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We describe a new technique using microcmulsions for synthesizing an ultra-homogeneous, micropaniculate precursor for the
production of sintered YBa;Cu,0,_,. The process cnsures a uniform mixing of the cations down 1o 8 scale of at least 10 nm. The
fincly disperscd oxalate precursor (panticle size= S0 nm) yiclds single-phase YBa,Cu,0,._, powdcr (panticle size= 275 am ) on
calcining at 820°C. The material sintered at 925°C has a very compact microstructure with large (15-50 um) grains and has »
bulk density that is about 98% of the theorctical (single-crystal) value. It also exhibits a significantly higher Mcissaer effect than
the maicrial produced by conventional aqucous precipitation when both are sintered under identical conditions.

1. Introduction

Itis now recognized that many of the propertics
of the recently-discovered oxide superconductors are
critically dependcent on the microstructure. A desired
microstiructure may be obtained by controlling the
morphology and size-distribution of the precursor
(uncalcined powder) and optimizing the sintering
conditions. As sintcring is promoted by a decreasing
surface free encrgy, a uniform microparticulate pre-
cursor is essential for obtaining high-dcensity sintered
material. Conventional solid state reaction (involv-
ing the oxides or carbonates of Y, Ba and Cu) yields
Y Ba,Cuy0,_, (YBCO) ccramic with large particles
and a wide distribution of sizes and is unsuitable for
'sintering. In principle it is possible 1o produce a ho-
mogceneous. fine-grained powdcr using co-precipi-
1ation methods. However, in the case of YBCO, it is
very difficult to achiceve strictly simultancous pre-
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cipitation due to the dissimilar chemistry of Y, Ba
and Cu salts. Also, during a chemical reaction in a
bulk aqucous medium, the nucleation and the sub-
sequent growth of the precipitated particles occur in
an uncontrolled manncr. These problems can be
avoided by using the microcmulsion as a rcaction
medium. |
A microemulsion is generally defined as a ther-
modynamically stable, optically isotropic dispersion
of aqucous and hydrocarbon phases in the presence
of at lcast one species of surfacc-active (surfactant)
molccules [1,2]. For the present, we are interesied
in systecms in which the aqueous phasc is dispersed
as microdroplets surrounded by a monolayer of sur-
factant molecules in the continuous hydrocarbon
phase (water-in-0il microemulsions). The dimen.
sion of the water droplets is typically between 10 and
50 nm, depending on the nature and proportion of
the constituents. If a soluble mctal salt is incorpo-
rated in the aqueous phase of the microemulsion then
it will reside within isolated droplets (10-50 nm in
size) surrounded by oil. The microdispersed metal
salt may subsequently be reduced or oxidized 10 pro-
duce metal or metal oxide microparticles. Water-in-
oil microemulsions have been used to synthesize col-
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loidal meuals (3. colloidal Fe,0, [4], colloidal AgQl
[§) and microcrs sialline Fe,0, [6).

2. Characterization of the microemulsion

We szlected a microcmulsion with the following
four components: cetylirimethylammonium bro-
mide isurfactan:. also known as CTAB), 1-bu-
lanol(ce-surfaciary). n-octane (which constitutes the
continuous hydrecarbon phase) and the aqueous
phase. The CTAB:butanol ratio was kept fixed at
1:0.73 during (- determination of the phasc dia-
sram and subscqu:ng cxperiments. The pscudo-three-
component phase Ziagram of this sysiem (for the case
where pure water constitutes the aqueous phase) js
shown in fig. 1. L:and L, represent the isotropic one-
phase water-in-oj: and oil-in-water regions, respec-
tively. while the iziermediate Brey area represents a
bircfringznt phase. Figure 2 depicts the phase dja.
gram or'the syster= in which the aqueous phasc con-
sisis of' a mixture ¢ the nitrates of Y, Ba and Cu. the

concentrations of the metal ions being 0.0, 0.10 and
0.15 M/, respectively. To avoid errors due (o an un.
certainty in the water of crystallization associated
with Y(NQ,), and Cu(NO,),, the slarting solution
was produced by dissolving Y,0, and CuO in han
concenirated nitric acid and later adding Ba(NO,),.
The metal salts (from Aldrich) were at Jeast 99.99%
pure. CTAB (99%) was obtainced from Sigma, while
butanol (99.8%) and ociane (rcagent grade) were
obtained from Fisher Scientific. Water was deion-
ized and distilled before use.

