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The conditions for the coprecipitation of Bi**, Pb2*, Sr2*, Ca®*, and Cu?* as oxalates are reported.
These oxalates were used as precursors for the formation of Bi,-,Pb, Sr,Ca,Cu;0, superconducting
ceramics. The behavior of the oxalates upon heat treatment was studied by thermogravimetry. Both
the oxalates and the superconducting oxides were analyzed and characterized by atomic absorption
spectroscopy and by X-ray diffraction. For 0.2 = y = 0.4 and proper heat treatment of the oxalates,
followed by compression of the oxides and by sintering, single-phase ceramic samples with a zero

resistance temperature of 7.(0) ~ 106 K can be produced in a convenient way.

1. Introduction

For the new high-temperature supercon-
ductor (HTS) Bi-Sr-Ca~Cu-0O transition
temperatures (7T.) of up to 110 K were re-
ported (I, 2). Compounds of the type Bi,Sr,
Ca,-1Cu,04+2.+5 (6 being close to zero)
show transition temperatures of 10, 85, and
110 K, depending on whether nis 1, 2, or 3
(3, 4). However, the pure high T.-phase
(110 K phase) observed for Bi,Sr;Ca,Cus
O+ is difficult to obtain. Its synthesis re-
quires very long calcination times at tem-
peratures close to the solidus temperature
of the system (5). Another way to obtain
the high T.-phase is based on the partial
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substitution of Bi** by Pb?* (6, 7). The pre-
cursors most commonly employed in the
fabrication of both pure and Pb-doped Bi-
Sr—Ca-Cu~O superconductors are PbO,
Bi,0;, Cu0O, SrCOs, and CaCO; (d, 3, 4).
Appropriate mixtures of these compounds
are converted into the desired HTS phase
by solid-state reactions. Until now there
seem to have been very few investigations
employing wet chemical techniques to fab-
ricate precursor materials for Bi-Sr—Ca-
Cu-0O superconductors (6, 8, 9). To our
knowledge, only the coprecipitation of oxa-
lates was reported (8). This published co-
precipitation method is based on the reac-
tion of the respective cations with oxalic
acid in dilute aqueous nitric acid, followed
by a neutralization step with NaOH. This
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procedure led to amorphous precursor ma-
terial. Difficulties were encountered by the
formation of basic bismuth salts, by the
comparably high solubility of strontium ox-
alate in this medium, and by the complex
formation of strontium oxalate in excess
oxalic acid. The ceramics fabricated from
these precursors were all multiphase in-
cluding phases described as BiSrCaCu;05-,
and BizSI‘zC&CU208+z.

In this paper we shall report on the co-
precipitation of precursor material in the
form of oxalates. These oxalates can be
conveniently converted by proper heat
treatment to almost pure single-phase ce-
ramic samples of Bi,_,Pb,Sr,Ca,Cu;0,
with a zero-resistance temperature of
106 K.

2. Experimental and Results
2.1. Apparatus

X-ray diffraction spectra were obtained
in a Geigerflex D-max Ila (Rigaku, Japan)
employing CuKa radiation. Atomic absorp-
tion analysis (AAS) was performed on a
UNICAM SP1900 atomic absorption spec-
trophotometer. Thermogravimetric studies
were carried out on a TG-770 (Stanton
Redcraft, UK). A Stereoscan 200 (Cam-
bridge, UK) instrument was used for scan-
ning electron microscopy. The change in
the resistance with temperature was mea-
sured by the standard four-point probe DC
technique.

2.2, Analysis

For the determination of the concentra-
tions of Bi**, Sr2*, Ca?*, and Cu?*, 0.1 g of
the oxalates was dissolved in 200 ml of 10
vol% nitric acid. In case of the oxidic com-
pounds samples of 0.03 g were dissolved in
1 ml conc. hydrochloric acid and diluted to
100 ml with 99 ml of 10 vol% nitric acid. For
the determination of the Pb%* concentra-
tion, 0.1 g of the oxalate or 0.05 g of the
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oxidic samples, respectively, was dissolved
in 1 ml of hydrochloric acid and diluted to
20 ml with 10 vol% nitric acid. The cations
in solution were analyzed by AAS at the
following wave lengths: Bi, 223.06 nm; Pb,
283.31 nm; Ca, 422.67 nm; Sr, 460.73 nm;
Cu, 324.75 nm. The amount of Cu®* was
analyzed using the following modification
of a published procedure (10): 0.2 g of the
oxidic samples was added to a solution
containing 0.02 mole dm~3 FeSOy, 1.5 mole
dm~3 sulfuric, and 1.5 mole dm~3 hydro-
chloric acid. Upon dissolution of the com-
pound the unreacted Fe?* was titrated with
a 0.02 mole dm—? K,Cr,0; with diphenyl-
amine as indicator (color change from green
to violet). Prior to the end point 2 ml of
conc. phosphoric acid was added as com-
plexing agent.

