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Ultrasonic spray pyrolysis of a chelated precursor 
into spherical YBa2Cu307_xhigh temperature 
superconductor powders 
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YBa2CuaOT-x powders have been prepared directly by ultrasonic spray pyrolysis using 
nitrate salts as precursors and citric acid and ethylene glycol as chelating agents. This 
method consists of ultrasonically atomizing a precursor solution into droplets, thermally 
chelating, drying, decomposing and solid state reacting these droplets in a carrier gas 
flowing through a tube furnace, forming a well characterized powder. The chelated 
precursor adjusted to pH 8 forms bidentate bonding between the cations and the chelating 
agents. Thermal analysis and infrared spectroscopy identify the decomposition steps of the 
precursor. The dry gel of the chelated precursor is nearly amorphous indicating intimate 
mixing on the atomic level. X-ray diffraction suggests the mechanism of forming the 1 : 2 : 3 
crystalline phase. Spherical powders are produced with diameters ranging from 0.2 to 
0.8 ~tm depending on the ultrasonic frequency and the solution concentration. The spherical 
particles are hollow or solid depending on the precursor type and the furnace temperature. 
The primary crystallite size is about 10-50 nm. X-ray diffraction data and infrared spectra 
show that the spray pyrolysed powder from the chelating precursor forms the YBa2Cu3OT-x 
phase at 800~ which is 100~ lower than that formed from unchelated precursors. 

1. Introduction 
Current fabrication techniques for producing reliable 
electronic and structural ceramic components require 
the use of a near ideal starting powder, which is 
considered to be a fine particle size, non-agglom- 
erated, spherical, narrow size distributed, high purity 
powder [1, 2]. A variety of non-conventional synthesis 
techniques through solution or the vapour phase, such 
as chemical coprecipitation [3-6], chelating and ther- 
mal decomposition [7-10], sol-gel techniques 
[11-1411 hydrothermal precipitation [15], spray pyro- 
lysis [16-19], aerosol reaction [20-22], etc., have been 
applied in attempts to synthesize powders that meet 
these idealized criteria [23]. However, most products 
of these techniques are metal salts or hydroxides, 
generally in the form of hard and soft agglomerates, 
which need further calcination to obtain the fully 
reacted oxide powders. 

Both chelated and sol-gel precursors can be used in 
solutions for this process. With sol-gel precursors, 
homogeneous yttria-stabilized zirconia powders [21] 
and fine, spherical ZrO2-SiO2 particles [22] have 
been prepared by ultrasonic spray pyrolysis of alkox- 
ide solutions. For spray pyrolysis of aqueous solu- 
tions, only the effect of additives [16] and the effect of 
anions on the particle morphology [17-19] have been 
investigated. Even more recently, multicomponent ox- 
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ide powders synthesized by spray pyrolysis in both the 
laboratory and on an industrial scale have employed 
only the salt solutions of the components [24-28], 
which lead to the aggregation of each salt in the 
sprayed droplets due to 

1. separate precipitation of each salt of different 
solubility, 

2. separate decomposition of each salt at different 
temperatures, and 

3. incomplete solid state diffusion reactions among 
the components in the very short pyrolysis period in 
the tube furnace and at the very slow reaction rates 
between each aggregation of salt. 

In the spray pyrolysis process of a chelated multi- 
component precursor, chelation or polymerization of 
the cations should result in atomic level intermixing 
between cations. The chelating or polymerizing agents 
should be able to hold the cations together, resulting in 
an amorphous, clear gel. The decomposition of a gel is 
exothermic due to the combustion of the metal-organic 
chelated compound. Heat evolution should help the 
solid state reaction among cations to proceed. Solu- 
tions prepared for spray pyrolysis of a multicomponent 
system with a properly selected chelating agent will, 
therefore, in principle, lead to a homogeneously dried, 
decomposed and fully reacted, spherical, single phase, 
ceramic oxide powder. Particle size can be controlled 
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by the solution concentration and the ultrasonic atom- 
ization frequency. The resulting particles may be hol- 
low or solid spheres depending on the pyrolysis temper- 
ature, Solution concentration, type of precursor and 
initial solution droplet size [29]. 

