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on the starting composition (6, 7), reaction temperature
The sol–gel process is employed to synthesize single-phase (8), and annealing conditions (9). Sasakura et al. (10) have

lead-doped Bi2Sr2Ca2Cu3O10 ((Bi,Pb)-2223) superconductors. carried out extensive studies on the phase formation in
The composition which can yield single-phase (Bi,Pb)-2223 the bismuth cuprate system and have constructed the par-
compound is arrived at by varying the calcium and copper tial phase diagram in air for the solid state reaction route.
concentrations. Samples prepared with the composition Bi1.68 They have determined the compositional range over which
Pb0.32Sr1.75Ca1.8Cu2.8Oy result in the formation of phase pure com- single phase formation results.
pound. The mechanism of formation of this compound and the

The (Bi,Pb)-2223 phase synthesized by solid state routeintermediate steps involved during the phase formation are
is always associated with 2212 phase, and even with pro-established by X-ray diffraction (XRD) and differential thermal
longed annealing at high temperatures, it is difficult toanalytical (DTA) studies. It is found that (Bi,Pb)-2223 phase
eliminate the presence of 2212 phase. Moreover, prolongedformation occurs through the reaction of (Bi,Pb)-2212 phase
annealing at high temperatures leads to loss of volatilewith Ca2CuO3 and CuO in the liquid phase obtained from the

partial melting calcium rich Bi-2212 phase. The stability region elements such as Bi and Pb. Hence for the preparation of
for the (Bi,Pb)-2223 compound is identified as 1118 to 1138 K. phase pure (Bi,Pb)-2223 compound other nonconventional
Several incongruent melting reactions are identified from XRD synthetic methods are to be adopted. It is well known that
and DTA studies during the decomposition of Bi-2223 the sol–gel method is superior to the conventional solid
compound.  1996 Academic Press, Inc. state reaction because in the former it is possible to mix the

starting materials at the molecular level and the resulting
product is expected to be homogeneous (11). There are

1. INTRODUCTION several reports available in the literature on the synthesis
of (Bi,Pb)-2223 compound by the sol–gel process (12–14).

Superconductivity in a Bi–Sr–Cu–O system at relatively However, very few systematic studies are reported on com-
low temperatures was first reported by Michel et al. (1). positional variation and on evolution of (Bi,Pb)-2223 phase
Addition of calcium to this system leads to the formation using the sol–gel process (13). In this paper we report on
of two new superconducting phases with high and low the synthesis of (Bi,Pb)-2223 phase by the sol–gel process.
transition temperatures (Tc 5 110 and 80 K) (2). Although We have chosen only the compositions in the single-phase
the nominal composition of the high Tc phase is proposed region in the phase diagram reported by Sasakura et al.
to be Bi2Sr2Ca2Cu3Oy (2223), a single phase of this com- (10). The mechanism of formation of the (Bi,Pb)-2223
pound is difficult to prepare from the corresponding mix- phase from the gels and its stability at high temperatures
ture of raw materials (3) and the high Tc phase is very are discussed in detail.
sensitive to the composition of the starting mixture. It is
found that 2223 single phase can be obtained with the 2. EXPERIMENTAL
addition of lead (4, 5). However, the low Tc phase Bi2Sr2Ca
Cu2Oy (2212) is usually found to coexist with the 2223 The compounds with the nominal compositions of the

mixture taken as Bi1.68Pb0.32Sr1.75CaxCuyOz , where 1.75 #phase even with the lead addition and the lead-doped
phase is designated as (Bi,Pb)-2223. This led to several x # 1.85 and 2.65 # y # 2.85, are synthesized. Bismuth

nitrate is dissolved in acetic acid. Appropriate amountsstudies on the dependence of the fraction of high Tc phase
of strontium nitrate, acetates of calcium, and copper are
dissolved in ammonia water and then added to bismuth1 This work forms part of the Ph.D. thesis of G.V.R.R.

