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ABSTRACT

This review describes features of chemical processing methods, through solutions and the
thermal behaviour of the resulting precursors, for synthesizing the high-temperature super-
conductor Ba,YCu,0;_s. The sol-gel and coprecipitation methods have received much
attention in the preparation of chemically homogeneous superconductors having desired
shapes at relatively mild temperatures.

Chemically homogeneous powders and thin films having the preferred orientation of
single phase Ba,YCu,0,_s can be successfully prepared below 800 ° C by the sol-gel method
with metal alkoxides. Coprecipitation through citrates offers better compositional control and
mixing at the molecular level in solutions, compared with oxalate and carbonate methods.

The formation of undesirable residual carbons during pyrolysis of organometallic-derived
precursors can be effectively depressed by the utilization of an O; /0, mixture upon rapid
heating or by firing in a vacuum.

INTRODUCTION

Since high-temperature superconductors in copper-oxide-based systems
have been discovered, various processing methods have been attempted
for fabricating bulk oxide superconducting materials, in particular
Ba,YCu;0,_;. The most common method is a solid-state reaction process,
typically using Y,0,;, BaCO; and CuO. In this method, a stoichiometric
mixture of starting powders is calcined in order to decompose BaCO; and
then reacted at temperatures slightly below the incongruent melting point of
the Ba,YCu;0,_; phase. In this-solid state reaction process the decomposi-
tion reaction of BaCQO, appears to be the rate-limiting step, which reaction
requires a relatively high calcination temperature in order to obtain a
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significant decomposition rate of the carbonate (viz. 930° C). By repeating
the grinding and reacting procedures several times, the volume fraction of
the Ba,YCu;0,_; phase can be enhanced and the superconducting char-
acteristics also can be improved. However, local inhomogeneities make it
extremely difficult to complete the formation of Ba,YCu,0,_; as a single
phase. The presence of non-superconducting phases or impurites, especially
at grain boundaries, would lead to low critical current densities.

The solid-state reaction method is not conducive to the preparation of
chemically homogeneous, pure fine particles having a well-controlled mor-
phology for the production of dense ceramics by sintering.

Therefore, particular attention has been paid to the following: coprecipi-
tation methods of nitrates with oxalate, citrate, and carbonate; pyrolysis
methods of organic acid salts; and the spray pyrolysis method of nitrate
solution. These procedures may afford highly pure and chemically homoge-
neous particles at relatively lower temperatures. The sol-gel method using
organometallic compounds also has many advantages in the preparation of
homogeneous superconductors having desired shapes.

A wide variety of solution routes have been shown to yield Ba,YCu;0,_;
powders with superior physical and chemical characteristics as compared
with the solid-state-derived powder [1,2].

This review deals with features of chemical processing and thermal
behaviour upon pyrolysis for synthesizing the superconducting oxide
Ba,YCu;0,_, through solution methods, in particular the sol-gel method
and the coprecipitation method.

THE SOL-GEL METHOD

Advances in ceramic processing have been achieved by the successful
application of the sol-gel processing technique. The sol-gel method using
metal alkoxides generally offers possibilities for ceramic formations having
arbitrary shapes, such as highly homogeneous and pure powders, films and
fibers, by controlling the hydrolysis conditions at lower temperatures.

For example, Ba,YCu;0,_; powders or films can be fabricated by the
sol-gel method using metal alkoxides. Murakami et al. [3] have prepared
superconducting Ba,YCu;0,_; powders by hydrolysing Y(O-n-C,H,),,
Ba(O-n-C,H,), and Cu(O-n-C,H,), in C;H;OH and subsequent firing at
temperatures up to 900°C.

It has been particularly difficult to prepare a homogeneous alkoxide
solution, because copper alkoxides, Cu(OR), (where R = Me, Et, Bu, etc.),
are very sparingly soluble in common organic solvents such as alcohols,
ethers and hydrocarbons. Hirano et al. [4] found that Cu(OC,H,OC,H;),
was a promising Cu source which could be dissolved in 2-methoxyethanol.
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Amines, which are known to coordinate to metal ions in solution, have
been effective for readily dissolving both copper alkoxide and yttrium
alkoxide in an alcohol. Homogeneous alcoholic solutions of yttrium, barium,
and copper alkoxides can be prepared using alkanolamines.