Consequently, there should be no necessity for fur- 
ther calcination. Therefore, it should be possible to 
synthesize high purity, single phase, fine particle size, 
spherical, uniformly distributed, reactive ceramic 
powders for final sintering of technical ceramic com- 
ponents by controlling the parameters of the process 
(chelating agent, solution concentration, atomization, 
carrier gas flow rate, pyrolysis temperature, atmo- 
sphere, etc.). In this paper, YBa2Cu3OT-x powders 
have been prepared directly by this ultrasonic spray 
pyrolysis method demonstrating this thesis. 

2. Experimental procedure 
2.1. Preparation of solution 
The solution precursor for the YBazCu3OT_x super- 
conductor was prepared by first dissolving 99.99% 
pure Y203, BaCO3 and CuO powders, in the atomic 
Y: Ba : Cu ratio equal to 1 : 2 : 3, in an aqueous solu- 
tion of 0.08 M nitric acid. Six gram equivalents of citric 
acid and ethylene glycol were then added per equiva- 
lence of the precursor solution for stock. Solutions of 
different pH values adjusted by NH4OH were heated 
on a hot plate to simulate spray pyrolysis in a tube 
furnace until the viscous solutions "puffed-up" indic- 
ating carbonate decomposition. The viscous solutions 
were cooled and dried at 80 ~ to gels. The pH range 
of about 8-9 with the clear blue-green dry gel from 
solutions was chosen for the spray pyrolysis. These 
same dried gels from solutions of different pH values 
were examined by X-ray diffraction for microcrystal- 
line precipitation. Solutions of 0.01 M concentration 
with the correct pH value with and.without chelating 
agents were prepared for spray pyrolysis. 

2.2. Ultrasonic atomization 
A commercial ultrasonic humidifier was modified and 
connected through a copper tube to a tube furnace for 
the experiments. The frequency of the piezoelectric 
transducer was adjustable from 1.25 to 1.8 MHz. The 
prepared solutions were ultrasonically atomized into 
fine droplets at a rate of about 75 ml per h-  1. An air 
carrier gas at a flow rate of about 20 cm3s- 1 introduc- 
ed the atomized mist continuously into the tube fur- 
nace. Assuming laminar flow, the residence time of the 
mist was about 20 s. 

The size of the droplets in the atomized mist was 
calculated with the model from Peskin and Raco 1-30] 
and for a large solution depth above the transducer, 
the relation can be simplified as 

do {4rc3c~'~1/3 
= \ j (1) 

where do is the expected diameter of the droplet (lam); 
cy, the surface tension of the solution (N cm- 1); 9, the 
liquid density (g cm-3); and COo, the frequency of the 
transducer (Hz). 

Equation 1 shows the correlation between the trans- 
ducer frequency, the liquid properties and the size of 
the ultrasonically atomized mist. If it is assumed that 
one individual droplet will form one oxide particle 
after spray pyrolysis, then from the conservation of 
mass relation, the expected particle size of the oxide 
can be calculated 

T dox = ox _ _  x do (2) 
Pox 

where dox is the diameter expected after spray pyroly- 
sis (gm); C, the cation concentration of the solution 
base (mol 1-1); Pox, the density of the spray pyrolysed 
powder in (g cm-3); and Mox, the molecular weight of 
the oxide powder (g mol- 1). 

2.3. Furnace condition and powder 
collection 

The temperature profile in the tube furnace was meas- 
ured with a chromel-alumel thermocouple. The 
alumina muffle tube was 50.8 cm and 3.8 cm internal 
diameter (i.d.,) with an average constant temperature 
zone of about 36 cm. The pyrolysed particles were 
collected by a copper condensation tube and also by 
bubbling the carrier air through agitated methanol to 
increase the collection efficiency. A commercial air 
purifier was also used for the powder collection. The 
system gas was disposed of through an exhaust system. 

2.4. Characterization techniques 
Thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA) were used to study the ther- 
mal processes upon heating the dried gels of different 
pH values, nitrates and organic resins. 