2 To whom correspondence is to be addressed. nitrate solution. Lead acetate is dissolved in water and
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TABLE 1added to the above solution. The pH of the solution is
Formation of Various Phases with Variation in Calcium andadjusted to 5.5 by addition of ammonia solution. The solu-

Copper Contents (Bi1.68Pb0.32Sr1.75CaxCuyOz) in the Samples Heattion thus obtained is stirred for 5 h at room temperature,
Treated at 1123 K for 90 1 60 hkept in an oven at 343 K to increase the viscosity of the

solution, and set into a transparent gel by cooling to room Copper ( y)
temperature. Gels are characterized by infrared spectros-

Calcium (x) 2.65 2.7 2.75 2.8 2.85copy (Digilab, FTIR), thermogravimetry, differential ther-
mal analysis (Polymer STA 1500 & Setaram), and scanning

1.77 2212 2212, 2223 2212 2223 2212, 2223,electron microscopy (Phillips PSEM502). Thermoanalyti-
Ca2PbO4cal characterizations (TG and DTA) are carried out in air 1.8 2212 2212, 2223, 2212, 2223, 2223 2212, 2223

using 8–10 mg of the sample at a heating rate of 108/ Ca2PbO4 Ca2CuO3 Ca2PbO4

1.83 2212, 2223 2212 2212, 2223, 2223 2212minute. Gels are decomposed at 723 K/5 h and calcined
Ca2PbO4 ,at 1068 K/15 h. The powder thus obtained is ground and
Ca2CuO3pelletized and heat treated at 1123 K for 90 h. The pellets

are reground and again compacted and heat treated at
1123 K/60 h, followed by slow cooling to 973 K and by
furnace cooling to room temperature. Powders obtained
after every heat treatment are characterized by X-ray dif-
fraction (XRD) using CuKa using a computer-controlled
Seifert (P 3000) diffractometer. Particle sizes of the pow-
ders are determined by using Malvern Zeta Sizer-3 and
Malvern E 3600 particle size analyzer. Surface areas of the
powders are also determined by standard BET techniques
using a Quantasorb Jr. surface area analyzer. Sintered pel-
lets are polished and the morphology is observed in SEM.
The compositional homogeneity is established by EDAX
analysis. Superconductivity properties are evaluated by
van der Pauw four-probe resistivity and a.c. susceptibility
measurements on sintered pellets. The chemical composi-
tion of the superconducting phase is estimated using atomic
absorption and emission spectroscopy.

To study the evolution of the (Bi,Pb)-2223 phase from
the gels, the gel samples are heat treated at different tem-
peratures for 1 h and are air quenched from heat treatment
temperatures and then characterized by XRD. DTA exper-
iments are carried out on phase pure (Bi,Pb)-2223 com-
pound in both heating and cooling cycles to study its de-
composition on heating and its crystallization of the phases
during cooling.

3. RESULTS AND DISCUSSION

3.1. Standardization of the Composition for the Single-
Phase Formation of (Bi,Pb)-2223 Compound

Table 1 shows the phases formed at various temperatures
of the samples prepared with different compositions. Sam-
ples heat treated at 1068 K/15 h consist of both 2201 and
2212 phases, while 1123 K/90 h heat-treated sample contain
a mixture of 2212 and (Bi,Pb)-2223 phases. On further
heat treatment at 1123 K/65 h only a few compositions
yield phase pure (Bi,Pb)-2223 compound. Figure 1 shows
the XRD patterns of samples heat treated at 1123 K/90 h
followed by 1123 K/65 h for various compositions. Only FIG. 1. XRD patterns of the samples heat treated at 1123 K/90 h

and 1123 K/60 h for various compositions.samples prepared with compositions of Bi1.68Pb0.32Sr1.75
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for the above two compositions and are found to be a 5
5.413 Å and c 5 37.115 Å. These values are in excellent
agreement with the values reported in the literature (15).
Even though XRD patterns do not indicate the impurity
phase formation, secondary phases are observed in SEM
pictures (Fig. 2) and are identified as calcium plumbate
from EDAX measurements. EDAX analysis reveals good
compositional homogeneity from grain to grain, whereas
it is very difficult to achieve compositional homogeneity in
the samples prepared from the solid state route. Chemical
compositions of the bulk obtained from AAS measure-
ments match well with the starting compositions and no
lead loss is observed. The highly reactive precursor pow-
ders (particle size 0.1–0.4 em and specific surface area 65
m2/g) obtained on gel decomposition are responsible for
formation of (Bi,Pb)-2223 phase in a shorter annealing
time of 150 h. The particle size of the (Bi,Pb)-2223 powders

FIG. 2. SEM picture of sintered pellets of Bi1.6Pb0.32Sr1.75Ca1.8Cu2.8Oy . is found to be in the range 1–3 em and with specific surface
area of 8 m2/g.