Nonaka et al. [5] and Monde and Sakka [6] have synthesized supercon-
ducting Ba ,YCu;0,_; films on polycrystalline PSZ substrates by a dip-coat-
ing technique from alcoholic solutions with diethanolamine or triethanola-
mine. However, the addition of amines results in much readier formation of
BaCO, during the pyrolysis of organometallic precursor films owing to the
difficulty of adding water for the hydrolysis. A trace amount of BaCO,
coexists with the Ba,YCu,;0,_; phase in films heat-treated at 800°C.
Heating above 900 ° C is required to decompose BaCO, completely, at which
point a reaction of Ba,YCu,0,_; precursors with the ZrO, substrate takes
place to form BaZrQO;. Such films exhibited a T, 4 of ~ 60 K, i.e. much
lower than that expected for superconductors synthesized by solid-state
reactions.

In contrast to the highly oligomeric, insoluble copper alkoxides, 2,4-pen-
tanedionatocopper(Il) 2-methoxyethoxide, which can be synthesized by an
alcoholic exchange reaction, is readily soluble in polar solvents (Payne et al.
[7,8]). They prepared Ba,YCu;0,_; powders and thin films from a homoge-
neous 2-methoxyethanolic solution of Y(OC,H,OCH,),, Ba(OC,H,OCH,),
and (C;H,0,),Cu,(p-OC,H,OCH;),. The result indicates that the use of
mixed-ligand alkoxides enabled preparation of homogeneous alcoholic solu-
tions of alkoxides without introducing amines. However, the chemical com-
position of the precipitates shifted unfavourably to the copper-poor side
owing to a preferred reaction between barium and copper alkoxides in
solution. Thus, an excess amount of copper alkoxide must be dissolved in
the solution to achieve the required stoichiometry in the final precipitates.
Powders heated to 950°C in either air or oxygen were contaminated with
BaCO, formed by the reaction of barium compounds with the decomposi-
tion products of organic groups, as indicated in the thermal analysis shown
in Fig. 1. Powders formed the Ba,YCu,O,_; phase above 900°C and
tended to initiate a diamagnetic transition at 89 K. Thin films can be also
prepared by spin-coating of the solution. Barium carbonate formation was
suppressed in films by rapid heating, as shown in Fig. 2. The formation of
BaCO, upon pyrolysis of organic precursors should be avoided in the
preparation of homogeneous films. Hirano et al. [9,10] have discovered that
it is possible to reduce or suppress the formation of BaCO; during pyrolysis
and to carry out the low-temperature synthesis of the Ba,YCu,0,_; phase
by utilizing an O;/0, mixture. Ba,YCu;0,_; powders and thin films can
be fabricated by the sol-gel method using metal alkoxides and acetyla-
cetonate, as shown in Fig. 3. Y(O-i-Pr); and Ba metal were used as starting
materials. Cupric organometallic compounds are limited as starting materi-
als owing to their low solubilities in common organic solvents, as mentioned
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Fig. 1. DTA curves for powders prepared from unhydrolysed alkoxide solutions of Ba, Y and
Cu with the composition 2:1:3 at a heating rate of 10°C min~"' in argon, air, and oxygen
(from W.G. Fahrenholtz et al. [7]).

above. Cu(OC,H;),, Cu(OC,H,0C,H;),, Cu(acac),, and Cu(C,;H,;COO0),
of chemical reagent grade were examined as sources of Cu compounds. The
solubilities of the Cu compounds in various organic solvents are summarized
in Table 1. Cu(OC,H;), is insoluble in common organic solvents except for
amines and acetylacetone, which tend to form coordination compounds with
Cu compounds readily. Copper stearate is soluble in toluene, pyridine and
acetylacetone solvents, but these solvents are not suitable for Y(O-i-C;H,),
and Ba(O-i-C;H,),. Cu(acac), is soluble in 2-methoxyethanol and 2-
ethoxyethanol. Cu(OC,H,0C,H;), is soluble in 2-ethoxyethanol, tetrahy-
drofuran (THF) and amine solvents. From this, Cu(acac), and
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Fig. 2. X-ray diffraction data for Ba,YCu;0,_; thin layers prepared by rapid thermal
processing (from W.G. Fahrenholtz et al. [8]).
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Fig. 3. Flow chart for chemical processing of Ba,YCu;0,_; through an organometallic route
(from S. Hirano et al. [10]).

