
2
Sr

2
CoO

6`d powder,
chemically pure Bi

2
O

3
, Sr(NO

3
)
2
, and Co(NO

3
)
2
) 6H

2
O

were used. The starting chemicals were mixed in the molar
ratio Bi : Sr : Co"2 : 2 : 1 with an agate mortar and pestle
under ethanol and dried at 80°C. The homogeneous prod-
uct was placed in an alumina crucible and calcined in air at
300°C (2 h), 400°C (1 h), 600°C (3 h), and 800°C (4 h). After
this procedure the powder was ground and fired again at
800°C (11 h). To obtain a single-phase material (4), the
product obtained was pressed into pellets and refired in air
at 930°C for 48 h.

The cationic composition of a sample was checked by
chemical analysis with inaccuracy up to 0.5% of weight,
according to (5, 6), after the dissolution of the powder in
nitric acid. To determine the strontium and cobalt con-
tents, the bismuth was previously separated in the form of
BiOCl. To determine the primary oxygen content in
Bi

2
Sr

2
CoO

6`d , the sample was placed in a quartz tube and
annealed at 600°C for 1 h in a flow of dry pure hydrogen,
and the weight loss was calculated. According to XRD data,
Bi

2
Sr

2
CoO

6`d completely decomposes into Bi, Co, and SrO
under these conditions. This experiment has been carefully
arranged to exclude the loss of bismuth (e.g., bismuth vapors
were precipitated as a mirror in the cold zone of the tube).

The investigation of oxygen nonstiochiometry was
performed by thermogravimetry using a thermobalance, a
0022-4596/98 $25.00
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FIG. 1. X-ray diffraction patterns of the Bi
2
Sr

2
CoO

6`d sample after it
was annealed for (a) 100 h at 850°C for (b) and 20 h at 750°C in pure oxygen
(pO

2
"1 atm).
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temperature controller, and a gas preparation system,
allowing the detection of changes in weight down to
3]10~5 g (7). The sample, which had a weight of about
500 mg was studied under continuous heating and cooling
(5°C/min), as well as under stepwise annealing to confirm
the thermodynamic regime in the gas flow with the defined
oxygen partial pressure. The same technique was used to
study stability and transformations of Bi

2
Sr

2
CoO

6`d under
isothermal conditions, and we observed the change of
weight versus time. The ceramic samples for investigations
were prepared by cold pressing powder (P"5 kbar) into
tablets of 8-mm diameter and 1-mm thickness followed by
sintering in air at 900°C for 5 h. An X-ray diffraction study
of the ceramics and powders was carried out using
a DRON-3 diffractometer (CuKa radiation, º"30 kV,
I"10 mA, 2#"3°—80°) before and after each experiment.

3. RESULTS AND DISCUSSION

3.1. Phase Stability

To investigate the stability of Bi
2
Sr

2
CoO

6`d the sample
weight was observed as a function of time at constant
temperatures under ambient conditions with oxygen partial
pressures pO

2
of 1.5]10~3, 0.02, 0.21, and 1.0 atm. The

annealing temperatures were chosen in the interval
200—900°C with a step 50°C. At low oxygen partial pres-
sures (1.5]10~3 and 0.02 atm), after a small time for equili-
bration, the weight of a sample did not change within tens of
hours. The same behavior was found at high pO

2
(0.21 and

1.0 atm) except that at temperatures ranging from 650 to
850°C, we observed a continuous increase in weight. The
XRD patterns of samples annealed under such conditions
show that the system becomes multiphase.

Figure 1 shows the XRD patterns of the samples after
they were annealed for 100 h at 850°C (a) and for 20 h at
750°C (b) in pure oxygen (pO

2
"1 atm). It is evident that

along with the native Bi
2
Sr

2
CoO

6`d phase (2), significant
amounts of Bi

2
Sr

3
Co

2
O

9
(3) and Sr

0.9
Bi

1.1
O

2.75
(8)

(Fig. 1a) or Sr
2
Bi

2
O

5
(8) (Fig. 1b) are present. It should be

noted that the same diffraction patterns as those shown in
Fig. 1b have been obtained for the samples annealed at
650—800°C.

