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Abstract — (BiPb),Sr,Ca,Cu;0, superconductor powders were synthesized by the sol-gel method using an aqueous solu-
tion of metal nitrates containing polyacrylic acid and tartaric acid as chelating agents. The conditions of the sol formation
were determined and the thermal decomposition process of the gel precursor was examined. The effect of sintering tem-
perature on the particle morphology was also investigated. High purity Bi(Pb)-Sr-Ca-Cu-O superconducting oxide pow-
ders with high-T, phase could be obtained and they exhibited sharp superconducting transition with zero temperature of

105 K.
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INTRODUCTION

Since the discovery of the Bi-Sr-Ca-Cu-O system with a su-
perconducting onset temperature above 110 K by Maeda et al.
[1988], extensive works have been developed to increase its phy-
sicochemical properties. It is well known that the Bi-Sr-Ca-Cu-
O superconducting oxide system has two superconducting phases,
the so-called high-T, phase (2223, Bi,Sr,Ca,Cu;0,) with T,
around 110 K and the low-T, phase (2212, Bi,Sr,CaCu,0,)
with T, around 80 K [Takayama-Muromaci et al., 1988; Taras
con et al., 1988]. However, one of the problems with the Bi-Sr-
Ca-Cu-O superconducting oxide system is the difficulty in ob-
taining a single phase of the high-T, phase superconductor since
the high-T, phase is less stable than the low-T, phase. A low ox
ygen partial pressure sintering process [Endo et al., 1988; Lee et
al., 1989], prolongation of the sintering time [Kobayashi et al.,
1989], the partial substitution of Pb for Bi [Takemura et al.,
1989; Liang et al., 1989] and the addition of excess calcium and
copper to the stoichiometric composition of the high-T, phase
[Endo et al., 1989] have been found to increase the volume frac-
tion of the high-T, phase.

Superconducting properties are much affected by synthetic
methods [Sata, 1995]. Superconducting oxides are usually pre-
pared by solid state reaction which utilizes metal oxides and
carbonates. This method, however, has several disadvantages:
inhomogeneity, nonuniformity of particle size and shape, high
impurity content, lack of reproducibility, high porosity of the
sintered sample, necessity of repeated processings, and higher
temperature and longer period for sintering. Several solution
methods, such as the sol-gel method [Xu et al., 1990; Nozue et
al,, 1991], the citrate process [Aoki, 1990; Liu et al., 1989;
Wang et al., 1989], spray pyrolysis [Chen and Tsen, 1990] and
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freeze drying [Song et al., 1990], have been developed to over-
come these problems. Particularly, the citrate process and the
sol-gel method have many advantages over others, including
highly homogeneous mixing, good stoichiometric control, and
the production of active submicron-size particles in a relatively
shorter processing time and lower temperature. Also, ceramic
fibers and thin film can be produced from sol-derived gel pre-
cursors with such shape by adjusting pH, temperature, aging
time and viscosity of the solutions. However, when the citrate
process or the sol-gel method was used for the preparation of
(Bi, Pb),Sr,Ca,Cu,0,, it was almost impossible to obtain sol-gel
from the solution and thus the high-T, phase because of the low
solubility of bismuth salt and the great difference in the solu
bilities of the metal salts. Recently, Sun and Lee [1993] have re-
ported that the modified citrate process produced much more
high-T, phase than the citrate process and its transition temr
perature, 108 K, was much higher. Using the sol-gel method,
the authors have successfully demonstrated the preparation of
YBa,Cu;0,_, superconducting powders [Sun and Oh, 1996] and
LiCoO, powders for the cathode materials of lithium secondary
batteries and fuel cells [Sun et al., 1996].

In this study, high purity Bi(Pb)-Sr-Ca-Cu-O superconducting
oxide powders were synthesized by the sol-gel method using po-
lyacrylic acid (PAA) and tartaric acid, C;H¢Os, as chelating agents
at considerably lower temperature and shorter time. The mecha-
nism of this method is similar to the Pechini method [Lessing,
1989], where citric acid and ethylene glycol are used as che-
lating agents, but we used different chelating agents of PAA
and tartaric acid which have more functionalities.