Fourier transformed infrared (FTIR) absorption 
spectra were produced from the dried gels of different 
pH values and from dried gels decomposed at different 
temperatures to understand the chelation of the ca- 
tions and the evolution of the chemistry and mecha- 
nisms. The spectra were taken using a Perkin Elmer 
1750 infrared fourier transform spectrometer. Infrared 
absorption peaks were identified with the standard 
spectra for a more complete understanding of the 
reactions. 

X-ray diffraction (XRD) patterns of the spray pyro- 
lysed powders and the hot plate decomposed samples 
at different temperatures were obtained with CuK~ 
radiation and identified. 

The particle size,'morphology and chemical purity 
of the particles after ultrasonic spray pyrolysis were 
examined under a Jeol JSM-35CF scanning electron 
microscope with energy dispersive spectrometer 
(SEM-EDSX). 

3. Results and discussion 
3.1. Reaction mechanism 
3. 1. L Thermal  analysis 
The TGA of the nitrates shows, in Fig. l, that the 
copper nitrate precursor decomposes at 200 300~ 
the yttrium nitrate at 300-400~ and the barium 
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Figure 1 Thermogravimetric analysis of chelated precursors of dif- 
ferent pH values compared from ( .. . . .  ) nitrates and ( ....... ) organics: 
(---) pU < 6, (--) pU 8-9, ( ....... ) pH > 12. 
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Figure 2 Differential thermal analysis of chelated precursors with 
different pH values compared from nitrates and organics. 

nitrate at 600-800~ By adding chelating agents, 
which are exothermic during decomposition, the de- 
compositions occur at lower temperatures. As the pH 
value was adjusted by adding ammonia, some chelat- 
ing effect occurred and the dry gel was decomposed at 
almost the same temperature, about 200~ DTA 
(Fig. 2) shows that the decomposition of the nitrates 
had three minor endothermic peaks, while the resin 
had one main exothermic peak around 400-600 ~ 
For  the chelated precursors, only one main exother- 
mic peak appears at about 180-200 ~ 

3. 1.2. C h e m i c a l  b o n d i n g  i d e n t i f i c a t i o n  
The FTIR spectra of the resin chelated precursor with 
pH < 6, with pH 8 and with pH > 12 are shown in 
Fig. 3. In the resin, the FTIR spectrum shows the 
typical ester (R-CO-O-R)  characteristics, where the 
absorption peaks are: C = O  stretching at 1736 cm-  1, 
C - O - C  asymmetrical bending at 1191 cm-  1, C-O C 
symmetrical bending at 1079 and 1049 cm -1. The 
peak representing O - H  in-plane bending, one charac- 
teristic of an organic acid, is at 1385 cm-1. Water of 
crystallization shows a peak at 3600-3100 cm -1 for 
O H stretching and a shoulder at 1633cm -1 for 
H - O - H  bending. Absorption peaks at 3200 2500 
cm 1 were due to chelation (intramolecular H 
bond with C=O)  overlapped by a C -H  stretching 
vibration. 
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Figure 3 Infrared absorption spectra of chelated precursors of dif- 
ferent pH values compared from nitrates and organics. 

In the spectrum of the precursor with pH < 6, uni- 
dentate co m p lex  C O O -  shows its asymmetrical 
stretching peak at 1606 cm-  t, overlapping a bending 
peak of H - O - H .  The nitrate anion shows its O -NO2  
stretch at 1350-1250 cm-  1 and the O N  stretching is 
seen at 850-820 cm -1. Peaks at 726, 667, 606 and 
504 c m - t  are due to M - O  bonding. 

In the spectra of precursors with pH 8 and pH > 12, 
instead of ester and water of crystallization character- 
istic peaks, antisymmetrical and symmetrical biden- 
tate stretching of C-O show their peaks at 1608-1587 
and 1401 cm -1, respectively. Stretching and bending 
of NH~,  show their peaks at 3260-3000 and 
1435-1371 cm -1, respectively. Sharp peaks at 2426, 
2396 and 1764 cm-  1 are due to the presence of barium 
carbonate. These peaks in the spectrum of the precur- 
sor with pH < 6 are overlapped by other peaks. Peaks 
due to the M - O  bonding are at 651, 547 and 
450 cm-1, which suggests that a different chelation 
effect occurs than in those with pH < 6. 

