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The high-temperature superconducting phase of the Bi-2223 system, with and without Pb, was pre- 
pared by the sol-gel method. The material was characterized by X-ray powder diffraction and by 
magnetization. An almost pure phase was obtained on the addition of Pb(N03)* (0.2 m) in substitution 
for the Bi and less time for sintering was needed 0 1990 Academic Press, Inc 

Introduction 

Since the discovery of superconductivity 
in the system Bi-Sr-Ca-Cu-0 at least 
three phases with the compositions 2201, 
2212, and 2223 have been identified. Maeda 
et al. (2) discovered bulk superconductivity 
at 85 K and evidence of superconductivity 
at 110 K. The preparation of single phase 
material with zero resistivity at 110 K has 
been shown to be extremely complicated; 
generally a mixture of all three phases is 
present in the bulk material. Since the ini- 
tial discovery, there have been many publi- 
cations detailing the existence of the high- 
temperature (HT) superconductor (SC) 
phase with T, = 110 K and discussing the 
structure of the different phases of the sys- 
tem Bi-Sr-Ca-Cu-0 (2-6). Within this 
class of compounds, Bi can be replaced by 
thalium and new phases of the general for- 
mula TIZBazCa,-lCu,O, (n = 1, 2, 3) have 
been isolated (7); this substitution raises T, 
to 125 K for n = 3. Obtaining the pure 110 

K phase in the Bi system is one of the most 
challenging tasks: one usually obtains the 
low temperature (LT) phase (Tc - 80 K) or 
the high-temperature (HT) phase in multi- 
phase mixtures (I, 7-9). Among other ef- 
forts, it was reported that the partial substi- 
tution of Pb and/or Sb facilitate and 
optimize the preparation of the 2223 phase 
(11-16). It should be stressed that the rea- 
son for preferring the HT bismuth cuprate 
SC is for its resistance to humidity and wa- 
ter, in contrast to YBa2Cu307, and its much 
lower toxicity compared to the thallium cu- 
prate SC. 
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The common procedure for obtaining ce- 
ramic superconductors is by the solid state 
time-consuming reaction: “shake ‘n bake.” 
Recently a new method for preparing 
YBa2Cu307 (17) was published. This sol- 
gel method has been used for the prepara- 
tion of glasses (see, e.g., Ref. (18)) and ox- 
ide perovskites (19). It is based on an initial 
mixture of organometallic precursors in so- 
lution at the suitable pH followed by drying 

0022-4596190 $3 .OO 
Copyright 6 19!XJ by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



184 BEN-DOR. DIAB. AND FELNER 

and sintering. The solid obtained after dry- 
ing is voluminous and the end product is 
finely powdered, mostly single phase and 
with improved SC properties. The high 
homogeneity is due to the initial solution 
mixture in contrast to solid oxide-grinded 
mixtures. The organic ligands used are di- 
verse: citrates (27), amines (20), oxalates 
(29, etc. 

The aim of this study was to prepare sin- 
gle phase HT bismuth cuprate SC, using the 
sol-gel method, and to characterize it 
structurally and magnetically. 

Experimental 

1. Preparation of Bi-2223 

The appropriate stoichiometric amounts 
of metal nitrates were dissolved: 6.25 mmol 
Bi3+, Sr2+, Ca2+, each, and 9.37 mmol 
Cu(NO3)2 in 70 ml water. To the solution, 
6.25 g citric acid was added, followed by 30 
ml ethyleneglycol. The solution was con- 
densed at 120°C until a greenish colloidal 
precipitate was obtained. Continuation of 
the evaporation resulted in the formation of 
a dark gel. This gel was decomposed in a 
sand-bath to obtain the precursor. Gradual 
ignition to SOO”C, grinding, and further cal- 
cination to 800°C followed by several hr at 
this temperature were needed to complete 
the decomposition and evaporate all the or- 
ganic components. The powder was 
pressed into pellets (in a KBr die) and sin- 
tered overnight at 800°C. After slow cooling 
to room temperature in air, the sample was 
characterized by XRD and by a qualitative 
levitation experiment. Repeated annealing 
at 880°C was carried out until an optimal 
single phase was obtained. 