Cu(OC,H,0C,Hj;), were selected as starting materials. 2-Methoxyethanol
and 2-ethoxyethanol were found to be the most suitable of the common
organic solvents for Ba, Y and Cu compounds. In this chemical processing,

TABLE 1

Solubility of cupric organometallic compounds *

Solvents Cu(Sta), Cu(OEt); Cu(OR),®  Cu(acac),

Hexane -
Toluene o
Triethylamine -
Diethylamine -
Diisopropylamine -
Ethylene glycol dimethyl ether
Tetrahydrofuran

Pyridine

2-Methoxyethanol

1-Propanol X

2-Propanol X X

Ethanol - X -
Acetylacetone ] o
2-Ethoxyethanol - - o
Diethylene glycol - - -
Methanol - - x -
2-Aminoethanol - o - -
Ethylene glycol - - x -
Hexamethyldisiloxane X - - -
Dimethyl sulfoxide X X - -
N,N-Dimethylformamide X X - -

» oo |
Mol oM O e ok
o |
| |

? o, Soluble; x, insoluble or sparingly soluble.

® R = C,H,OC,H;.
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Fig. 4. DTA-TG curves of as-prepared specimens (by the hydrolysis of Y, Ba and Cu
alkoxides at a heating rate of 10°C min~! in air) (from S. Hirano et al. [10]).
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it is very important to control the hydrolysis and condensation processes in
preparing a chemically homogeneous solution prior to the synthesis.

Figure 4 shows DTA-TG curves of as-prepared powders (using the
hydrolysis of metal alkoxides). Two exothermic peaks and a gradual weight
loss were observed for all powders at 200-300°C and 400-500°C in air,
which correspond to the thermal decomposition and the oxidation of organic
groups. In the as-prepared powders (using the partial hydrolysis of metal
alkoxides), a less-noticeable weight loss was observed above 600 ° C, while a
large weight loss was observed above 800°C for the specimens prepared
without water addition (unhydrolysed), owing to the thermal decomposition
of the BaCO, formed during pyrolysis.

In addition, when Cu(acac), was used as a starting material instead of
Cu(OC,H,0OC,H;),, a more pronounced exothermic peak associated with a
large weight loss was observed, suggesting some coordination between
Cu(acac), and 2-ethoxyethanol, and/or a partial exchange reaction of the
acetylacetonate groups of the Cu compound with the solvent. Figure 5
indicates that chemically homogeneous powders of Ba,YCu;0,_; can be
prepared only by the controlled partial hydrolysis of a homogeneous al-
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Fig. 5. X-ray diffraction patterns for Ba,YCu,0,_; powders calcined at 850°C for 12 h,

900°C for 7 h and 920°C for 5 h (from S. Hirano et al. [10]). o, Ba,YCu;0,_4 A
YzBaCUOS; D, BaCqu.

i3

coholic solution of metal alkoxides with the addition of water less than the
equivalent amount.

Furthermore, the crystallization of Ba,YCu,0,_; and the removal of the
carbonate formed during pyrolysis were found to be accelerated effectively
by heating the precursors in a flowing mixture of O,/0, [9,10]. Ba,YCu,0,_;
could be prepared as a single phase at a temperature as low as 750°C. A
reduction in the processing temperature might also eliminate problems
related to the interaction commonly observed between Ba,YCu,0,_; and
substrate materials [11). The addition of O, results in direct formation of
Ba,YCu;0,_, without the often-formed intermediate phases such as BaCuO,
and Y,BaCuO;.