Resistivity measurements show superconducting onset
Ca1.8Cu2.8Oz and Bi1.68Pb0.32Sr1.75Ca1.8Cu2.8Oy show the for- at 115 K with Tc,zero at 105 K (Fig. 3). Susceptibility mea-
mation of single-phase (Bi,Pb)-2223 compound, whereas surements show a sharp diamagnetic transition at 106.5 K
other compositions result in formation of both 2212 and and a second drop at 94 K (Fig. 4). The second drop cannot

be due to an impurity second phase since the Tc values of(Bi,Pb)-2223 phases. The lattice parameters are evaluated

FIG. 3. r–T plots for (Bi,Pb)-2223 samples.
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FIG. 4. x–T plots for (Bi,Pb)-2223 samples.

the two possible superconducting phases in the bismuth of the detection (5%) cannot give rise to such a strong
diamagnetic signal. It is well known that the bismuth cu-system corresponding to 2201,2212 have highest Tc’s of 20

and 85 K, respectively. Also the XRD shows single-phase prate system exhibits distinct granular behavior (16).
Hence, the two drops corresponding to diamagnetic signal(Bi,Pb)-2223, and any impurity which is within the limits

FIG. 5. IR spectra of the precursor gel.
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FIG. 6. (a) TG and DTA patterns of the gel samples. (b) shows the expanded region of the DTA pattern.

are due to superconductivity of the grains (Tc grain) and samples from RT to 1138 K. The weight loss is divided into
four regions, 463–512, 512–660, 740–861, and 950–1123 K,the bulk (Tc , bulk) of the sample, respectively. The x0–T

plot shows a single sharp peak at 92 K, confirming the and the total weight loss is found to be 46%. The weight
loss in the first two temperature ranges is due to the decom-homogeneity of the sample (Fig. 4).
position of metal acetates and other organic groups present

3.2. Gel Characterization in the gel. The onset of both endo and exothermic peaks
in DTA are shown in Fig. 6. The sharp endotherm at 503To understand the bonding of the metal ions in the
K corresponds to loss of water from the gel followed bygels and the mechanism of formation of the (Bi,Pb)-2223
a sharp exotherm at 526 K corresponding to decompositioncompound, further investigations are carried out on the
of acetates. The endotherms at 640 and 762 K are due togel samples of single-phase compositions (viz., Bi1.68Pb0.32
the formation of carbonates and formation of Bi-2201, re-Sr1.75Ca1.8Cu2.8O10) by IR, TG, DTA, and XRD tech-
spectively.niques. Figure 5 shows the IR spectra of the gel. The band

at 3188 cm21 indicates the nO–H of the hydrogen-bonded
3.3. Mechanism of Formation ofwater molecules. The two strong bands at 1536 and 1398

(Bi,Pb)-2223 Compoundcm21 correspond to asymmetric and symmetric stretching
frequencies of the COO group. The separation between The weight loss in the two temperature regions 740–861
the asymmetric and symmetric stretching frequencies (Dn) and 950–1123 K is due to the formation of different phases
of the COO group indicates the bonding of carboxylate from their respective carbonates. This is further supported
groups to the metal ions. The Dn obtained from the IR by the XRD patterns of the samples quenched from various
spectra of the gel is 141 cm21. According to Deacon and
Phillips (17), the Dn in the range of 110–160 cm21 indicates
that the carboxylate group is participating in the bridging TABLE 2
type of bonding with the metal ions. In general, gelation Formation of Various Phases on Heat Treatment of Gel at

Various Temperaturesoccurs through the polymerization and condensation of
metal hydroxides resulting in M–O–M linkage. There are

Sample Temperatureno bands below 600 cm21. This indicates the absence of
no. (K) Phases observed

M–O–M bonds in the gel (18). Hence, the gelation in this
system might have occurred through bridging of carboxyl- 1 673 Bi2O3 , SrCO3 , CaCO3 , CuO, PbO

2 873 2201, CaCO3 , CuO, PbOates groups to the metal ions followed by the polymeriza-
3 973 2201, (Ca12xSrx)CO3 , CuO, PbO, CaCO3tion of bridging carboxylate moieties. Similar behavior is
4 1023 2201, Ca2PbO4 , CuO, CaCO3 , (Ca12xSrx)CO3reported in the synthesis of YBa2Cu3O7 compounds by
5 1073 2212, CaCO3 , Ca2PbO4 , CuO

various gel routes (19, 20). 6 1123 2223, 2212, CaCO3 , CuO
Figure 6 shows both TG and DTA patterns of the gel
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FIG. 7. XRD patterns of sample heat treated at 1103 K/600 h.