Because the oxidation degrees of cations in Bi
2
Sr

3
Co

2
O

9
are greater than those in Bi

2
Sr

2
CoO

6
, one might suppose

that the oxygen content in Bi
2
Sr

2
CoO

6`d cannot be higher
than a certain value. When excessive oxygen is introduced
into the lattice, which is achievable at 850°C and lower
temperatures in ambient air or oxygen, this phase becomes
unstable, as pointed out in the literature (2). Below 650°C
the Bi

2
Sr

2
CoO

6`d phase seems to be metastable, although
we could not observe the increase in weight during anneal-
ing because the transformation appeared to proceed very
slowly.
To elucidate whether the transformation of Bi
2
Sr

2
Co

O
6`d is reversible, the following experiment has been per-

formed: after being annealed for 100 h at 850°C in oxygen
and cooled down to room temperature, the sample was
heated again in air to 900°C and annealed for 2 h. X-ray
powder diffraction analysis of the sample after it cooled to
room temperature showed that the material completely
turned back into Bi

2
Sr

2
CoO

6`d .

3.2. Oxygen Nonstoichiometry

The variation of the oxygen content (6#d) in Bi
2
Sr

2
CoO

6`d ceramic with temperature in atmospheres of pure
oxygen (1), air (2), a mixture of helium#oxygen (3), and
pure helium (4) is shown in Fig. 2. Below 400°C no changes
in sample weight are observed. Increasing or decreasing the
temperature in the region 400—900°C and isothermal an-
nealing resulted in the same value of oxygen content for
each temperature point, indicating the achievement of



FIG. 2. Oxygen content in Bi
2
Sr

2
CoO

6`d as a function of temperature
at oxygen partial pressures: (1) 1.0, (2) 0.21, (3) 0.02 and (4) 1.5]10~3 atm.
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equilibrium in this type of experiment. The dashed line in
Fig. 2 corresponds to the trace of oxygen content outside
the region of stability when the sample cooled from 900°C
with the rate 5°C/min. These conditions probably allow the
determination of d values for metastable Bi

2
Sr

2
CoO

6`d
until the transformation rate becomes appreciable. In any
case, we could not observe any changes in the X-ray diffrac-
tion patterns after such treatment.

With the oxygen nonstoichiometry known, it is possible
to reach a conclusion about the oxidation degrees of metal
cations in Bi

2
Sr

2
CoO

6`d . According to (2), the oxidation
degree for bismuth in this compound can be only #3. Thus,
whatever changes in the oxygen content occur, they should
result in changes in the valence state of cobalt ions. Assum-
ing this model, the oxygen content d"0 corresponds to all
bivalent cobalt and d"0.5 to all trivalent cobalt. Hence, the
chemical formula of Bi

2
Sr

2
CoO

6`d may be presented as
Bi3`

2
Sr2`

2
Co2`

1~2dCo3`
2d O2~

6`d , where d for our experimental
conditions lies in the range 0.23—0.37.

Finally, we have made an attempt to deduce the defect
structure of Bi

2
Sr

2
CoO

6`d from the nonstiochiometry data.
The first assumption, based on structural studies (2), was

that the predominant defects in Bi
2
Sr

2
CoO

6`d are inter-
stitial oxygen ions. The layered structure of this compound
allows easy insertion of oxygen between the layers, when the
average valence of cobalt remains between #2 and #3. In
contrast to produce the oxygen vacancies, some layers
should be partially destroyed, and the average valence of Co
would be less than #2.
Applying the point defects model, developed by Kröger
(9), one can obtain the equations

1
2

O
2
8OA

*
#2h. [1]

K
09
"

[OA
*
] ) p2

(pO
2
)1@2

, [2]

where [OA
*
] is the concentration of oxygen interstitials, p the

concentration of electronic holes, and K
09

the equilibrium
constant for oxygen insertion process.

The second assumption was that we are in the ‘‘high pO
2

region,’’ where the electroneutrality condition

2[OA
*
]#n"2[»..

0
]#p [3]

may be simplified to

p"2[OA
*
] . [4]

Then, combining Eqs. [4] and [2], one can obtain

K
09
"

4[OA
*
]3

(pO
2
)1@2

. [5]

Using the expression for the equilibrium constant *G"

!R¹ ln K, Eq. [5] may be rewritten as

!

*G
09

R¹

"ln 4#3 ln[OA
*
]!

1

2
ln(pO

2
) , [6]

where *G
09

is the Gibbs energy of oxygen interstitial forma-
tion. Thus, the oxygen partial pressure, providing fixed
oxygen interstitial concentration, may be expressed as
a function of temperature:

ln(pO
2
)"2 ln 4#6 ln[OA

*
]#

2*G
09

R¹

. [7]

By plotting ln(pO
2
) versus reciprocal temperature, the

values of *G
09

can be easily obtained.
Figure 3 represents such plots for different nonstoichio-

metry values (d) in Bi
2
Sr

2
CoO

6`d . It is evident that
a straight-line dependence of ln(pO

2
) versus 1/¹ with al-

most the same slope is preserved for d values in the range
0.270—0.304, whereas at higher oxygen content the simple
point defect model appears to be not applicable. Neverthe-
less, we have made attempts to calculate the corresponding
Gibbs energies for this region also, which all are sum-
marized in Table 1.