The oxalate anion was determined by a
standard permanganate titration. The water
content of the individual oxalates was de-
rived from thermogravimetric measure-
ments.

2.3. The Precipitation of the Oxalates

The precursor compounds for the Bi,_,
Pb, Sr,Ca,Cu;0, (y: 0 to 0.4) material were
precipitated as oxalates in the following
manner: SrCO; (Merck, extra pure), Bi;O;
(Merck, extra pure), CaCO; (Merck, volu-
metric standard), Cu(CH;COO), H,O
(Merck, >99%), and Pb(CH;C0OO), - 3 H,0
(Merck, >99.5%) were dissolved in such
quantities in 25 vol% acetic acid that the
solution contained 0.02 mole dm~3 Ca?* and
Sr2* as well as 0.03 mole dm~—? Cu?*. De-
pending on the desired final composition of
the superconducting material the concen-
tration of Bi** varied between 0.016 and
0.02 mole dm~3 and the concentration of
Pb?* from 0.004 mole dm~3 to zero. Clear,
blue solutions were obtained in all cases. In
a typical experiment 65 mi of a 0.8 mole
dm—3 aqueous solution of oxalic acid
(Merck, >99.5%) was added dropwise un-
der stirring into 500 ml of the solution con-
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taining the cations. Following the addition
of the oxalic acid, the mixture was stirred
for another hour and kept overnight. Upon
filtration the precipitate was washed twice
with 50 ml of distilled water and then dried
at 80°C for 20 hr. The filtrate was analyzed
by atomic absorption spectroscopy (AAS).
Although the results varied slightly from
experiment to experiment, the AAS analy-
sis showed that less than 0.2% of the origi-
nal amount of Bi**, less than 0.5% of Pb?*,
less than 1.9% of Sr**, less than 1.5% of
Ca?*, and less than 1.0% of Cu?* remained
in solution.

This procedure was also employed to
prepare the following individual oxalates:
Pb(C204), Ca(C204) . Hzo, Sr(C204) . Hzo,
and Cu(C,0,) - 2.5 H,0. The precipitation
of Bi** as oxalate under the above condi-
tions yielded a compound, which based on
our analysis can best be described as Bi
(OH)O.S(CZO4)1.25 .

In order to obtain a more detailed picture
of the coprecipitation process, oxalic acid
was added stepwise to a solution containing
0.016 mole dm~? Bi**, 0.004 mole dm3
Pb2*, 0.02 mole dm~3 Sr?*, 0.02 mole dm3
Ca?*, and 0.03 mole dm—3 Cu?*. Following
each step the respective concentrations of

CONCENTRATION RATIO C/C,
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Fig. 1. Concentration of Cu?*, Pb?+, Bi**, Ca?*, and
SrZ* in solution relative to the respective concentra-
tion in the starting solution as a functicn of the amount
of oxalic acid added. Original concentrations in solu-
tion: Bi**, 0.016 mole dm™3; Pb?*, 0.004 mole dm3;
Srzt, 0.02 mole dm—3; Ca?*, 0.02 mole dm~3; Cu?",
0.03 mole dm3.
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the cations remaining in solution were ana-
lyzed by AAS. The results of this investiga-
tion are given in Fig. 1. In this figure the
concentrations of each cation are given as
ratio of the concentration found in the su-
pernatants to the original concentration of
the respective cation. The amount of oxalic
acid is expressed by the ratio of the charge
brought in by the (C,0,)?~ ions to the total
charge of the metal ions in the original solu-
tion. Thus the ratio of one corresponds to
the amount of oxalic acid necessary to pre-
cipitate all of the cations originally present
in solution. The figure shows clearly that
Cu?* and Pb?* precipitate before the Bi*™,
Sr2*, and Ca?".