temperatures (Table 2). The XRD of the gel is amorphous tures (Table 2). Hence, the endotherm at 1113 K can not
be attributed to the melting of Bi2CuO4 phase but may beand the phases formed at different temperatures are shown

in Table 2. An endotherm at 762 K and the weight loss in related to the formation of (Bi,Pb)-2223 phase and/or to
the melting of any other phase present in the sample. Thethe temperature region 740–861 is due to the formation

of Bi-2201 phase. The samples quenched from 873 K show other endotherm at 1135 K is due to the melting of (Bi,Pb)-
2223 compound which matches well with the literaturethe formation of 2201 whereas the samples quenched from

973 K contain strontium-deficient 2201 phase along with value (23). From these results the probable reaction se-
quences for the formation of (Bi,Pb)-2223 are as follows:(Sr, Ca)CO3 phase. It is reported in the literature that at

higher temperatures, a more stable strontium deficient
1. At 673 K2201 phase forms through the disproportionation of stoi-

chiometric 2201 phase (21). A systematic study is carried
Gel R Bi2O3 1 SrCO3 1 CaCO3 1 CuO 1 PbO [1]out in the literature to find out the stability of the com-

pound Bi2SrxCuOy , where 1.3 # x # 2.1 (21), and phases 2. 673–873 K
with x 5 1.7 are found to be more stable.

The weight loss in the temperature region of 950–1123 Bi2O3 1 2SrCO3 1 CuO R Bi2Sr2CuO6 1 2CO2 [2]
K is due to the formation of various phases. The formation
of calcium plumbate phase is observed in the samples 3. 873–973 K
quenched from 1023 K. An endotherm at 1063 K is due
to the formation of 2212 phase, which is confirmed by the Bi2Sr2CuO6 1 CaCO3 R

[3]XRD pattern samples quenched from 1073 K. The onset
Bi2Sr22xCuO6(2201) 1 (Ca12xSrx)CO3temperatures of the last two endothermic peaks are at

1112 and 1135 K. It is reported in the literature that an
4. 973–1023 Kendotherm at 1113 K is due to the melting of Bi2CuO4

phase (22) but this phase is not observed in the XRD
patterns of the samples quenched from various tempera- 2CaCO3 1 PbO R Ca2PbO4 1 CO2 1 1/2O2 [4]
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FIG. 8. DTA patterns of (Bi,Pb)-2223 sample showing the melting of the phase.

5. 1023–1073 K Bi-2212 compound has the melting point of 1163 K, while
on lead doping the melting temperature comes down to2201 1 CaCO3 1 (Ca12xSrx)CO3 1 CuO R

[5] 1145 K (24). Several methods for obtaining low melting
Bi2Sr2Ca11xCu2O8(2212) 1 CO2 2212 phase, such as processing in reduced oxygen (26)

and forming Ca-rich 2212 phase (27), are reported in the
6. 1073–1123 K

literature. Recently Dorris et al. (28) obtained the DTA
patterns for all the calcium-rich phases and they found

2212 1 CaCO3 1 CuO R Bi2Sr2Ca2Cu3O10(2223) 1 CO2 .
that the melting of one of the 2212 phase occurs at 1110

[6]
K, which coincides with the endotherm observed in the
present study (1113 K). Although 2223 phase formation is

Although the XRD of the sample quenched at 1123 K
observed in the samples heat-treated at 1113 K, the com-

showed the presence of (Bi,Pb)-2223 phase, the phase pure
plete conversion to 2223 phase occurs only at 1123 K/

compound is obtained only after annealing for 150 h. Dur-
150 h. This is due to the slow kinetics for the formation

ing annealing calcium carbonate reacts with copper oxide
of (Bi,Pb)-2223 phase at 1113 K. The (Bi,Pb)-2223 phase

to form Ca2CuO3 phase.
formation can be written as

2CaCO3 1 CuO R Ca2CuO3 1 2CO2 [7]

in partial melt of 2212In fact, without lead doping the single-phase formation of 2212 1 1/2Ca2CuO3 1 1/2CuO R
[6a]Bi-2223 compound does not take place even with few Bi2Sr2Ca2Cu3O10(2223)

weeks of annealing time. Due to the presence of lead the
formation is taking place within a few days, so it is essential There are some reports that 2223 phase formation also

occurs in the presence of eutectic liquid (29). Ikeda etto understand the mechanism of reaction [6] and role of
lead. al. (29) have carried out DTA for different samples with

nominal combinations of 2201, Ca2PbO4 , 2212, and CuOSearch of literature shows that formation of (Bi,Pb)-
2223 occurs during the melting of 2212 phase. It is also and showed that only a mixture of 2201 : Ca2PbO4 5 7 : 3

with CuO gives a sharp endotherm at 1098 K. The presencereported that (Bi,Pb)-2223 phase formation is more favor-
able when the melting point of the 2212 is lower than of this liquid phase enhances the formation of 2223 phase

at low temperatures (30). Hence reaction [6] can be rewrit-that of (Bi,Pb)-2223 (24, 25). Melting temperatures of the
phases depend on their compositions. Without lead doping ten as
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FIG. 9. XRD patterns of samples quenched at various temperatures during the melting of (Bi,Pb)-2223 samples.