It is apparent from fig. 2 that the (.'FAB/bulanoI/
octanc system solubilizes 3 relatively large propor-
tion of the aqueous nitrate solution producing a sta.
ble, transparent and homogeneous phase (the large
unshaded domain to the right of the diagram). The
microstructure of thijs phase was investigated by
clectrical conductivity and bulk viscosity measure.
menis (fig. 3). These Mmceasurements were made as
a function of increasing aqueous phase fraction (with
constant surfactanl/co-surfaclanl/oil ratio), corre-
sponding 10 a movemen along the straight line from

CTAB + butano!
(1:0.73 w/w)

water 20 40

| 60 &0 octane
1

GEL

Fig. !4. lfscuc‘ ternary pe. zse diagram (a125C) of the (CTaB+ butanol);/octane /water system. The boundarics of the water-in-oi] (L,)
and oil-in-u zrep (L)) rezzons are shown, The imermediare shaded zonc represents an optically anisotropic phase,
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CTAB + 1-butanol
(1:0.73 w/w)
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20 40
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Fig. 2. Pscudoternary phase diagram of the (CIAL + butanol ) Jociane/( Y, Ba, Cu) nitraie solution sysicm (a1t 25:C).

A to Bin fig. 2. In a random system consisting of
conducting droplets dispersed in an insulating me-
dium, the conductivity should increase with the
aqueous phase fraction f(w), until percolation oc-
curs. The percolation threshold is lowered in the
presence of an autractive inter-droplet interaction
(7). The presence of such an interaction is also re-
flected in the bulk viscosity of the system. A study
of the optical propertics of the system confirms that
Whe sharply rising portion (i.c. below f(w) = 15%) of
the conductivity and viscosity curves actually cor-
responds 1o the water-in-oil (inverted micelle) type
of micrestructure. The fluid microstructure corre-
sponding to higher values of f(w) is expecied 10 be
more complicated and cannot be accurately char-
acterized with the help of the techniques used in the
present siudy. A more detailed study of the physico-
chemical propentics of the CTAB/butanol/octanc/
(aqucous solution) system and the effects of added
salts will be reporied separately [8).

3. Microemulsion reaction vis-a-vis bulk aqueous
reaction

The composition of the microcmulsions used for
the synthesis of YBCO arc given in table I. The
aqueous phase fraction was kept fixed at 11.3% (note
that this is well below the comparatively Nat portion
of the conductivity and viscosity curves and should
therefore correspond 1o the water-in-oil 1ype of mi-
crostructure). The hydrodynamic diameter. D,, of
the microcmulsion droplets was determined from a
measurcment of the time decdy of the intensity au-
tocorrelation function obtained from quasi-elastic
light scattering [9]). The Cu(NO,); in the aqueous
phzsc strongly absorbs the blue-green Ar-laser lines
lealing to unreliable results. D, was therefore mea-
sured for a sysiem having the same composition as
“I" (scc table 1), cxcept that the aqueous phase con-
tained only Y(NO,),. For this sysiem: D, =13.01 0.5
nm.

Chemical reaction between the metal salis and
ammonium oxalate (precipitating agent) is achieved
by the gradual addition of the microemulsion 1" 1o
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Fig. 3. Vanation of the electrical conductivity (at 60 Hz) and bulk viscosity of the (CTAB +bulanol)/octanc/(Y, Ba, Cu) nitrate
solution system with the weight fraction of the aqueous phase. Both the measurements were made at 25°C.

Table |
Composition of the microemulsions used for chemical reactions.
Surfaciant Hydrocarbon Aqucous
phase phase phasc
Microcmulsion | CTAB+ n-oclane (Y, Ba, Cu) nitrate solution,
I-butanol Total metal  concentra-
tion=0.3N )
Microemulsion 11 CTAB+ n-oclane Ammonium oxalate solution,
1-butanol Concentration=0.45 N
Weight fraction 29.25% 59.42% 11.33%

(for both 1™ and “11™)

Note: CTAB = Cetyltrimecthylammonium bromide.