FIG. 3. Equilibrium oxygen partial pressures providing fixed oxygen
nonstoichiometry in Bi

2
Sr

2
CoO

6`d as a function of temperature.
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3.3. Transformations

3.3.1. Thermodynamics. As mentioned above, the an-
nealing of Bi

2
Sr

2
CoO

6`d outside its region of stability leads
to the formation of Bi

2
Sr

3
Co

2
O

9
and one of the binary

oxides, Sr
0.9

Bi
1.1

O
2.55

or Sr
2
Bi

2
O

5
, depending on the tem-

perature. It should be noted, however, that to satisfy the
mass balance, the reaction must proceed according to the
equation

2Bi
2
Sr

2
CoO

6`d#
(1!2d)

2O
2

"Bi
2
Sr

3
Co

2
O

9
#SrBi

2
O

4
.

[8]

Nevertheless, the stoichiometry of products such as
Sr

0.9
Bi

1.1
O

2.55
or Sr

2
Bi

2
O

5
clearly indicates the lack of

about 1 mol of bismuth. The loss of the latter due to evapor-
TABLE 1
The Gibbs Energies for Oxygen Interstitial Formation

in Bi2Sr2CoO61d

d *G
09

(kJ/mol)

0.270 !87$10
0.279 !88$4
0.290 !82$8
0.304 !69$12
0.320 !56$12
0.340 !30$10
ation can be ruled out, because the annealing of a sample at
900°C for 60 h did not result in an appreciable change in
weight. Therefore, it may be supposed that either an absent
bismuth compound is amorphous or its peaks on the dif-
fraction patterns are overlapped by others.

Since the SrBi
2
O

4
compound has a tendency to decom-

pose (10) into two solid solutions, tetragonal c (Sr
0.9

Bi
1.1

O
2.55

) and rhombohedral b (Bi
1~x

Sr
x
O

1.5~x@2
), the com-

position of which may be in the range 0.104x40.27, the
‘‘hidden’’ bismuth seems to be introduced in that rhom-
bohedral solid solution. However, the main peaks corres-
ponding to the latter in the X-ray diffraction pattern (11)
appear to be overlapped by extremely intense [001] reflec-
tions coming from Bi

2
Sr

2
CoO

6`d and Bi
2
Sr

3
Co

2
O

9
(see

Fig. 1). At the same time, we are not in a position to confirm
unambiguously the presence of this phase because its exact
composition is unknown.

The differences in the products after they are annealed at
850°C and lower temperatures may be explained by refer-
ring to the state diagram of the Bi

2
O

3
—SrO system (8). It is

quite evident that the c solid solution is unstable at 800°C
and lower temperatures, so that its formation is suppressed,
giving Sr

2
Bi

2
O

5
instead.

Furthermore, the layered modulated structure of
Bi

2
Sr

2
CoO

6`d (2) appears to promote the decomposition of
SrBi

2
O

4
even at temperatures lower than 800°C where this

phase should be stable, according to the state diagram (8).
Indeed, considering the plot of projection of the
Bi

2
Sr

2
CoO

6`d structure, taken from (2) (Fig. 4), one can see
alternating Bi-rich and Bi-deficient zones. They produce
local inhomogeneity regions with different bismuth content
per arbitrary volume. Therefore, it is probable that Bi-rich
zones become the nuclei of phase b, which contains more
bismuth than SrBi O , and Bi-deficient zones result
FIG. 4. A plot of projection of Bi
2
Sr

2
CoO

6`d structure, taken from (2).



FIG. 5. Isothermal kinetics of transformation of Bi
2
Sr

2
CoO

6`d in pure
oxygen (pO

2
"1 atm).
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information of the nuclei of Sr
2
Bi

2
O

5
. Such inhomogeneity

on the atomic level seems to be a reason for the absence of
SrBi

2
O

4
in the XRD patterns.

3.3.2. Kinetics: Model. As follows from previous consid-
erations, the transformation of Bi

2
Sr

2
CoO

6`d is due to its
interaction with oxygen. Thus, the overall reaction may be
subdivided into several steps:

1. adsorption of molecular oxygen on the surface;
2. ionization of O

2
molecules and dissolution of oxygen

in the lattice;
3. diffusion of interstitial oxygen to the product—reagent

interface;
4. chemical reaction.

