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Preparation of YBa,Cu;0,_ . superconductor by coprecipitation
of nanosize oxalate precursor powder in microemulsions
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We describe a new technique for the synthesis of ultra-homogeneous nanoparticles of precursor oxalate powders by coprecipi-
tation in the aqueous cores of water-in-oil microemulsions for the preparation of YBa,Cu;0;,_, (1-2-3) oxide superconductors.
This novel technique ensures uniform mixing of cations down to the scale of 10 nm. This ultrafine powder results in phase pure
**1-2-3" oxide superconducting material of almost theoretical density and > 93% Meissner shielding expected from an ideal sam-

ple ( —1/4x) after proper heat treatment.

1. Introduction

Since the discovery of superconducting transition
temperature near 30 K in La-Ba-Cu oxide by Bed-
norz and Miiller [1], enormous efforts were made to
study perovskite-like oxide superconductors. This led
to the invention of new superconducting materials in
Y-Ba-Cu-O [2,3] systems with T higher than the
boiling point of liquid nitrogen. Recently, even higher
T. phases were discovered in Bi-Sr-Ca-Cu-O [4]
and Tl-Ba-Ca-Cu-O [5] systems.

The properties of oxide superconductors are
strongly dependent on the synthesis techniques and
the processing conditions. Therefore, the powder
synthesis techniques are likely to play a crucial role
in the preparation of bulk materials. The conven-
tional method of preparation for the YBa,Cu;0,_,
by means of solid-state reaction has many inherent
problems, e.g. poor homogeneity, large particle size,
lack of reproducibility and longer heat treatment
times. This approach usually requires several heat-
ing and grinding cycles. In order to achieve an ac-
ceptable level of homogeneity, wet chemical tech-
niques such as coprecipitation [6-15] and freeze
drying [16] have also been used. Homogeneous co-
precipitation has been widely employed by various
workers for precursor powder synthesis with better
homogeneity and stoichiometry and is widely used

for the manufacture of high-quality ceramics [17-
22]. Homogeneous coprecipitation of carbonates by
K,CO; in the presence of KOH [8] would lead to
the contamination of precursor powder by potas-
sium ion. Other efforts using oxalate ion as precip-
itant have been hindered by the resultant undesir-
able stoichiometry [9,10] due to differing solubilities
of individual oxalates. The use of ammonium oxa-
late as precipitant directly, would lead to complexing
of Cu?* ions with ammonia molecule. Because of the
differing solubility of metal oxalates, it is necessary
to optimize the reaction environment carefully (i.e.
pH and precipitating medium) to obtain the desired
stoichiometric ratio in the precursor powder. The
variation of stoichiometry with pH in aqueous me-
dium has been reported [17,23,24]. Recent efforts
focus on the use of non-aqueous solvents to reduce
the solubility of oxalates [25-27]. We have recently
reported almost complete (>99.9%) precipitation
of oxalates from acetic acid medium [28].

Itis now well recognized that the properties of high-
temperature superconductors are critically depen-
dent on the microstructure of the sample. The con-
trol of size, size distribution, morphology of the pre-
cursor powder and the heat treatment conditions are
critical for obtaining the desired microstructure. A
wet chemical synthesis process results in a more ho-
mogeneous material compared to material obtained
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by conventional solid-state reaction. Even better ho-
mogeneity can be achieved, compared to bulk co-
precipitation, if the reaction can be carried out in a
controlled environment nanosize reactor. The use of
aqueous cores of water-in-oil microemulsions as
nanoreactors for the chemical reaction offers this op-
portunity [29-32].

Microemulsions are thermodynamically stable
isotropic dispersions consisting of nanosize domains
of oil and/or water stabilized by an interfacial film
of surface active agent. The precise control of the size
and stability of the nanostructured domains pro-
vides a novel media for the preparation of mesos-
copic particles of desired size and shape with a nar-
row size distribution. The precipitation inside the
nanosize domains (usually 5-25 nm) of water in oil
microemulsions would results in nanoparticles of
uniform size distribution and better homogeneity
compared to bulk coprecipitation which results in
uncontrolled nucleation and growth. Microemul-
sions have been used to prepare inorganic catalysts
with precisely controlled size and shape, 1-100 nm,
including “‘quantum” particle and nanoparticles [33-
35). Recently we have reported the synthesis of na-
nosize precursor powders in the CTAB/butanol/oc-
tane/aqueous phase microemulsion system for the
preparation of barium hexaferrite for high-density
perpendicular recording [36].