EXPERIMENTAL

The Bi(Pb)-Sr-Ca-Cu-O superconductor with a high-T, phase
was synthesized according to the procedure as shown in Fig. 1.
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Fig. 1. Flowsheet of the preparation procedure for (BiPb),Sr,-
Ca,Cu,0, powders by the sol-gel method.

a

As starting reagents, Bi(NO;); - 5H,0, Pb(NO3),, St(NOs),, Ca-
(NO;), - 4H,0 and Cu(NOs), - 3H,0 were used. All the rea-
gents with high-purity were purchased from the Aldrich Chem-
ical Co. A stoichiometric amount of each nitrate salts with a cat-
ionic ratio of Bi:Pb:Sr:Ca:Cu being equal to 1.85:0.35:1.9
:2.1:3.1 was dissolved in distilled water and mixed well with
an aqueous solution of PAA and tartaric acid. The mixed solu-
tion was evaporated at 70-80 °C for 1 day until a viscous trans-
parent sol was obtained. To remove water further, the viscous
transparent sol was heated at 70-80°C while it was mechan-
ically stirred with a magnetic stirrer. During the evaporation of
water from the sol solution, the gel could be formed even if
stirring was not applied. But stirring might facilitate the eva-
poration rate in addition to the advantage in thé homogeneity
of the gel formed. As the evaporation of water proceeded, the
sol turned into a viscous transparent gel. The gel precursors ob-
tained were decomposed at 500°C for 10 hours in air to elimi-
nate organic contents. The decomposed powders were ground
for a minute, followed by calcination at 800°C for 10 hours or
at 820-850°C for 40 hours. For the measurement of DC electri-
cal resistance, the powders obtained were pelletized and air-sin-
tered at 850 °C for 40 hours.

The thermal decomposition behaviour of the gel precursor
was examined by means of thermogravimetry/differential ther-
mal analysis (TG-DTA 2000, MAC Science) and the crys-
talline phase of the materials calcined at the various tem-
peratures was identified by the powder X-ray diffraction (Rint-
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2000, Rigaku) patterns using CuKa radiation. The surface mor-
phology of the material was studied using scanning electron mi-
croscope (S-4100, Hitachi). To examine the superconducting
properties of the materials prepared, DC electrical bulk resist-
ance was measured as a function of temperature by the four-
probe method.

RESULTS AND DISCUSSION

In a sol-gel process where PAA is used as a chelating agent,
carboxylic acid group (-COOH) of PAA forms a chelate with
mixed cations, resulting in a sol. The utility of PAA in the sol-
gel process comes from the chemical bonding of cations onto
the polymer chains. The most important thing during the sol for-
mation process is to distribute the cations atomistically through-
out the polymeric structure and not to cause a cation segregation
and thereby a precipitation. The severity of the segregation large-
ly depends on the solubility of the cations in solution as a func-
tion of pH [Lessing, 1989]. Heating the sol to moderate tem-
perature causes a condensation reaction between -COOH groups
through dehydration due to the concurrent formation of a water
molecule. As the most of the excess water is removed, the sol
turns into a gel, and an extremely high viscosity polymeric resins
are developed. The gel can be either cross-linked or not, depend-
ing on the stoichiometry of the ratios of reactants. Since PAA
has more functional groups than citric acid which is the conven-
tional chelating agent, it should greatly aid the formation of a
cross-linked gel and the cross-linked gel may provide more homo-
geneous mixing of the cations and less tendency for segregation
during calcination.

Although PAA has been successfully employed to synthesize
ultrafine LiCoO, powders [Sun et al., 1996], a sol could not be
formed when only PAA was used as a chelating agent in this
study. To examine the effect of PAA on the sol formation, the
molar ratio of PAA to total metal ions was firstly set to 3 since
the theoretical minimum amount of PAA needed to bind all the
metal ions was 2.2, and then the amount of PAA was varied.
As the PAA quantity used increased, the appearance of the dri-
ed materials derived from the solution changed from gel pre-
cursor with precipitate to one with crystal. This is believed to
be due to the fact that the carboxylic groups on the PAA could
not form the chemical bonding of the cations onto PAA's po-
lymer chains because of the low solubility of bismuth salt and
the great difference in the solubilities of the metal salts. How-
ever, it was found that application of tartaric acid, HOOC-
CHOH-CHOH-COOH (C,H(Oq), as a complementary chelating
agent in addition to PAA, allowed us to obtain the sol-gel pre-
cursor. Since tartaric acid has -COOH groups as well, chelates
with the cations can be formed and dehydration between tar-
taric acids and PAA may occur. Furthermore, -OH groups in
tartaric acid may facilitate the condensation reaction with -COOH
groups in PAA via polyesterification during the evaporation
process. :