The interaction of Bi
2
Sr

2
CoO

6`d with molecular oxygen
seems to be negligible because it can occur only in the initial
stage when the surface is not yet covered by products.

Assuming the quasistationarity condition, the overall ki-
netics will be determined by the stage having the lowest rate
(e.g., limiting step). Therefore, the total kinetic equation
should be similar to the kinetic equation describing one of
the above-mentioned elementary steps, depending on what
step is limiting in the corresponding reaction period. Such
‘‘partial’’ kinetic equations can be obtained from the theory
of heterogeneous reactions (12, 13) (Table 2), where k

!
, k

*
,

k
D
, k

N
, and k

1
mean the formal rate constants for adsorp-

tion, ionization, diffusion, nucleation, and first-order reac-
tion, respectively, pO

2
is the oxygen partial pressure and a is

the conversion rate.

3.3.3. Kinetics: Experimental results. Kinetic curves ob-
tained by isothermal TGA measurements in pure oxygen
(pO

2
"1 atm) are shown in Fig. 5. Because all the reac-

tion products were assumed to be stoichiometric, but
Bi

2
Sr

2
CoO

6`d exhibited an appreciable oxygen nonstoi-
chiometry with temperature, the following expression has
been used to calculate the conversion rate (a),

a"
(*m/m

0
)
t

(*m/m
0
)
=

[9]

(*m/m
0
)
=
"

16(1!2d)

1496.26#32d
, [10]
TABL
Possible Limiting Steps and Corresponding Kinetic

Limitin

Adsorption O
2
(g)8

Ionization 1
2

O
2
(ads.)8

Diffusion OA
*
(surface)P

Chemical reaction (nucleation and growth of nuclei) 2Bi
2
Sr

2
CoO

6`d#
Chemical reaction (the decay period) Bi

2
Sr

3
Co

2
O

9

where (*m/m
0
)
t
is the weight gain observed at time t and

(*m/m
0
)
=

is the theoretical weight gain corresponding to
complete proceeding of reaction [8].

The results obtained (Fig. 5) clearly indicate that the
depth of the transformation, as well as the kinetics, is dra-
matically influenced by temperature. Indeed, a conversion
rate near 100% is achieved only for temperatures of
700—750°C (curves 1—3), whereas at higher temperatures the
transformation proceeds significantly more slowly, limiting
the conversion rate to 0.73 and 0.44 for 800 and 850°C,
respectively (curves 4,5 in Fig. 5). The maximum trans-
formation rate has been observed at 750°C.

It should also be noted that only two curves (1, 2) have
a well-defined sigmoidal shape, which is frequently at-
tributed to topochemical reactions (12), whereas for the
remaining curves (3—5) the so-called ‘‘induction period’’
could not be detected.
E 2
Equations for Gas–Solid Heterogeneous Reactions

g step Kinetic equation Localization

O
2
(ads.) a"k

!
) pO

2
) t Gas—solid interface

OA
*
#2h. a"k

!
) k

*
) pO

2
) t Adsorption layer

OA
*
(bulk) a"k

D
) t1@n, n'1 Ceramic bulk

OA
*
#2h." a"k

N
) tn , n"2, 3, 4

#SrBi
2
O

4
a"1!exp(!k

1
) t) Product—reagent interface



FIG. 6. Fitting of the experimental kinetic curves of transformation of
Bi

2
Sr

2
CoO

6`d to the equation log(a)"const#n ) log(t), assuming that
the limiting step is the chemical reaction.
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3.3.4. Kinetics: Comparison of theory with experiment. As
stated above, theory predicts four possible limiting steps for
the transformation of Bi

2
Sr

2
CoO

6`d (see Table 2). Because
each step is characterized by a specific kinetic equation,
each experimental curve (or part of it) should fit one of the
‘‘partial’’ equations indicated above for the given region of
conversion rate, provided that the quasistationarity condi-
tion is valid (e.g., one and only one stage of the complex
process is limiting).

Assuming adsorption or ionization as a limiting step, one
would expect to obtain a straight line in (a—t) coordinates.
However, Fig. 5 shows that this is not the case. Therefore, it
can be concluded that neither adsorption nor ionization can
limit the overall kinetics.