The importance of utilizing O, is in reducing or suppressing the formation
of BaCO,;. For example, the carbon content in caicined powders at 850° C in
flowing pure O, was 2.24%, which was drastically decreased to 0.94% by
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Fig. 6. X-ray diffraction patterns for Ba,YCu,0,_; thin films heat-treated at 800° C for 15
min on the substrate SrTiO;(100) (top), and at 850° C for 30 min on the substrate MgO(100)
(bottom) in a flowing O, /0, mixture (from S. Hirano et al. [12]). o, Ba,YCu;0,_;, @,
SrTi0;; O, MgO.

using a mixture of O,/0,. Ba,YCu ;0,_; ceramics thus fabricated at 920°C
from metal alkoxides became superconducting at about 83 K (T, .4)-

This chemical processing can also be applied in the synthesis of crystal-
line, stoichiometric Ba,YCu40,_; thin films having a preferred orientation
on single-crystal substrates by a dip-coating method [12]. It was found that
Ba,YCu;0,_; began to form at temperatures as low as 650 ° C as a result of
the controlled partial hydrolysis of a homogeneous alkoxide solution and the
use of an ozone/oxygen mixture. Single-phase Ba,YCu;O,_4 thin films
having the preferred orientation were directly synthesized on SrTiO,;(100),
SrTi0,(110) and MgO(100) substrates at 800° C, as shown in Fig. 6. These
thin films, prepared at 900 ° C for 15 min, exhibited superconducting transi-
tions at about 90 K (T ,.,) and 75 K (T ..q), as shown in Fig. 7.

Masuda and Tateishi [13] reported correlations of residual carbon in
Ba,YCu,;0O,_; powders prepared using the sol-gel method with heating
conditions (Fig. 8) and superconducting properties (Fig. 9). Carbon may
remain, depending upon the firing conditions. X-ray photoelectron spec-
troscopy and Fourier-transform IR analyses showed that any residual carbon
existed as carbonates and was concentrated at the surface of the powders.
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Fig. 7. Temperature dependence of d.c. resistivity of Ba,YCu;0,_; thin films prepared on
the substrate SrTiO;(100) (from S. Hirano et al. [12]).

Magnetic susceptibility and T .., of these powders were improved in
proportion to the decrease in the carbonate content.

Horowitz et al. [14] have found, however, that it is possible to conduct the
low-temperature synthesis of Ba,YCu;0,_; powders by decomposing
carbon-free precursors in an inert gas. They used carbon-free precursors
such as hyponitrites, which were precipitated from a nitrate solution by the
addition of an aqueous solution of Na,N,0,, and hydrated metal oxides,
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Fig. 8. Relation between heating conditions and carbon contents of Ba,YCu;0,_j; calcined
powders: ®, in O, flow; o, in air flow. (From Y. Masuda et al. [13]) ¢ denotes powders
obtained from a solid-state reaction.
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Fig. 9. Effect of carbon content on T, and the magnetic susceptibility (at 10 K) of

Ba,YCu;0,_; powders (from Y. Masuda et al. [13]).

which were prepared by the controlled hydrolysis of homogeneous THF
solutions containing Y(OCH(CH,),);, Ba(OCH(CH,),); and hydrolysable
copper compound such as Cu(OC(CH,),;),, Cu(N(C,Hy),), or
Cu(OCH,CH,0C,Hy),. These precursors avoid the formation of BaCO,
and lower the synthesis temperature. Conversion to the superconducting
oxide was achieved by firing the precursors in flowing argon at 650-700° C
for 2-12 h, yielding a tetragonal Ba,YCu,0,_; which was subsequently
oxidized to the orthorhombic phase by annealing in flowing oxygen at
400°C for 2-12 h. Although BaCO; was not detected in the specimens, a
trace of BaCuO, coexisted with the Ba,YCu;0,_,. Further annealing at
950°C in oxygen resulted in a nearly pure Ba,YCu,;0,_; phase. When the
decomposition of the precursors is conducted in oxygen rather than argon,
the Ba,YCu,0,_; phase does not form below 700°C. Manthiram and
Goodenough [15] also recognized that annealing at relatively low tempera-
tures in an inert atmosphere would yield a tetragonal phase suitable for
subsequent oxidation to the superconducting orthorhombic form.