The design and synthesis of materials with nano-
meter dimensions, so-called mesoscopic materials,
are the subject of intense current research. Materials
with particles in the size range 10-100 A exhibit novel
electronic, optical, magnetic and chemical properties
due to their extremely small dimensions [37]. Fine
grain, higher surface area materials are especially im-
portant in ceramic processing. Refractory materials
can be processed to form more dense, and poten-
tially fully dense, ceramics from ultrafine nanopar-
ticles [38]. Although several studies have been de-
voted to the synthesis of nanometer-sized semi-
conducting and magnetic materials [39-46], rela-
tively little work exists for the synthesis of high-T,
oxide superconductors of similar dimensions. We
have recently reported the synthesis of YBa,Cu;0,_,
from ultrafine precursor powders coprecipitated, us-
ing ammonium oxalate as precipitant, in the aqueous
core CTAB/butanol/octane aqueous core of water-
in-oil microemulsion systems, of almost theoretical

MATERIALS LETTERS

March 1993

density with 90% of ideal Meissner shielding at 4.8
K [47,48). The use of ammonium oxalate as the pre-
cipitant requires precise control of pH to achieve
correct stoichiometric ratio and results in incom-
plete precipitation. In this article we report the syn-
thesis of nanosize precursor powders in nanosize do-
mains of water-in-oil microemulsions consisting of
acetic acid and water mixture. The use of acetic acid
medium results in almost complete precipitation be-
cause oxalates of yttrium, barium and copper are in-
soluble in acetic acid.

2. Experimental

All the chemicals used, yttrium acetate,
Y,(C,H;0,)3-4H,0, barium carbonate, BaCO, and
copper acetate, Cu(C,H;0,)3-H,0, were of high pu-
rity (>99.9%). Acetic acid and cyclohexane were of
reagent grade. Surfactant, Igepal CO-430, nonyl-
phenoxypoly (ethylenoxy) ethanol, (C,HO),
C,sH:,0, was of a commercial grade. Deionized dis-
tilled water was used in all the chemical procedures.
Yttrium acetate, barium carbonate and copper ace-
tate were first dissolved in 25/75 V/V acetic acid
water mixture in a cationic ratio of 1:2:3. After
evaporation to dryness, the residue was redissolved
in 200 ml of 50/50 acetic/water mixture to 10 mM
Y3+, 20 mM Ba?* and 30 mM Cu?* concentration.
A clear blue solution was obtained. Oxalic acid in
10% excess than that required stoichiometrically was
dissolved in 50/50 V/V acetic acid/water mixture.
For the preparation of particles, a microemulsion
containing all the cations in the required stoichio-
metric ratio was mixed with another microemulsion
containing oxalic acid in the aqueous phase. The na-
nosize domains (aqueous core of water-in-oil mi-
croemulsions) collide frequently and move about
rapidly [29-32]. This allows the reacting species to
come in contact when a microemulsion containing
all the metal salts is mixed with another microe-
mulsion containing the precipitating agent. Since
both the microemulsions have the same surfactant,
hydrocarbon and aqueous phase (differing only the
nature of the salt dissolved ), the microemulsion does
not get destabilized on mixing. The steric barrier
provided by the surfactant monolayer restricts the
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growth of the precipitated oxalate particles and
hinders intergrain coagulation. Serial precipitation
of cations (which may occur in the conventional wet
chemical methods) is avoided in the present ap-
proach, the upper limit of chemical inhomogeneity
being set by the dimension of nanosize domains
(usually 5-25 nm). The compositions of both the
microemulsions used for the preparation of nano-
precursor oxalate particles are given in table 1. The
cations precipitate as Y-Ba-Cu oxalate particles by
the reaction with oxalic acid within the nanosize do-
mains of water-in-oil microemulsions. A schematic
representation of the process and of the water-in-oil
microemulsion is given in fig. 1.

