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ABSTRACT

Superconducting YBa,Cu,0,; was subjected to high vacuum thermogravimetry (TG) at
various heating rates in the range from room temperature to 1000 ° C. Two distinct weight-loss
steps, each of which corresponds to the evolution of almost 1,/20,, were observed on the TG
curve. The product following the first step was apparently the non-stoichiometric compound
YBa,Cu;0,_;. The rate equation for the first step was d8/dz = k(1 — 8); the corresponding
specific rate constant, k, was 1.8 X107 > s~! at 490°C, the activation energy, E,, was 75 kJ
mol ™! and the frequency factor, A4, was 3.0x10% s~ 1.

INTRODUCTION

Superconducting YBa,Cu;0O, is characterized by possession of a labile
oxygen atom, in contrast with other series of superconducting oxides of La,
Bi and Tl It is well known that oxygen plays an important role in the
superconductivity because its amount is closely related to the positive hole
concentration. There have been many extensive studies on the oxygen loss
[1-4] and oxygen uptake [S] processes as a function of temperature and
oxygen pressure, on the 7, change with oxygen amount [6,7], on the phase
transition [8,9] and on the products [10,11]. However, no detailed kinetic
data of the oxygen loss process has been reported, except for that on oxygen
diffusion in highly densified polycrystalline specimens [12]. This is probably
because the reverse (oxygen uptake) reaction is much faster than oxygen
loss. To prevent the occurrence of the reverse reaction, thermogravimetric
measurement in an oxygen-free atmosphere was attempted but the thermo-
gravimetry (TG) curve obtained was still composed of both the forward and
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reverse reactions [4]. This may indicate that the diffusion of oxygen gas
evolved from the specimen upon heating was incomplete in the presence of
gas pressure. A TG measurement in high vacuum is needed to evaluate
precise kinetic parameters.

EXPERIMENTAL
Preparation

Non-stoichiometric YBa,Cu ;0,_; was prepared by sintering a disk made
of a powdered mixture of Y,0;, BaCO; and CuO at 950°C in air. The
resulting product was heated up to near 600°C in high vacuum (~ 107>
Torr) and, once converted into the tetragonal phase, was slowly cooled down
to room temperature under 1 atm of O, to reproduce the orthorhombic
phase. Analytical results using the iodometric method showed that the two
phases were YBa,Cu;04, and YBa,Cu;0,,, respectively.

TG measurement

The TG curve and its first differential (DTG) curve were obtained with a
Shinku Riko TGD-1500 microbalance equipped with a DTG unit. About
100 mg of powdered sample in a platinum crucible was used for each TG
run. In order to obtain high vacuum and a horizontal TG base line, the
sample system was continuously evacuated with an oil diffusion pump
through two vacuum vents located above and below the electronic balance
unit of the TG apparatus. The basic pressure inside the system was 2 X 1077
Torr and the maximum pressure during the TG measurement was 5 X 107>
Torr.

RESULTS AND DISCUSSION
Decomposition behaviour of YBa,Cu;0, in vacuum

The TG-DTG chart obtained in high vacuum is shown in Fig. 1. There
are two distinct weight loss steps of 2.1 and 1.9% in the temperature ranges
400-650° C and 900-950° C, respectively. The observed weight loss values
correspond to the loss of approximately 1,/2 mole of O, (theoretically 2.4%).
The product of the first step, assigned as tetragonal YBa,Cu,O, reverted to
the initial YBa,Cu;0,; when exposed to 1 atm O, gas and cooled slowly.
Both the oxygen loss and oxygen uptake processes in the YBa,Cu,0,-
YBa,Cu,0; system took place in a single step and were completely reversi-
ble. The product formed following the second step also reabsorbed oxygen
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Fig. 1. TG curve and the first differential (DTG) curve of 112 mg YBa,Cu30O, at a heating
rate of 5°C min~! in vacuum.

gas and almost recovered its starting weight when exposed to 1 atm O, gas
and cooled slowly. However, the X-ray diffraction lines of the oxygen-reab-
sorbed product were completely different from those of YBa,Cu,0,. When
it was reheated in vacuum, about one mole of O, was lost in several steps.
Typical TG behaviour of the product formed following the second step is
shown in Fig. 2. These results indicate that the oxygen loss in the second
step is accompanied by an irreversible destruction of the perovskite structure
and that the processes of oxygen uptake and loss by nearly one mole of O,
are probably achieved by alternating Cu(I) and Cu(Il) valencies in the
decomposition mixture. The second step is not available for kinetic analysis.