2. Preparation of (Pb)Bi-2223 
For this composition, 0.2 m Pb was sub- 

stituted for the Bi and the same procedure 
as above was adopted; the only difference 
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FIG. 1. Magnetic susceptibility vs temperature for 
BiZSr2Ca2Cu30x initial stoichiometry. (a) After 33 hr 
annealing; (b) after 103 hr annealing; (c) after 148 hr 
annealing at 880°C. 

being lowering the annealing temperature 
to 870°C. 

3. Characterization 

The phases were identified by XRD using 
a Philips Diffractometer with CuKcr radia- 
tion. Magnetization was measured with a 
PAR 155 vibrating sample magnetometer 
cooled with He. 

Results and Discussion 

The bulk superconductivity of the sam- 
ples was confirmed by susceptibility as a 
function of temperature during heating. An 
example of a Meissner curve is shown in 
Fig. 1 where the susceptibility was re- 
corded by cooling the sample to liquid He 
temperature at a constant low magnetic 
field: tens of oersteds. Corresponding de- 
rivatives of these curves, with respect to 
temperature, yielded a single peak with 
maxima at -85K for sample a which had 
been annealed for a total of 33 hr at 880°C. 
Further annealing at the same temperature 
for 70 hr and an additional 45 hr yielded the 
curves b and c, respectively. It is obvious 
that increasing the annealing time caused 
the formation of a second phase at - 110K. 
Whereas in a only the LT Bi-2212 phase 
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FIG. 2. Magnetic susceptibility vs temperature for 
BizSr2Ca2CusOx after 263 hr total annealing. 

was observed, in b and c, the 2223 phase 
grows. Continuation of the annealing pro- 
cess increases the amount of the 2223 phase 
at the expense of the 2212 phase (compare 
curves b and c. Further annealing for 115 hr 
increases the amount of the HT phase to 
more than 50% of the two-phase mixture 
(Fig. 2). Extending the annealing does not 
bring to the formation of a single 2223 
phase. 

Substituting Bi by Pb caused the forma- 
tion of almost a SC phase after annealing 
for a comparatively short time (56 hr) at 
870°C (Fig. 3a) with a considerable amount 
of the - 1OOK phase. Increasing the anneal- 
ing time (total 90 hr) at the same tempera- 
ture showed a sharp transition and a T, > 
110K with no indication of two-phase char- 
acter or impurity phases (Fig. 3b). It is gen- 
erally accepted that the broadening of the 
superconducting transition usually reflects 
the presence of extraneous phases, there- 
fore one can attribute the narrow (sharp) 
superconducting transition to the high 
structural homogeneity of the sample. Fur- 
ther short annealing of the sample (5 hr!) 
did not reduce T, but decreased the content 
of the SC phase as seen from the shorter 
curve (Fig. 3~). 

Preliminary results with Sb-substitution 
did not show the formation of single phase 
material. Changing the initial stoichiometry 
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FIG. 3. Magnetic susceptibility vs temperature for 
Bil.8Pb0.2Sr2CaZCu30x (a) after 56 hr annealing; (b) after 
90 hr annealing; (c) after 95 hr annealing at 870°C. 

to 2332 yielded a phase mixture containing 
small amounts of 22 12 phase. 

A typical XRD diffractogram of Pb-sub- 
stituted sample is shown in the 28 range 20- 
40 (Fig. 4) with the two phases marked A 

FIG. 4. XRD of Bil.8Pb0.zSr2Ca2Cu~0. (a) after 56 hr 
annealing; (b) after 90 hr annealing. A : 28 = 33.10; 
100% of 2223 phase; B:20 = 27.50; 100% of 2212 
phase. 
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TABLE I 

LITERATURE AND OBSERVED d VALUES 
FORTHE Pb,Bi-HT PHASE 

Literature 
(21, 22) 