The precipitate was separated in a superspeed cen-
trifuge at 7000 rpm for 10 min. Then it was washed

Table 1
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Igepal CO-430 (15g)
+cyclohexane (50 ml)
+aqueous solution

of metal salts (10 ml)
(Y:Ba:Cu=1:2:3)

Igepal CO-430 (15 g)
+cyclohexane (50 mi)
+aqueous solution

of oxalic acid (10 ml)

Microemulsion [

Microemulsion II

Extraction of precipitate
Water-in-oil-wecroemulsion
Drying & further processing

Fig. 1. Schematic of water-in-oil microemulsion and of the reac-
tion mechanism.
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repeatedly with 1:1 chloroform:acetone mixture to
remove all the surfactant. A small drop of this sus-
pension was placed on a TEM grid for particle size
analysis. A JEOL-200 CX was used for the trans-
mission electron microscopy studies. The precipitate
was dried at 100°C in air for 12 h.

- Thermogravimetric (TGA) and differential ther-
mal analysis (DTA) studies were performed in air
at a heating rate of 5°C/min by a Du Pont (TGA/
DTA) 900 instrument. The dehydrated oxalate pre-
cursor powder was calcined at 800°C/min for 12 h
in air and then slowly cooled (1°C/min) to room
temperature. The calcined powder was pressed into
a pellet of 6 mm diameter under a static pressure of
120 MPa, and then the pellet was sintered at 930°C
for 12 h in flowing oxygen atmosphere. The chemical
composition of the calcined powder was determined
by energy dispersive X-ray analysis (EDAX). For
inductively coupled plasma atomic emission spec-
troscopy (ICP/AES) analysis, calcined powder was
dissolved in hot nitric acid. The structure and the
phase composition were determined by a Philips
powder X-ray diffractometer using Cu Ka radiation
at40 kV, 20 mA. The instrument was calibrated with
Si. The dc magnetic susceptibility measurements were
performed using commercial superconducting quan-
tum interference device (SQUID) magnetometer
(Quantum Design, CA ). The surface morphology of
the sintered specimen was examined by scanning
electron microscopy.

3. Results and discussion

The nanosize domains of water-in-oil microemul-
sions act as batteries of constrained reactors for the
precipitation reaction, as the surfactant monolayer
provides a barrier restricting the growth of the ox-
alate particles. The steric barrier provided by the
surfactant monolayer also hinders the coagulation of
the particles. The transmission electron micrograph
(fig. 2) of the precursor powder shows that the par-
ticles formed within the nanosize domains of the mi-
croemulsion are fairly monodispersed within the size
range of 3-12 nm. However, few larger aggregates
were also observed, which may be due to aggregation
under high centrifugation force during the separa-
tion step.
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Fig. 2. Transmission electron micrograph of oxalate precursor

powder.
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Fig. 3. TGA/DTA thermogram of oxalate precursor powder.

Thermogravimetric studies in air at a heating rate
of 5°C/min (fig. 3) indicate a loss of water at a tem-
perature below 200°C, followed by the decomposi-
tion of CuC,0, to CuO between 200 and 300°C. The
decomposition of anhydrous copper oxalate leads to
the formation of elemental copper and CO,, after
which copper is oxidized to CuO [49]. A slight
weight gain after the second weight loss step in the
TGA curve is due to the oxidation of elemental cop-
per to CuO. The two-step decomposition of yttrium
oxalate t0 Y,0; via Y,(CO;); occurred in the range
between 300 and 450°C, overlapped by the trans-
formation of barium oxalate into barium carbonate.
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These decompositions agree with the weight changes
observed for the individual oxalates and are in cor-
respondence with the exothermic peaks in the DTA
curve. Barium carbonate starts to decompose to bar-
ium oxide at 750°C and completes around 850°C.
These results indicate that on attaining a tempera-
ture of 550°C for nanosize precursor oxalate pow-
der, the oxalates are transformed into a mixture of
Y,0;, BaCO; and CuO. The decomposition of BaCO,
to BaO started around 750°C for the nanoparticles
of oxalate precursor powder, as compared to 870°C
for bulk coprecipitated oxalate precursor and greater
than 1000°C for pure barium carbonate [27]. The
reduction in decomposition temperature in the case
of nanometer sized particles may be due to very high
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Fig. 4. X-ray diffraction pattern of the sample sintered at 930°C.
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Fig. 5. dc magnetic susceptibility as a function of temperature of
the sample sintered at 930°C.