“I1I". The aqucous cores of the water-in-oil microe-
mulsion frequently colloide and move apan rapidly
[10]. This allows the reacting species to come into
contact when 1™ and “II"" are mixed. Since the iwo
systems ("I and “II") have the same surfac-
tant:hydrocarbon:aqueous phase ratio (differing
only in the nature of the salt dissolved in the water),

the microemulsion phase does not get destabilized
on mixing them. The steric barrier provided by the
surfactant monolayer restricts the growth of the pre-
cipitated oxalate particles and hinders intergrain co-
agulation. Serial precipitation of the cations (which
may occur in conventional wet methods) is avoided
in the present approach: the upper limit 10 the scale
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of chemical inhomogencity being sct by the dimen-
sion of the “microrcactors”-about 13 nmin the pres-
ent case. The (Y, Ba, Cu) oxalate precipitate was
separated from the oil and surfactant by centrifuging
and washing with a 1:! mixture of nicthanoi and
chroloform, followed by ethanol. Once the surfac-
tant is washed off, intcrpanticle coagulation occurs to
some extent - presumably during the extraction and
drying of the precipitate. However, the precipitated
oxalate particles produced by this method are still
substantially smaller than those produced by con-
ventional bulk precipitation (sec table 11).

To ascertain the efficacy of this method, we made
a parallel study of the precipitation of the (Y, Ba,
Cu) oxalates in an unconstrained aqucous medijum.
The concentration of the reactants was the same as
in “I" and “I1I". The reaction pH was kept constant
at predetermined values while the metal nitrates were
gradually added to ammonium oxalate. The precip-
itate yield was measured at cach pH valuc and has
been plotted as a fraction of the expccted yield (as-
suming complete precipitation) in fig. 4. The copre-
cipitation process was found 10 be extremely sensi-
tive 10 pH, the Y:Ba:Cu ratio in the precipitate
approaching 1:2:3 only at pll=2.4010.05. I'he
precipitate is Ba-deficient below this value and Cuy-

dceficient above it (11 ]. It is not possible 10 contre
the pH during the reaction between microemulsions
and only the initial pH of the reactants can be con-
trolled. However, the microcmulsion Process wys
found 10 be less pH-sensitive. An initial reactani pH
anywhere between 3.5 and 4.0 leads 10 a precipitate
which yiclds monophasic YBCO on calcination.

4. Charncterizntlon of the oxide product

The microemulsion-derived oxalatc precipitate
converts 1o single-phase YBCO on calcining at 820°C
for 2 h. The conventionally precipitated material re-
quired at least 860°C (6 h) for complete conversion
1o YBCO. The cquivalent spherical diameter (ESD)
of the particles of the dried oxalate precipitate and
the calcined oxide were obtained from surface area
mcasurcments using the BET technique (12). Table
Il shows that the microcmulsion method yields ap-
preciably smaller particles of the oxalate precipitate
as well as the calcined oxide when compared 10 the
conventional method. However, the microemulsion-
derived YBCO powder (preparcd ar 8207C) does
not exhibit Mcissner effect down 1o 4 K, even afier
oxygen-anncaling at S00°C. The con ventionally pre-

8. Superconducting Te

Table 1l
Comparison of selected physical properties of YBa,Cu,0,_, prepared by conventional aqueous phase precipitation and microemulsion
reaction.
Microemulsion Conventional
reaction reaction
1.ESD of (Y, B3, Cu) oxalaic precipitaie: 47.4 am 380.6 nm
! 2. ESD of YBCO powder: 274.8 nm 626.6 nm
Calcined at: 820°C,2h 860°C, 6 h
3. Grain size of YBCO pellet (from SEM ) 15-50 pm 0.5-2.0 ym
Sintered at; . 925°C, 12h 925°C,12h
4. Density of sintered pellet 928(%3)% 90(22)%
(fraction of single crystal density)
5. Magnctic susceptibility of Ficld-cooied -10.95% 10~} -3.06x10-?
sintered pellct (demagnetization correcicd) (cmucm™?) (cmucm=?)
6. Magnetic susceptibility of Zero-Ficld-Cooled -72.05x 10 -11.43%10-?
sintered pellet (demagnetization correcied) (ecmucem=?) (ecmucm=?)
2. Fraction of ideal Meissner signal (~1/4/7) 90.5% 14.4%
93K 91K

Note: ESD = Equivalent Spherical Diamcter.
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Fig. 4. Dependence of the weight of the oxalate precipitate on the
pH of the reaciants. The daa refers 1o conventional aqucous phase
reaclion between (Y. Ba. Cu) nitrate and ammonium oxalate.
The observed weights are normalized 10 the value cxpecied for
complete precipitation of all the cations.

cipitated microparticulatc ' YBCO (calcined  al
S0V ) shows only a weak Meissner eflect. The ab-
sence of superconductivity in the microemulsion-de-
rived finc particle sample mets further discussion:
(1) The X-ray diffraction (XRD) spectrum of the
calcined YBCO powder does not show a clear or-
thorhombic split - and the tetragonal phasc of YBCO
is known 10 be nonsuperconducting. On the other
hand. a small splitting may be masked by a particle-
size induced broadening of the XRD lincs. (2) The
1, Tor YBCO decreases with decreasing particle size
[ 13} but the efTect is appreciable only below about
120 nm. The ESD is larger (about 275 nm) in the
present case. (3) The grain-boundary is esscntially

a defect region, and the large specific surface area of

these samples may present a high concentration of
Nlux-pinning centers.