The FTIR analyses of the chelated precursors at pH 
8-9 with temperatures from 25 to 1000 ~ are shown 
in Fig. 4. After decomposition at about 200~ the 
spectrum shows that the nitrate anion is almost com- 
pletely decomposed and yields peaks of barium car- 
bonate. The 300-700 ~ spectra show peaks of barium 
carbonate. The spectra of the 800-950 ~ precursors 
show the infrared transparency, which is characteristic 
of the Y - B a - C u - O  superconducting phase [31]. The 
800~ spectrum shows that the superconducting 
phase was forming at that temperature. 

3. 1.3. B u l k  p h a s e  e v o l u t i o n  
X-ray diffraction patterns of precursors dried at 80 ~ 

show evidence of the formation of ammonium nitrate 
and the "dissolution" of most of the barium nitrate 
into an amorphous form (Fig. 5). The XRD patterns 
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characterized phase evolution of chelated precursors 
from 200 to 800 ~ shown in Fig. 6, and can be com- 
pared to those of nitrate precursors in Fig. 7. These 
figures show the different decomposition routes of the 
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Figure 4 Infrared absorption spectra of chelated precursors with 
pH 8 decomposed at different temperatures. 

precursors. From chelated precursors, the supercon- 
ducting phase started to form at 750 ~ and was well 
reacted to a single phase at 800 ~ while from the 
nitrate precursors, the same phase formed more grad- 
ually up to 800 ~ and above. The results confirm 
atomic-level intermixing between cations in the 
chelated precursor. 

3.2. Powder characterization 
3.2. 1. Particle size and morphology 
The morphologies of powders from precursors at vari- 
ous temperatures are normally spherical and either 
hollow or solid depending on the pyrolysis temper- 
atures. Mean particle size from the chelated precur- 
sors decreased at pyrolysis temperatures from 800 to 
850~ indicating complete formation of the super- 
conducting phase as temperature increased. At 900 ~ 
the mean particle size and its standard deviation in- 
creased due to the onset of melting the superconduct- 
ing phase and the consequent agglomeration of the 
particles. The particle size decreased above 950~ 
suggesting partial melting of the hollow particles into 
solid particles. For  the particles from nitrate precur- 
sors, the mean size remained unchanged due to non- 
reacted oxides at 800 and 850 ~ and then decreased 
at 900 ~ due to decomposition o f  barium carbonate 
and to forming the 1 : 2 : 3 superconducting phase. The 
increased particle size at 950 ~ is due to melting and 
agglomeration, and finally the decrease at 1000 ~ is 
due to the melting of hollow particles into solid par- 
ticles. The change of the median size of the spray 
pyrolysed particles of both precursors at different tem- 
peratures is shown in Fig. 8. 

A uniform particle size distribution of the supercon- 
ducting powders is shown in Fig. 9. Primary, secondary 
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Figure 5 X-ray diffraction patterns of dried chelated precursors of different pHs: (A) ammonia nitrate, (B) barium nitrate. 
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Figure 6 X-ray diffraction patterns of thermally decomposed chelated precursors with pH 8 at 200 800 ~ (Y) Y203, (S) YBa2Cu3OT, (O) 
CuO, (B) BaCO3, (C) Cu. 

and agglomerated particles are shown in Fig. 10. The 
secondary particles have an orange-peel surface with 
the grain size similar to the size of the primary par- 
ticles (Fig. 11). The agglomerated particles consist of 
secondary particles, and their morphology may or 
may not be spherical. Calculation of the particle size 
via Equation 2 using an ultrasonic frequency of 
1.4 MHz, a liquid density of 1'.05 g cm- 3 and a liquid 
surface tension of 12.7 Mn cm- 2, yields a liquid droplet 
size before pyrolysis of about 2 gm. From Equation 2, 
assuming full density of the superconducting phase in 
the particle, the corresponding particle size should be 
about 0.1 gm. Considering the effect of the hollow 
spheres, a reasonable range of particle sizes is from 0.2 

to 0.5 gm, which is the size of secondary particles 
measured from mierographs. 