Furthermore, one might suppose that kinetics is control-
led by the chemical reaction. Then, at a low conversion rate
the entire process should be limited by nucleation and
growth of nuclei, whereas in the last stages an exponential
decay law can be expected (see Table 2). The most common
equation, relating the conversion rate (a) to the reaction
time (t), when the limiting step is nucleation followed by
growth of nuclei is given by Delmon (12),

a"k
N
) (t!t

*
)p`q`1 , [11]

where k
N

is the nucleation constant, t
*
the induction period,

and p and q are the integer numbers, depending on the type
of nucleation and the growth of nuclei. Following this ap-
proach, a plot of log(a) versus log(t) should fit to a straight
line. The slope of this line should give the p#q#1 value
and the intercept with the vertical axis determines k

N
.

Our attempts to perform this approximation are shown
in Fig. 6. It is easy to see that the proposed model gives
satisfactory results only for curves obtained at 700, 725, and
probably 750°C. For the last case, unfortunately, no data
have been obtained for the small times due to the greatest
acceleration. Nevertheless, the shape of this curve indicates
that the behavior of Bi

2
Sr

2
CoO

6`d at 750°C appears to be
similar to that at lower temperatures. These three curves are
characterized by almost identical slopes, giving the value of
the exponent in Eq. [11] +2. Moreover, the region of
conversion rates where the considered model can be applied
is almost the same for all three temperatures, 700, 725, and
750°C, reaching the value of a+0.44 (Fig. 6).

According to (12), the value found for the exponent may
be attributed to

(a) nucleation with constant rate (q"0) and one-dimen-
sional growth (p"1);

(b) instantaneous nucleation (q"!1) and two-dimen-
sional growth (p"2).
With reference to the layered structure of Bi

2
Sr

2
CoO

6`d it
may be suggested that two-dimensional growth of nuclei
between the layers seems to be more favorable, and there-
fore case (b) is more probable.
The values of k
N

corresponding to the intercept of fitting
lines with the vertical axis (Fig. 6) tend to increase with
temperature. This is an additional confirmation that the
limiting step is the chemical reaction.

It should be noted that some initial points lie slightly
above the corresponding fitting lines, indicating the induc-
tion period required to form the nuclei of products on the
gas—solid interface.

Attempts to fit the curves obtained at 800 and 850°C to
Eq. [11] gave an unusual value of less than 1 for the
exponents. Theory cannot explain such dependence,
assuming the chemical reaction as a limiting step. Further-
more, the fitting curves completely coincide for these
temperatures. Such results provide evidence that at temper-
atures as high as 800°C the chemical reaction is not the
limiting step. A fitting of the equation, describing the ‘decay
period’’ (see Table 2), gave positive results only for one
curve, recorded at 700°C. Thus it may be concluded that at
this temperature the transformation of Bi

2
Sr

2
CoO

6`d is
completely controlled by chemical reaction.

With regard to the remaining temperatures, it should be
noted that diffusion limitation appears to play an important
role, especially in the final period. However, a simple ‘‘para-
bolic’’’ diffusion law (13) proved to be inconsistent for all the
temperatures. A fitting of the final parts of curves for
725—850°C in Fig. 6 to straight lines resulted in exponent
values (n) from 0.15 to 0.42. No simple model known from
the literature can explain such results. Thus, the quasi-
stationary condition seems to be invalid and one limit-
ing step cannot be isolated. One might suppose that the
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chemical reaction and the diffusion contribute to limitation
of the overall process.

4. CONCLUSIONS

The stability and oxygen nonstoichiometry of the com-
pound Bi

2
Sr

2
CoO

6`d have been studied. This phase is
stable in reducing atmospheres up to 900°C and above
850°C in an oxidizing environment.

The point defect model, assuming interstitial oxygen, can
be used to describe the nonstoichiometry of Bi

2
Sr

2
CoO

6`d
in the range d"0.27—0.30.

In air or oxygen, when the temperature is lower than
850°C, Bi

2
Sr

2
CoO

6`d transforms into Bi
2
Sr

3
Co

2
O

9
and

the binary compounds of the Bi
2
O

3
—SrO system. The kinet-

ics of this transformation in a pure oxygen atmosphere has
been studied at different temperatures. The transformation
was found to be fastest at 750°C. At lower temperatures
(700—750°C) the overall process is controlled by chemical
reaction, at least in the initial stage, which probably can be
attributed to instantaneous nucleation and two-dimen-
sional growth of nuclei. At higher temperatures (800—850°C)
the limiting step cannot be isolated. The growing influence
of diffusion deceleration appears to result in a small conver-
sion rate in this temperature region, even for large times of
exposure.
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