Table 1 summarizes the appearance of the gels derived from
the solutions of the different C,H;O,/Cu molar ratios with the
molar ratio of PAA to total metal ions being fixed at 3. Sol for-
mation was possible only in a limited tartaric acid content of
the solution. It was found that dark blue transparent gel was ob-



Synthesis of Bi(Pb)-Sr-Ca-Cu-O Superconductor 61

Table 1. Appearance of the gels from the solutions at the dif-
ferent C;H,0,/Cu molar ratios when the molar ratio of
PAA to total metal ions was 3

CHOyCn Appearance of the gels
[ transparent gel with 35% precipitate
1 transparent gel with 15% precipitate
2 transparent gel with 10% precipitate
4 transparent gel
—
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Fig. 2. Thermogravimetric and differential thermal analysis of
the gel precursors at an air flow rate of 40 cc/min and a
heating rate of 5°C/min.

tained from the solution when the C;HsOx/Cu molar ratio was
equal to 4. On the other hand, precipitation occurred during the
evaporation of water from the sol solution when the C,HO4
Cu molar ratio was less than this range. It is inferred from
these results that tartaric acid, if an appropriate amount is used
in addition to PAA, plays an important role in the formation of
a cross-linked gel without precipitates of cations during the eva-
poration process via the chelating reaction between tartarate an-
ions and metal cations and the condensation reactions such as
dehydration or polyesterification as explained earlier.

Calcination of the gel in air or other gases causes a break-
down of the gel and charring at about 400°C. Even as the
chemical bonding of the cations with the polymeric chains is
destroyed during pyrolysis, the high viscosity of the gel favors
low cation mobility, which helps to prevent the different mixed
cations from segregating. It is assumed during the calcination,
therefore, that there is little segregation of the various cations
that remain trapped in the char. Subsequently, the cations are
oxidized to form crystallites of mixed cation oxides from 500°C
to 900 °C.

Fig. 2 shows the thermogravimetry (TG) and differential ther-
mal analysis (DTA) of the gel precursors when the molar ratios
of C;H¢Ox/Cu and PAA/total metal ions were 4 and 3, respec-
tively. It is seen that the weight loss of the gel precursors ter-
minates at 760°C and three discrete weight loss regions occur
at 40-300°C, 300-425°C and 425-760°C. The weight loss in the
temperature range of 40 °C to 300°C corresponds to the removal
of water in the gel precursor, which is accompanied by an en-
dothermic peak at 75°C in the DTA curve. The weight loss in
the temperature range of 300°C to 425 °C appears to be due to
the combustion of organic constituents in the gel precursors
such as PAA, tartaric acid and nitrate ions, which occurs with
an exothermic peaks at 340°C and 420°C. The weight loss in
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Fig. 3. Powder X-ray diffraction patterns of the gel-derived ma-
terials sintered at various conditions: (a) 850°C, 40 hrs,
(b) 840°C, 40 hrs, (c) 820°C, 40 hrs and (d) 800°C, 10 hrs.
.=(Bin)zsr2CaIC‘ll30,, O=(Bin)erzCaCusz and A=Caz'
PbO.. :

this stage occupies 43 % of the total weight loss because of a
violent oxidation-decomposition reaction. It appeared that PAA
functioned as a fuel in the pyrolysis of the gel precursors, ac-
celerating the decomposition of nitrate ions and tartaric acid. It
was also observed during this pyrolysis stage that the gel pre-
cursors turned into fluffy dark brown powders after calcination.
The weight loss in the temperature range of 425°C to 760°C
corresponds to the oxidation of the remaining organic con-
stituents.