The calculations from the equations and' the mor- 
phology from the SEM micrographs enable one to 
estimate the particle formation mechanism from ultra- 
sonic spray pyrolysis of the precursors. Fig. 12 shows 
the broken hollow sphere from the chelated precursor, 
spray pyrolysed at 850 ~ 

3.2.2. Phase identification and chemical 
purity 

Powders of both precursors from spray pyrolysis were 
X-rayed at different pyrolysis temperatures for their 
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Figure ? X-ray diffraction patterns of thermally decomposed nitrate precursors at 100-800 ~ (CY) Cu2Y205, (S) YBazCu307, (O) CuO, (N) 
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phase identification. The XRD patterns also served 
as indicators of the reactivity of the precursors. 
Powders of the superconducting phase formed, from 
chelated precursors at 800-1000~ by ultrasonic 
spray pyrolysis (Fig. 13). For nitrate precursors, 
powders of superconducting phase formed fi'om 900 to 
1000~ (Fig. 14). The FTIR spectra of these 
powders showed the infrared transparency character- 
istic of the Y-Ba-Cu-O superconducting phase 
[31]. 

Qualitative energy dispersive spectra of the spray 
pyrolysed powders from both precursors determined 
the chemical purity of these powders. 

3.2.3. Particle formation mechanism 
The particle formation mechanism can be described as 
follows. The mist droplets of the solution that were 
atomized by an ultrasonic transducer were passed 
through a furnace where first, plastic crusts developed 
on the droplets as they were being dried. Further 
heating caused the vapour pressure inside the crust to 
increase, expanding the droplets. Vapours that es- 
caped the crusts formed very tiny particles, called 
primary particles. The droplets that were unchanged 
until decomposition, were called secondary particles. 
Some droplets were blown up and/or ignited accord- 
ing to the chelating agent used. The droplet fragments 
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spray pyrolysed particles from (11) nitrate and (e) chelated precur- 
sors versus temperature. 

Figure 11 SEM photomicrograph of powder from a chelated pre- 
cursor by ultrasonic spray pyrolysis at 800~ shows secondary 
particles that consist of small crystallites of primary particle size. 

Figure 9 SEM photomicrograph of powders from the chelated pre- 
cursors by ultrasonic spray pyrolysis at 1000 ~ show the uniform 
particle size distribution of the powders. 

Figure 12 SEM photomicrograph of powder from a chelated pre- 
cursor by ultrasonic spray pyrolysis at 850 ~ showing a blown-out 
hollow sphere. 

Figure 10 SEM photomicrograph of powder from a chelated pre- 
cursor by ultrasonic spray pyrolysis at 800 ~ shows the primary, 
secondary and final particles. 

were then spherodized if the temperature was high 
enough. Secondary particles formed from the vapour 
or the fragments. Agglomerates formed from second- 
ary particles either spherical or irregular in shape 
depending upon the temperature. 

4. C o n c l u s i o n s  
For the chelated solution with a pH 8, FTIR suggested 
bidentate bonding between the cations and the citric 
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radicals. XRD showed that the dried gel was nearly 
amorphous with a weak barium nitrate peak. Both 
results suggest intimate mixing at the atomic level. 
FTIR and XRD studies versus temperatures revealed 
the decomposition and forming mechanisms of the 
precursor and superconducting phase, respectively. 

Ultrasonic spray pyrolysis formed powders of the 
superconducting phase at 800-1000 ~ from chelated 
precursors. This is about 100 ~ lower than those from 
the nitrate solutions due to the chelation effect. SEM 
studies showed that spray pyrolysed powders are hol- 
low multicrystalline spheres after spray pyrolysis at 
temperatures below 950 ~ and are solid particles at 
temperatures above 950 ~ due to the melting of the 
hollow particles. Microscopic studies also showed t h a t  
the particles have sizes from 0.2 to 0.5 gm, with crys- 
tallite size at about 0.01-0.05 gm. EDX indicated no 
significant chemical contamination. 

Ultrasonic spray pyrolysis of the chelated precur- 
sors has been shown to have the advantages of a lower 
reaction temperature, spherical particles, with control 
of the particle size and particle size distribution with 
potential for wide application to many multicompo- 
nent systems, with the further advantage of being easy 
to scale up for industrial use. 
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