The advantage of using the microparticulate pre-
cursors obtained from microcmulsion becomes cvi-
dent when the propertics of the sintered material are
compared. The calcined YBCO powder derived from
the microcmulsion (sample A) and the bulk aqueous
phase (sample B) were both pressed into 3 mm di-
ameter, | mm thick pellets (applied uniaxial pres-
surcx 1.2 GPa) and sintcred under identical con-
ditions: 925°C for 12 h. Ncither sample wits oxygen-

anncaled. Both the calcination and sintering sicps
were performed in air. The same cooldown program
was uscd in both cases: 7.,.. (5°/min) - 500°C,
held 0.5h ... (2°/min) — 400°C, held 0.5 h ... ($°/
min) - 200°C (7i.=calcination or sinicring 1cm-
perature, see table I1). The supcrconducting ransi-
tion tempcerature (as reported in table [1) represents
the temperature at which the-susceptibility becomes
negative.

The surface microstructure of the gold-coated sin-
tered pellets (one of cach derived from sumple A and
sample B) were observed under a scanning clectron
microscope (Jeol JSM-6400 and Jcol JSM- 35C).
Since the as-sintered surface of a pellet is not always
a reliable indicator of the actual grain morphology,
we also observed freshly cleaved surfaces from the
sintered peliets. The SEM images of the as-sintered
and cleaved surfaces (of the same pellet) were very
similar. The microstructure of the two sintered pel-
lets (samples A und B) were sirikingly different,
Sample A had much larger and more densely-packed
grains than sample B (sce fig. 5). This is consistent
with the fact sample A had a very high bulk density
(mcasured by the usual immersion procedure ): about
98( 2 3)% of the corresponding single crystal value,

The temperature dependence of the DC suscep-
tibility of the sintered pellets was measurcd down 1o
4.2 K under a ficld of 23 G. The microemulsion-de-
rived matcrial (sample A) cxhibited substantially
larger zero-ficld-cooled (diamagnetic shiclding) and
field-cooled (flux expulsion) signals (fig. 6). The
demagnetization-corrected value of the low-field 2ZFC
signal for samiple A is 90% of the Mcissner shiclding
cxpected from an ddeal sumple (- 1/4/1). The cor-
responding value for Sample B is only 14%. (This
docs not represent the best value oblainable from
conventional methods, and it may be improved by
oxygenation and optimization of sintcring condi-
tions.) The Meissner fraction is known 10 depend on
the applied field [14]). The dependence is panicu.
larly strong for low ficlds and the Mcissner fraction
approaches 100% for ficlds in the regionx0.1 -0.01
G. Note, however, that the relatively high value
(90%) that we obtained for the microemulsion-de-
rived samples correspond 10 a u)mp.nr.uwcl) large
field (23 G).
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Fig. 5. Scanning electron micrographs showing the microstructure of the sintered Y Ba,Cu,0,_, pellets synthesized by the microemul-
sion-mediated reaction (a, b) and the conventional aqueous reaction (¢, d). The magnifications used were: (a) 1000, (b) 5000, (¢)

5000 and (d) 20 000.

/
S. Summary

We have shown that microemulsions provide a
novel vehicle for the synthesis of a micropanticulate
oxalate precursor which yields very high density sin-
tered pellets of YBa,Cu,0Q,_, and shows a strong
Mcissner signal. Perfect chemical homogeneity is en-
sured by the extremely small size of the reaction ve-
hicle (=13 nm). Optimization of the sintering con-
ditions should produce beticr quality ccramic
material, presumably with a high critical current
density. Since the microemulsion droplets ar¢ mon-
odispersc and their size can be controlled 1o a certain

cxtent, this method may be used for producing fin¢
particle (in the range <100 nm) oxide supercon-
ductors with a narrow size distribution. Such ma-
terial would be useful for studying the grain-size de-
pendence of various superconductive parameters. On
the other hand, this is the first application of the mi-
crocmulsion technique 10 the production of complex
(multicationic) oxides. This method should be par-
ticularly useful for the preparation of other materials
where an accurate maintenance of stoichiometry is
crucial.
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