71



Vadiame 16, punber 2.3 MATERIALS LETTERS March 1993

Fig. 6. SEM micrographs of sintered sample.

surface pressure induced by the curvature. ray analysis (EDAX) of the calcined powder con-
The dehydrated precursor oxalate powder was cal- firms the presence of all the metal species almost in
cined at 800°C for 12 h in air. Energy dispersive X- the same cationic ratio as were initially used because
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of the complete precipitation of cations as oxalates
from the acetic acid medium. The elemental com-
position analysis at scveral spots was uniform whic.h
is indicative of a highly homogencous material. This
is due 10 the fact that all the cations are uniformly
mixed and the scale of homogeneity is limitefi by the
size (3-12 nm) of the precursor powder whlch'cor}-
stitutes all the metal oxalates in the required cationic
ratio in each particle unit. Peaks pertaining to all the
cations were present in the EDAX spectrum. The
ICP/AES analysis further confirms that all the cat-
jons were present in a perfect cationic ratio in the
calcined powder.

X-ray diffraction spectrum of the sintered sample
(fig. 4) shows only peaks for the orthorhombic su-
perconducting phase of YBa,Cu;0,_,. No impurity
pcaks were observed in the diffraction spectra. All
the diffraction peaks can be accounted for by an or-
thorhombic unit cell with a=3.818 A, b=3.881 A
and c=11.679 A.

The density of the sintered pellets was measured
by the Archimedes method by employing isooctane.
The bulk density of the sintered material corre-
sponds to 97.8% of the single crystal density (6.37
g/cm?) of YBa,Cu;0,. Relative density of >97% is
quite remarkable for superconductors sintered under
ambient pressure.

The superconducting transition temperature was
determined (using SQUID magnetometer) by cool-
ing the sample in zero field and warming it up in a
field of 20 G. The temperature dependence of dc sus-
ceptibility of the sintered pellet was measured down
to 4.8 K. The microemulsion derived material ex-
hibits substantially large zero-field (diamagnetic
shielding ) and field cooled (flux expulsion) signals
(fig. 5). A T, of 92 K was observed. The diamag-
netization corrected value of ZFC signal (Meissner
shielding) is >93% (93.2%) of that expected from
an ideal sample (—1/4x). The corresponding value
for the material prepared from bulk coprecipitated
precursors is only 53% [28]. The Meissner fraction
is known to depend on the applied field. The de-
pendence is particularly strong for the low applied
fields and the Meissner fraction approaches 100% for
an applied field of 0.01 G. Note that the relatively
high value of Meissner fraction (93%) that we ob-
tained corresponds to a relatively large field (20 G).

The resulting morphology of the sintered pellet is
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shown in figs. 6A and 6B. Remarkably dense ma-
terial with minimum porosity can be observed in fig.
6. These micrographs were taken at different areas
of the specimen. Highly dense, laminar-like grain
formation is due to the fact that ultrafine precursor
powders were used for the fabrication of these ma-
terials. These results are consistent with the very high
derisity of the sintered material.

4. Conclusions

We have shown that microemulsions are novel
media for the synthesis of precursor materials of
nanometer dimensions. These ultrafine precursor
powders result in highly dense, potentially fully dense,
superconducting materials with strong Meissner sig-
nal after proper processing. Perfect homogeneity of
cations is assured by the extremely small dimension
of the reaction vessel ( = 5-25 nm). These results in-
dicate that these materials may have very critical
current density. The precise control of size and shape
of the nanosize domains makes these systems very
versatile for the preparation of ultrafine powders of
desired size and shape with narrow size distribution
of nanometer dimensions. Such materials would be
useful for studying the grain size dependence of var-
ious superconducting properties.