Fig. 3 shows the X-ray diffraction patterns of the gel-deriv-
ed materials sintered at various temperatures when the molar
ratios of C,;HyO4/Cn and PAA/total metal ions were 4 and 3,
respectively. When a specimen was sintered at 800 °C, low-T,
(BiPb),Sr,CaCu,0, and high-T, (BiPb),S1,Ca,Cu;0, became the
main phases, containing a small amount of Ca,PbO,. A close
look at this figure reveals that the ratio of the amount of the
high-T, phase to that of the low-T, phase increased as the sin-
tering temperature of the specimens increased. Particularly, the
ratio of the characteristic (002) peak at 26=4.7" representing
the high-T, phase to the characteristic (002) peak at 20=5.8"
representing the low-T, phase increased with the raise of the
sintering temperature, while the intensity of Ca,PbO, peak at
20=17.5" decreased. When a specimen was sintered at 850°C
for 40 hours, the (002) peak at 20=5.8" and Ca,PbO, peak at
26=17.5" completely vanished and a nearly pure high-T, phase
with a negligible amount of low-T, phase formed. This may be
ascribed to the fact that the PAA and tartaric acid-assisted gel
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Fig. 4. Scanning electron micrographs of (BiPb),Sr,Ca,Cu,0, pow-
ders sintered at (a) 500°C for 10 hrs and (b) 850 °C for 40
hrs.

precursors are in atomic scale and homogeneously mixed with
each other, and thus have high sinterability. Transformation
from the low-T, phase to the high-T, one at the elevated tem-
perature is quite consistent with the reaction mechanism of
forming the superconducting phase in the previous study [Sun
and Lee, 1993], where high-T. (BiPb),Sr,Ca,Cu;0, could be
synthesized by the reaction of low-T, Bi,Sr,CaCu,0,, CuO and
Ca,Pb0O,, and in the other studies [Kijima et al., 1988; Uzu
maki et al., 1989].

Scanning electron microscope (SEM) images of the free sur-
faces for the powders sintered at 500°C for 10 hours and
850°C for 40 hours are shown in Fig. 4. The surface of the
powders calcined at S00°C consisted of monodispersed spher-
ical fine particulates with an average particle size of about 50
nm, although some agglomerates were observed. As the sin-
tering temperature increases, growth kinetics are favored and
thus larger grains are observed. For the materials sintered at
850°C, it can be seen that plate-like grains were found, which
were regarded as superconducting grains [Chen et al., 1990;
Haung et al,, 1989]. These plate-like grains grow in random
directions each other and form a porous structure,

Fig. 5 shows the temperature dependence of electrical resist-

January, 1997

Resistivity

1 1
100 200 300
Temperature (K)

o

Fig. 5. Temperature dependence of DC electrical resistance for
the pellet sintered at 850 °C for 40 hrs.

ance for the pellet sintered at 850 °C for 40 hours. It is seen
that the resistivity of the sintered pellets decreases linearly with
decreasing temperature. The onset temperature and the zero
temperature of the material are about 115 K and 105 K, respec-
tively. The narrow transition temperature width, AT, must be
due to the fact that the materials prepared by the sol-gel me
thod exhibit excellent homogeneity and sinterability which are
confirmed by the XRD and SEM results. It is notable that the
sintering time and temperature necessary to obtain supercon-
ductors with the high-T, phase in this study are less than those
employed for the conventional solid state reaction method
which requires long-term sintering and several intermediate
grinding treatments. As an application of the materials prepared
in this study, it is presumed that the transparent viscous sols
can be used for the preparation of Bi(Pb)-Sr-Ca-Cu-O super-
conductor fibers, thin films and wires, since they shows very
good spinnability.

CONCLUSION

High-T, (BiPb),Sr,Ca,Cu;0, superconductor powders were syn-
thesized by the sol-gel method using an aqueous solutions of
bismuth, lead, strontium, calcium, and cupric nitrates. When
only PAA was used as a chelating agent, a sol could not be
formed, but it was found that tartaric acid must be used as a
complementary chelating agent in addition to PAA. Namely,
transparent viscous sol was found to form when a molar ratio
of tartaric acid to Cu was 4 and that of PAA to total me- tal
ions was 3. Examination of the thermal decomposition process
and analysis of the X-ray diffraction patterns reveal that the
high purity Bi(Pb)-Sr-Ca-Cu-O superconducting oxide powders
with the high-T, phase could be obtained when the gel-derived
material was sintered at 850°C for 40 hour in air. The material
was seen to be composed of plate-like superconducting grains
and they exhibited sharp superconducting transition with zero
temperature of 105 K. This suggests that the sintering time and
temperature necessary io obtain superconductor with the high-T,
phase in this study are less than those employed for the con-
ventional solid state reaction method which requires long-term
sintering and several intermediate grinding treatments.
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