Before kinetic analysis for the first step can proceed, it is necessary to
evaluate the reaction stoichiometry. The products formed in the course of
the first step were examined by X-ray diffraction analysis for specimens with
the compositions YBa,Cu;0, (y=6.73, 6.52, 6.25 and 6.06) which were
prepared by quenching partially decomposed samples obtained under the
same conditions as for the high vacuum TG measurement. As shown in Fig.
3, there is not much difference in the unit cell parameters of the specimens
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Fig. 2. TG behaviour of the product just after the second step of Fig. 1: A, oxygen uptake
process of the product just after the second step, the TG being measured at a heating rate of
5°C min~! in 1 atm O, atmosphere; B, oxygen loss process of the product after the oxygen
uptake process A when the TG was measured in vacuum.
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Fig. 3. The unit cell parameters of partially oxygen-desorbed products when YBa ,Cu ;0 was
heated to the desired temperatures in vacuum (open) and those of the quenched samples after
heating in air (filled).

prepared in vacuum and those prepared in air, indicating that the products
in vacuum were also non-stoichiometric compounds. The X-ray diffracto-
gram of the YBa,Cu,O¢s, prepared in vacuum is quite different from that
of a mechanical mixture of YBa,Cu;0, and YBa,Cu ;0 in equimolar ratio,
as can be seen in Fig. 4; this provides additional support for the above
consideration.

Kinetic analysis

On the basis of the preliminary experimental results which indicate that
the product is non-stoichiometric YBa ,Cu;0,_; in the range 0 < § < 1, and
because the corresponding TG-DTG curves were so smooth that the reac-
tion apparently proceeds in a single mechanism, we assumed the following
kinetic equations

d8/dt = kf(8) = A exp(— E,/RT) f(8) 1)
W
i
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Fig. 4. X-ray diffractograms of YBa,Cu;O4s, (A) prepared in vacuum and of a mechanical
mixture of YBa,Cu;0, and YBa,Cu;0¢ in equimolar ratio (B), obtained using Cu Ka
radiation.
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Fig. 5. Plot of log ¢ vs. T,;! for the first step.

where k is the specific rate constant, A the frequency factor and E, the
activation energy. The above expressions are possible only when k is kept
constant with changes in 8. The rate d§/d¢ is rewritten as

dd/dt=(dé/dT)(dT/dt) = (d6/dT )¢ (2)
where ¢ is the heating rate, and therefore the following relation is obtained
In ¢ +1In(d8,/dT)=1n A - E,/(RT,) +1n f(8,) (3)

Because the value of §_, at which d6/dT becomes maximum, is independent
of the heating rate and also because the value of dé/dT is kept constant
with different heating rates [13], the plots of In ¢ against 1/7,, should give a
straight line with slope —E,/R, where T is the temperature at which the
rate becomes maximum. The values of T,, were obtained experimentally
from the DTG peaks when the heating rates were changed in the range
1-15°C min . The plot of log ¢ against 1/T,, for the first step is shown in
Fig. 5. A straight line was obtained and from its slope, the activation energy
was calculated to be 75 kJ mol 1.

Of the various f(8) models proposed for solid state reactions, we chose
f(8)=(1—38)" as the most appropriate from the TG and DTG curvatures.
The plot was made using the conventional kinetic analysis method devel-
oped by Freeman and Carroll [14] and is shown in Fig. 6. Although there
was some scatter in the plot, the measured data can be fitted by a linear
relationship with the intercept very close to unity. Therefore, we assumed
that the first step is governed by unimolecular decay law

ds/dr=k(1 - 8) (4)

The specific rate constant k was calculated as 1.8 X 107° s™! at 490°C by
putting d6/dT=78x10"* K~!, evaluated from the TG curvature at
8 = 0.5 when ¢ =5°C min~!, into the equation

k=(d8/dT)/(1 - 8) (5)
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Fig. 6. Freeman—Carroll plot for the first step.

from eqns. (2) and (4). The frequency factor, A, was calculated to be
3.0 x 102 s™! by putting E,=75 kI mol™}, k=1.8x 107> s~ ! and T =763
K into the Arrhenius equation.

The kinetic parameters obtained provide the following insights into the
mechanism of the oxygen loss process. The oxygen evolution in the first step
seems to occur at random in the bulk and the specific rate constant does not
apparently depend on the § value because most of the reaction is governed
by a unimolecular decay law. Surface reaction, diffusion-controlled-type
reactions and nucleation-and-growth-type reactions are excluded; this dif-
fers from the previous result [12] that the chemical diffusion constant of
oxygen depends on the § value. This difference may be attributed to the
very different experimental conditions in the present and earlier studies. The
low activation energy, resulting in a low frequency factor of 10% s™!
compared with kT/h(~ 10 s7!), and the non-dependence of & on the
specific rate constant might suggest that the electronic state in the Cu-O
bond in question is delocalized.
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