To further study the precipitation behav-
ior of the above composition, the solid pre-
cipitate obtained from a solution, when
only one-seventh of the required stoichio-
metric amount of oxalic acid was added,
was analyzed by X-ray diffraction. This
precipitate showed essentially the same
spectrum as that of pure Cu(C,0,) - 2.5 H,0O
(Fig. 2a). The cations, which remained in
solution, were then also precipitated and
the crystals again analyzed by X-ray dif-
fraction. The spectrum obtained for these
crystals did not show any features charac-
teristic of the individual oxalates Ca?*,
Sr2t, or Bi** (Fig. 2b). Surprisingly, despite
the quite different precipitation behavior of
Cu?* and Pb2* on the one hand and of Bi**,
Sr?*, and Ca?* on the other, the X-ray pat-
tern of the coprecipitated oxalate (Fig. 2¢)
did not show features common with those
of the pattern obtained for Cu(C,0,) - 2.5
H,0, nor with those of any of the other
individual oxalates of Bi*, Pb?*, Ca?*, or
Sr**. From these investigations we con-
clude that the oxalate crystals employed as
precursor material represent a proper co-
precipitate.

All oxalate precipitates were crystalline
and yielded sharp X-ray diffraction pat-
terns. The particle size of the coprecipi-
tated oxalates, as measured by optical and
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FiG. 2. X-ray diffraction patterns of some of the
oxalates synthesized. (a) Cu(C,0,) - 2.5 H;O; (b) Bi**-,
Sri+-, and Ca?*-coprecipitated oxalate; (c) Bi**-,
Pb#*+., 8r**-, Ca?*-, and Cu?*-coprecipitated oxalate.

scanning electron microscopy, was found
to be below 1 pm.

2.4. Thermogravimetry

The thermogravimetric measurements on
coprecipitated and individual oxalates were
performed under argon atmosphere and at a
heating rate of 5 K min~!. The weight
changes as a function of the temperature of
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the coprecipitated oxalates were compared
with the thermogravimetric behavior of the
individual oxalates. Such comparisons per-
mit the interpretation of the heating curve
obtained for the coprecipitated oxalates as
given in Fig. 3. The weight changes ob-
served up to temperatures of about 200°C
originate from the loss of water. The rather
dramatic weight loss at around 300°C is
caused by the conversion of the copper and
bismuth oxalate to the oxides, followed by
the conversion of calcium and strontium
oxalate to the respective carbonates. The
thermogravimetric behavior up to 600°C is
similar to that observed for the individual
oxalates. For temperatures above 600°C,
however, significant differences in the be-
havior of the coprecipitated oxalates and
the individual oxalates, measured under the
same conditions, are revealed. The weight
loss observed in the temperature range be-
tween 600 and 900°C is due to the loss of
CO, from CaCO; and SrCO;. These decom-
position reactions occur at considerably
lower temperatures than those measured on
pure calcium and pure strontium oxalates,
where these transformations have been ob-
served in different temperature regimes
namely between 700 and 900°C for CaCO;
and between 900 and 1100°C for SrCO;.
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Fi1G. 3. Thermogravimetry curve of coprecipitated
Bi**, Pb?*, 82+, Ca?*, Cu?* oxalate.
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TABLE I

CONCENTRATION OF THE CATIONS IN THE COPRECIPITATED OXALATES AND THE CALCINED Bi—Pb-
Sr—-Ca-Cu OXIDES AS WELL AS THE MOLAR RATIOS OF THE CATIONS AND THE CONDITIONS

FOR CALCINATION

Cdlcination
conditions
Concentration in wt%
Compound (Molar ratios of cations)* Temp (°C)  Time (hr)
Solution? (1.8) 0.2) 2) ) 3)
Oxalate 18.33 1.97 4,16 9.00 10.20
(1.64) (0.18) (1.94) (1.92) 3)
Oxide 36.30 2.54 8.13 16.93 18.83 850 160
1.77) 0.17) (2.05) (1.95) 3)
Solution (1.75) 0.25) (¢)) ) 3)
Oxalate 19.20 2.54 4.20 9.19 10.15
(1.71) (0.23) (1.97) (1.97) 3)
Oxide 36.14 4.65 7.91 17.85 19.51 850 160
(1.69) 0.22) (1.93) (1.99) 3)
Solution (1.7) (0.3) ) 2) 3)
Oxalate 19.48 3.08 4.50 9.50 10.89
(1.62) (0.26) (1.94) (1.89) 3)
Oxide 34.91 5.85 8.03 17.03 19.30 845 90
(1.65) (0.28) (1.98) (1.92) 3)
Solution (1.6) (0.4) ?) 2) 3)
Oxalate 18.16 4.08 4.55 9.84 10.55
(1.57)  (0.36)  (2.05 (2.03) (3
Oxide 37.00 827 8.60 18.53 20.70 810 45
(1.62) (0.37) (1.95) (1.92) 3)

¢ The molar ratios of the cations in the oxalates and the oxides are based on three for Cu?*.
5 Molar ratios of the cations in the starting solution.