in eutectic melt
(Bi,Pb)-2223 phase. Figure 8 shows the DTA patterns of

2212 1 1/2Ca2CuO3 1 1/2CuO R
[6b] pure (Bi,Pb)-2223 compound. During the heating cycle two

Bi2Sr2Ca2Cu3O10(2223) endotherms are observed at 1076 and 1136 K. Zhang et al.
have recently attributed the endotherm at 1076 K to the

The diffusion of calcium and copper ions in the liquid crystalline instability (31). Samples are heat treated to vari-
phase is faster, and the liquid phase (from eutectic) is ous temperatures corresponding to just below the melting
wettable with the 2212 phase leading to the formation of point (1133 K), around the melting point (1138 K), during
2223 phase (29). The absence of an endotherm at 1098 K melting (1148 K), and after melting (1178 K) of (Bi,Pb)-
(Fig. 6) in our samples indicates that the eutectic liquid is 2223 phase and are air quenched from their respective
not formed in the present system. However, samples heat temperatures and characterized by XRD and x–T mea-
treated at this eutectic temperature for several weeks do surements. Figure 9 shows the XRD patterns of the
not show the formation of single-phase (Bi,Pb)-2223 com- quenched samples during melting. The XRD pattern of
pound, the major product is only Bi-2212 phase with traces the sample quenched from 1133 K (Fig. 9a) is identical
of 2223 phase. Figure 7 shows the XRD pattern of the to that of the starting powder (phase pure (Bi,Pb)-2223
sample heat-treated at 1103 K for 600 h, confirming the compound). The susceptibility measurements show a sharp
above results. diamagnetic signal at 100 K (Fig. 10). The granularity be-

havior is not observed in this sample compared to sample
3.4. Dissociation of (Bi,Pb)-2223 Phase prepared at 1123 K. The reason for the disappearance of

the granularity behavor is not known. The diffractogramDTA studies are conducted in both heating and cooling
modes on phase pure samples to study the dissociation of of the samples quenched from 1138 and 1148 (Fig. 9b) are
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FIG. 10. x–T plots of (Bi,Pb)-2223 samples quenched from various temperatures.

similar, showing the presence of both (Bi,Pb)-2223 and atures at 1164 (1153 sh) and 1108 K. The first exotherm
at 1164 is highly asymmetric, broad (1164–1108) and is(Bi,Pb)-2212 phases. Susceptibility measurements (Fig. 10)

also show the two-step behavior confirming the presence smaller than the melting peak. It is therefore a complicated
exotherm representing several processes rather than justof both 2212 and (Bi,Pb)-2223 phases. However, the frac-

tion of the (Bi,Pb)-2212 phase is found to be higher in the simple crystallization. The peaks at 1164 K are due to the
later sample; i.e., during melting, the (Bi,Pb)-2223 phase
decomposes to (Bi,Pb)-2212 phase. The XRD pattern of
the sample (Fig. 9c) quenched from 1178 K shows that
it contain several phases, namely, Bi-2201, (Ca,Sr)CuO3 ,
(Ca,Sr)2CuO3 , and (Sr,Ca)O, and the sample is found to
be nonsuperconducting down to 13 K. Our results match
excellently with those of Polonka et al. (32). Figure 11
shows the SEM photograph of the sample showing the
formation of various precipitates. The probable decompo-
sition reactions of (Bi,Pb)-2223 phase are as follows:

(Bi,Pb)-2223 R (Bi,Pb)-2212 1 Ca2CuO3 [8]

simultaneously
(Bi,Pb)-2212 R Bi-2201 1 (Ca,Sr)2CuO3 1 Ca2PbO4 [9]

(Bi,Pb)-2212 R Bi-2201 1 (Ca,Sr)O 1 Ca2PbO4 . [10]

The DTA patterns during the cooling cycle are shown FIG. 11. SEM photograph of decomposed (Bi,Pb)-2223 phase show-
ing formation of various precipitates.in Fig. 8. There are two exotherms with their onset temper-
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