20 d 

Measured 

28 d 

23.78 
24.00 
24.39 
25.34 
26.25 
28.82 
28.90 
31.95 
33.13 
33.85 
34.55 
35.41 
35.52 
38.87 
39.43 

3.738 Sh 
3.705 24.05 
3.646 24.40 
3.512 Sh 
3.395 26.25 
3.095 
3.087 

28.80 

2.799 31.90 
2.702 33.10 
2.646 33.75 
2.594 V.W. 
2.533 
2.527 

35.50 

2.315 V.W. 
2.283 W 

- 
3.697 
3.645 

- 
3.395 

3.206 

2.803 
2.704 
2.653 

- 

2.527 

- 
- 

and B, corresponding to 2223 and 2212 
phases, respectively. Figure 4a depicts the 
mixture after 56 hr annealing yielding A/B 
phase ratio of ca. 3; increasing the time of 
annealing to 90 hr raises this ratio to ca. 12 
which is practically a single 2223 phase sys- 
tem (Fig. 4b). The ratio of the phases was 
estimated from the intensity of the diffrac- 
tion lines at 27.50 and 33.10 (28) identifying 
the 2212 and 2223 phases, respectively. The 
pattern of the powder XRD of the longer 
annealing time process matches well with 
the face-center tetragonal structure re- 
ported earlier with the lattice parameters 
a = b = 5.40 A and c = 37.10 A (21, 22). 
Table 1 shows the literature d values for the 
2223 phase in the 28 range 20-40 compared 
to the observed ones in this work. 

The XRD pattern of the Bi-2223 systems 
with and without Pb (0.2 m) were found in 
this research to be very similar. As men- 
tioned above, in the absence of Pb, a mix- 
ture of phases was always obtained. The 
best XRD pattern, viz., the one that con- 

tams a higher proportion of 2223 phase, 
corresponds to the magnetic data presented 
in Fig. 2. This pattern contains the 2212 
phase (23, 24) with the index (115), [213 = 
27.4, (Z/Z0 = loo)] and the 2223 phase which 
is the major component in the mixture, with 
Z/Z,-, = 100 at 26 = 33.1. There is some con- 
troversy concerning the XRD pattern, in- 
dexing, and lattice parameters of this latter 
phase. Since there are no good observed 
data for this Pb-free phase at this time, cal- 
culated data are available, presented.by Shi 
ef al. (10) and by Matheis and Snyder (24). 
Both data are indexed on a tetragonal basis 
but with slightly different lattice parame- 
ters: a = b = 3.812 A, c = 38.0 A and a = b 
= 3.814 A, c = 37.0 A, respectively. Lat- 
tice parameters were calculated from ob- 
served XRD data of Pb-substituted 2223 
(22,22), viz., a = 5.399 A, b = 5.400 A, c = 
37.10 A and a = 5.404 A, b = 5.390 A, c = 
37.05 A, respectively. These parameters 
suggest an orthorhombic structure very 
close to the tetragonal. For this structure I/ 
I0 = 100 peaks at 28 = 33.1 with the index 
(200). However, the calculated tetragonal 
Pb-free 2223 phase, the 28 = 33.2, is in- 
dexed (110) with Z/Z0 = 40; the 100% peak is 
at 28 = 4.7 indexed (002). In this study, as 
mentioned earlier, the XRD pattern of Bi- 
2223 in the mixture with 2212 and the pat- 
tern of nearly pure single Pb, Bi-2223 phase 
are very similar and the Z/Z,, = 100 peak at 
213 = 33.1 is in good agreement with the 
literature XRD for this phase (21, 22). Our 
results suggest that the same XRD pattern 
exists for both Pb-substituted and Pb-free, 
Bi-2223 systems. 

In summary a nearly pure Bi-2223 phase 
was obtained by the sol-gel reaction only in 
the presence of Pb. This phase was charac- 
terized by XRD and magnetic susceptibil- 
ity. Due to the use of the sol-gel method, 
much shorter sintering and annealing peri- 
ods were necessary to obtain the single 
phase material (see, e.g., Ref. (Z4) where 
300 hr were needed). 
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