The sublimation of PbO—found to begin at
1000°C for Pb(C;04)—did not start at tem-
peratures below 1100°C. Bi;O5, which sub-
limed at 1150°C in the oxalate, remained in
the solid phase until 1300°C in the mixed
oxidic compounds.

2.5. Formation and Characterization of
Superconducting Oxides

The conversion of the coprecipitated ox-
alates to superconducting Pb-doped Bi-Sr—
Ca—Cu oxides was carried out in a standard
furnace in air at various temperatures be-
tween 810 and 850°C ranging from 45 to 160
hr. The heating and cooling rates were 1 K

min~! in all experiments. The calcined pow-
ders were then compressed at room tem-
perature into disks of 13 mm diameter at a
pressure of 7000 bar and sintered at the
same temperature as before for 8 hr in air.

The superconducting oxides calcined un-
der various conditions were analyzed by
AAS. The AAS analysis of the oxides pre-
pared by different heat treatments did not
reveal any changes in the molar ratios of
the cations with respect to the oxalate pre-
cursors. No loss of lead was observed for
firing temperatures up to 850°C. The aver-
age valency of copper as analyzed by the
titration method described above was found
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to be 2.20 + 0.01 with the pure phase mate-
rial and 2.18 * 0.01 for samples consisting
of both 2223- and 2212-phase material.
The characterization of the supercon-
ducting ceramics fabricated was mainly
performed by X-ray diffraction and by tem-
perature-dependent resistance measure-
ments. These investigations revealed that
almost single-phase high 7. material can be
obtained after proper heat treatment for
Pb2* concentrations of 0.2 < y < 0.4. Molar
ratios of Pb?* greater than 0.4 were not in-
vestigated in this study. With y < 0.2 the
material consisted of either the Bi,Sr,Ca
Cuy04+5 phase (2212 phase) (measured
T.(0) ~ 77 K) together with Ca,CuQO; and
CuO or of a mixture of these phases and the
Bi;S1r,Ca;Cus04945 phase (2223 phase). Al-
most single-phase high T, material was ob-
tained after heat treatment at temperatures
between 810 and 850°C for about 90-100 hr
in air and y > 0.2. Shorter but also longer
heat treatments yielded predominantly the
2212 phase Ca,CuQO; and CuO. The best
results have been achieved with samples
calcined at 810°C for 100 hr. The X-ray dif-
fraction patterns of such a sample shown in
Fig. 4 indicates a rather pure high T, 2223
phase that is characterized by the (002) re-
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Fi1G. 4. X-ray diffraction pattern of Bi; ¢Pbg4Sr,Ca,
Cu;0;, superconductor produced from the correspond-
ing coprecipitated oxalate. Calcination at 810°C for 100
hr. * Indicates peaks due to small amounts of the 2212
phase.
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Fi1G. 5. Temperature dependence of the electrical
resistance of Bi; ¢Pby,Sr;Ca,Cu;0,. The sample was
the same as that used for the X-ray diffraction pattern
presented in Fig. 4.

flection at 2 ® = 4.7° (CuKa). Using tetrag-
onal structure with a = 0.541 nm and ¢ =
3.710 nm, we were able to index nearly all
of the X-ray diffraction spectrum as shown
in Fig. 4. Very small amounts of the 2212
phase were also found in this sample and
are indicated by asterisks.

Scanning electron microscopy on the
2223 phase showed platelike crystals with a
thickness of less than 1 um and a grain size
around 3 um. The temperature dependence
of the normalized resistance of such a sam-
ple with y = 0.4 is shown in Fig. 5. Metallic
behavior is observed from room tempera-
ture to 125 K. Zero resistance was ob-
tained, typically, at a temperature of about
106 K.

3. Conclusion

Coprecipitation of Bi**, Pb?*, Sr2*, Ca?,
Cu?* as oxalates from aqueous acetic acid
solutions yields suitable precursor material
to fabricate almost single-phase Pb-doped
Bi-Sr—Ca—-Cu-0O superconducting ce-
ramics with zero-resistance temperatures
of, typically, 106 K. The homogeneous dis-
tribution of cations in the oxalate precursor
permitted calcination temperatures as low
as 810°C. No loss of lead upon conversion
of the coprecipitated oxalate into the super-
conducting oxide was found for firing tem-
peratures up to 850°C.
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