Ba,YCu,0,_; fibres can also be synthesized by the sol-gel method using
organometallic compounds. Laine et al. [16] fabricated Ba,YCu,0,_; pre-
cursor fibres which were spun or extruded from a organometallic spinnable
solution and then pyrolysed to form superconducting orthorhombic and
tetragonal phases.

COPRECIPITATION METHODS

Three methods using coprecipitation reactions, i.e. of oxalate, carbonate
and citrate, are discussed. The coprecipitation method permits the synthesis
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of superconducting oxide powders via a single calcination step without
grinding. The main characteristics of the coprecipitation method are as
follows: (1) a simultaneous and controlled precipitation of all the compo-
nents with a given chemical composition; (2) a reproducible manufacturing
process; and (3) potential for the synthesis of pure, homogeneous and
fine-grained powders.

However, experimental conditions have to be carefully controlled in order
to approach the above requirements. During the course of the fabrication
process, all the components in the solution must precipitate simultaneously
in a fixed composition with a precipitating agent. Furthermore, the pH of
the solution has to be controlled to a given value in order to maximize the
quantity of precipitate formed.

Oxalate coprecipitation

In the oxalate coprecipitation method, yttrium, barium, and copper
nitrates are dissolved in water. Addition of an aqueous solution of oxalic
acid immediately produces precipitation of the corresponding oxalates.
However, the precipitation conditions, such as pH, concentration, tempera-
ture, and the relative ratios of metal ions, all have to be strictly optimized
and controlled so that the solubilities of all three compounds of Ba, Y and
Cu are simultaneously as low as possible. The three oxalates are almost
insoluble in pure water, while barium oxalate does dissolve in acidic solu-
tions. Therefore, the pH value must be controlled by means of a precipitat-
ing agent such as NaOH, NH,OH. Even so, it is difficult to precipitate
barium oxalate completely. The initial concentration ratios of the metal ions
must be adjusted to achieve the proper stoichiometry in the final precipitate.
So far, there have been no reports with detailed data concerning precise
experimental conditions.

Caillaud et al. [17] have presented a theoretical model of the oxalate
coprecipitation method which permits the most appropriate conditions to be
chosen. Its application to the synthesis of Ba,YCu,;0,_; has been experi-
mentally examined. When preparing a solution with a pH between 2.38 and
2.53 and with yttrium, barium and copper concentrations at a level of 1072
mol 171, the coprecipitation yield reaches 90%. The decomposition behaviour
of the coprecipitates can be understood from a TG curve of single oxalates,
as shown in Fig. 10. For yttrium oxalate the decomposition starts between
100° C and 230° C, resumes at 500 ° C, and ends at about 700 ° C. The entire
decomposition of copper oxalate occurs between 230 ° C and 260 ° C. Barium
oxalate transforms into BaCQO, by heating up to 500 ° C, which then starts to
decompose into barium oxide at 800°C

Oxalate coprecipitates were converted to a Ba,YCu,0,_; single phase by
firing at 850° C for 8 h in flowing oxygen. Although the oxalate decomposi-
tion caused the formation of BaCO,, the temperature of conversion to
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Fig. 10. TG curves of single oxalates (top) and the coprecipitate prepared at pH 2.46
(bottom). Heating rate, 4°C min~' (from F. Caillaud et al. [17]).

Ba,YCu;0,_; was still lower by about 100°C than that in the solid-state
reaction of mechanically mixed oxides. This may result from the high
reactivity of coprecipitate-derived powders in a well mixed state.