Acknowledgement

The authors thank Mr. W.W. Kim and Dr. J.S. Kim
of the Physics Department for their help in magnetic
susceptibility measurements and Mr. Guy Latore for
TGA/DTA analysis. Financial support from EPRI
(Grant #RP8009 22) is gratefully acknowledged.

References

{1]J. Bednorz and A. Miiller, Z. Physik B 64 ( 1986) 189.

(2] M.K. Wy, J.R. Ashburn, C.J. Torng, P.H. Hor, R.L. Meng,
L. Gao, Z.J. Huang, Y.Q. Wang and C.W. Chu, Phys. Rev.
Letters 58 (1987) 908.

[3] H. Tabagi, S. Uchida, K. Kishio, K. Kitazawa, K. Fueki and
S. Tanaka, Japan. J. Appl. Phys. 26 (1987) L329.

[4] H. Maeda, Y. Tanaka, M. Fukutonei and T. Asano, Japan.
J. Appl. Phys. 27 (1988) L209.

73



Volumc 16, number 2,3

[5]Z.Z. Sheng and A.M. Hermann, Nature 332 (1988) 138.

(6] R.J. Cava, B. Batlogg, R.B. van Dover, D.W. Murphy, S.
Sunshine, T. Siegrist, J.R. Remeika, E.A. Reitman, S.
Zahurak and Z.P. Espinosa, Phys. Rev. Letters 58 (1987)
1976.

[7] H.H. Wang, K.D. Carlson, U. Greiser, R.J. Thorn, H.C.I.
Kao, M.A. Beho, M.R. Monaghan, T.J. Allen, R.B. Proksch,
D.L. Stupka, J.M. Williams, B.K. Flandermeye and R.B.
Poeppel, Inorg. Chem. 26 (1987) 1474.

(8] A.M. Kini, U. Geiser, H.C.I. Kao, K.D. Carlson, H.H. Wang,
M.R. Mouaghan and J.M. Williams, Inorg. Chem. 26 (1987)
1834.

[9] X.Z. Wang, M. Henry, R.J. Livage and I. Rosenman, Solid
State Commun. 64 (1987) 881.

[10] A. Manthiram and J.B. Goodenough, Nature 329 (1987)
701.

[11] K. Kaneko, K. Thara, M. Hirabayashi, N. Teradae and K.
Senzaki, Japan. J. Appl. Phys. 26 (1987) L734.

[12]S.V. Vilmienot, S.El. Hadigui, A. Derory, M. Drillion, J.C.
Bernier, J.P. Kappler, R. Kueutzler and Y. Dossmann,
Mater. Res. Bull. 23 (1988) 521.

[13] LW. Chen, S. Keating, X. Wu, P.R. Reyes-Morel and T.U.
Tien, Advan. Ceram. Mater. 2 (1987) 457.

[14]J.D. Jorgenson, H. Schuttler, D.G. Hinks, D.W. Capone, K.
Zhang, M.B. Brodsky and D.J. Scalapino, Phys. Rev. Letters
58 (1987) 1024.

[15] E.G. Kavroris and E.R. Vance, Mater. Letters 6 (1987) 16.

[16]S.M. Johnson, M.I. Gussman, D.J. Rowcliffe, T.H. Gebale
and J.Z. Sun, Advan. Ceram. Bull. 2 (1987) 337.

[17]S. Vehida, H. Takagi, K. Kitzawa and S. Tanaka, Japan. J.
Appl. Phys. 26 (1987) L1.

[18] S.E. Troiler, S.D. Atkinson, P.A. Fuierer, J.H. Adair and
R.E. Newnham, Am. Ceram. Soc. Bull. 67 (1988) 759.
[19] D.H.A. Blank, H. Kuihof and J. Flokstra, Phys. D 21 (1988)

226.

[20] C. Chu and B. Dunn, J. Am. Ceram. Soc. 70 (1987) C375.

[21]T. Fujisawa, A. Takagi, T. Honjoh, K. Okuyamia, S.
Ohshima, K. Matsuki and K. Muraishi, Japan. J. Appl. Phys.
28 (1989) 1358.

[22] M. Abino and D. Sordelet, Advan. Ceram. Mater. 2 (1987)
232,

[23] K. Kaneko, H. Thara, M. Hirabayashi, N. Terada and K.
Senzaki, Japan. J. Appl. Phys. 26 (1987) L734.

[24]R.S. Liu, C.T. Chang and P.T. Wu, Inorg. Chem. 28 (1989)
154.

[25] A.D. Sharma, R.N. Basu and H.S. Maiti, J. Mater. Sci.
Letters 11 (1992) 122.

[26] K. Kellnen, X.Z. Wang, G. Gritzner and D. Bauerle, Physica
C 173 (1991) 208.

74

MATERIALS LETTERS

March 1993

[27] F. Caillaud, J.F. Baumand and A. Smith, Mater. Res. Bull.
23 (1988) 1273.

(28} P. Kumar, V. Pillai and D.O. Shah, J. Mater. Sci. Letters 12
(1993) 162.

[29] P.G. Gennes and C.J. Taupin, J. Phys. Chem. 86 (1982)
22,

[30]J. Tabony, Nature 319 (1986) 400.

{31] R.H. Robinson, Nature 319 (1986) 364.

(32} M.J. Hou and D.O. Shabh, in: Interfacial phenomena in bio-

i technology and material processing, eds. Y.A. Attia, B.M.
Moudgil and S. Chandler (Elsevier, Amsterdam, 1986).

[33] C.H. Chew, L.M. Gan and D.O. Shah, J. Dispers. Sci. Tech.
11 (19%90) 593.

[34] L. Inouye, R. Endo, Y. Otsuka, K. Mlyashiro, K. Kaneko
and T. Ishikawa, J. Phys. Chem. 86 (1982) 1465.

[35] M.L. Steigerwald, J. Am. Chem. Soc. 110 (1988) 3046.

[36] V. Pillai, P. Kumar and D.O. Shah, J. Magn. Magn. Mater.
116 (1992) L299.

(37)R.P. Anders, A.S. Averback, W.L. Brown, L.E. Brus, A.
Kaldor, S.G. Louie, M. Moscovits, P.S. Peercy, S.J. Piley,
P.W. Siegel, F. Spaepen and Y. Wong, J. Mater. Res. 4
(1989) 704. :

[38] J.W. Evans and L.C. DeJowghe, The production of inorganic
materials (Macmillan, New York, 1990) p. 410.

[39] H. Okada, K. Sakata and T. Kunitake, Chem. Mater. 2
(1990) 89.

[40] S. Mann and J.P. Hansington, J. Colloid Interface Sci. 122
(1988) 326.

[41] X.K. Zhao, PJ. Herve and J.H. Fendler, J. Phys. Chem. 93
(1989) 908.

[42] V. Papefthymiou, A. Kostikas, A. Simopoulos, D. Niarchos,
G. Gangopadyey, G.C. Hadjipanayis, C.M. Sorensen and
K.J. Klabunde, J. Appl. Phys. 67 (1990) 4487.

[43] R.D. Shull, J.J. Ritter, A.J. Shapiro, L.J. Swartzendruber
and L.H. Bennet, J. Appl. Phys. 67 (1990) 4490.

[44) R.D. Shull, J.J. Ritter, A.J. Shapiro, L.J. Swartzendruber
and L.H. Bennet, Mater. Res. Soc. Symp. Proc. 206 (1991)
455.

[45] BJ. Tarasevich and P.C. Rieke, Mater. Res. Soc. Symp. Proc.
174 (1990) 51.

[46] R.F. Ziolo, E.P. Gaiannelis, B.A. Weinstein, M.P. O°Horo,
B.N. Ganguly, V. Mehrotra, M.W. Russell and D.R.
Hoffmann, Science 257 (1992) 219.

[47]P. Ayyub, A.N. Maitra and D.O. Shah, Physica C 168
(1990) 571.

[48] P. Kumar, P. Ayyub, A.N. Maitra and D.O. Shah, in: The
international symposium on surfactant in solution,
Gainesville, Florida (1990).

[49] V.P. Komienko, Ukr. Khim. Zh. 23 (1957) 159.