Carbonate coprecipitation

Yttrium, barium, and copper carbonate powders are prepared by adding a
metal nitrate solution to a sodium carbonate solution. NaOH was used to
adjust the final pH of the mixed solution to a range of 9-10. In order to
complete the precipitation reaction, a slight excess of Na,CO; must be
added to the original solution. To remove residual sodium ions in precipi-
tates, carbonate powders must be rinsed with distilled water several times
until the pH of the filtrate becomes < 7.5. Finally, the powders are dried in
air at 80° C. Carbonate precipitates were uniform in size, about 0.1-0.2 pm
thick. Ba,YCu;0,_; ceramics sintered at 960 ° C showed superconductivity
ata T4 value of 92 K.
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Citrate coprecipitation

Amorphous citrates are also a useful intermediate for oxide superconduct-
ing materials. The typical procedure for preparing Ba,YCu,0,_; powders
and films is shown in Fig. 11. This process is based on the ability of
a-hydroxylic acids, such as citric acid, to form a polybasic acid chelate with
metallic ions. The chelates undergo a polyesterification reaction when heated
with a polyfunctional alcohol, such as ethylene glycol, forming a metal-con-
taining polymer (not an organometallic compound). On further heating, a
viscous resin, gel and, finally, fine oxide powders are produced.

This method therefore offers better compositional control and mixing at
the molecular level in solutions compared with oxalate coprecipitation in
which incomplete precipitation occurs occasionally owing to different solu-
bilities of metal ions depending on the pH. It is possible to prepare powders
and films by controlling the viscosity of the solution, which is determined
primarily by the extent of polymerization.

Falter et al. [18] have synthesized superconducting Ba,YCu;0,_; powders
by the citrate coprecipitation method. The phase development in this system
is illustrated in Fig. 12. Amorphous precursors contained metallic copper
formed during pyrolysis. After heating for 2 h at 575°C, several crystalline
phases were identified, namely BaCO, and CuO. These phases remained up
to 750° C and reacted at 800° C to give the desired Ba,YCu,0,_; phase. In
this system, crystallization from the amorphous precursor resulted in fine,
well-mixed crystallites of Y,0;, BaCO; and CuO, which reacted to form the
Ba,YCu,0,_; phase at 800 °C. Furcone et al. [19] fabricated Ba,YCu;0,_;
thin films from homogeneous liquid citrate precursors by spin-coating and
subsequent heat-treatment as follows: (1) pyrolysis at slow rates to 600° C in

Y(NO3); 6H,0 re;a(rldoa)2 Cu(NO3), 3H,0
H,0
Citric Acid
Ethylene Glycol

Y,Ba,Cu,Solution

Heat at ~100'C
(Polyesterification)
I
[ ]
Viscous Liquid 200~250°C
Coating onto Substrate Resin

Pyrolyze — 800~850°'C —— Pyrolyze

Film Powder

Fig. 11. Flow chart for a citrate coprecipitation process.
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Fig. 12. X-ray diffraction patterns for Ba,YCu,0,_; powders after heat treatment (from
L.M. Falter et al. [18]).

air; (2) vacuum firing to 800-850°C; (3) annealing at 800-850°C for 1-2
h; (4) cooling in oxygen to 400-450° C and maintaining for 1-2 h.

X-ray diffraction analysis showed that the films were predominantly
Ba,YCu;0,_;, although some were contaminated with small amounts of
Y,BaCuO, and BaCuO,. After vacuum firing for at least 2 h, no BaCO; was
observed.

The onset of the superconducting transition is observed at 87 K with a
T, .na Vvalue of 51 K. The transition temperature is lower than that expected
for fully oxidized Ba,YCu;O,_,. Critical current densities of ~10* A cm™>
are greater than those for most bulk ceramics, but lower by a factor of 102
than those of physically deposited expitaxial films. This is attributed to
incomplete oxidation resulting from the presence of residual carbon, despite
careful pyrolysis procedures with vacuum-firing.

CONCLUSIONS

The chemical synthesis of the superconducting oxides through solutions is
a promising route to preparation of the desired powders, films or fibres
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having chemical homogeneity on a large scale. Extenstve basic research still
has to be carried out, especially on the critical selection of starting solutions
and the fabrication procedures associated with polycondensation reactions
for precursors. A clue may be drawn from the reports published so far: the
key is to control the coordination of ions in the solution with metal-
oxygen—metal bonds and to minimize the formation of carbonates during
the pyrolysis of organometallic-derived precursors.
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