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A new method for synthesizing homogeneous oxide powder, reported earlier, is studied. This tech-
nique involves spray drying a solution containing an oxidizing and reducing salt into an intimately
mixed powder. The spray-dried powder undergoes an internal oxidation-reduction reaction which
completely converts it into the mixed oxide at <300°C. The resulting powder is homogeneous on a fine
scale and can be reacted to form the final oxide compound at much shorter times than those using the
usual ceramic methods. Single phase (>95%) Ba;YCu;0-_, is formed in 10 min at 910°C. Previously,
mixtures of nitrate (oxidizing) and acetate (reducing) salts were studied. This is now extended to
include other organic reducing agents such as formates and propionates and comparisons are made for
RCOO-, where R = H, CH3, and CH,CH;. The formate/nitrate and propionate/nitrate precursors are
completely converted into their oxides at temperatures as low as 210° and 260°C, respectively (as
opposed to 270°C for the acetate/nitrate precursors). The enthalpy of the low-temperature reaction is
dependent on the organic fraction in the mixture. In addition, the reaction enthalpies of the formate/
nitrate precursors are less than that of the propionate/nitrate or acetate/nitrate precursors: —AH (7: 6,
propionate : nitrate) = 3184, —~AH (7:6, acetate : nitrate) = 3473, and —AH (8:5, formate : nitrate) =
958 kj/mole. Hence, control over both the reaction enthalpy and the decomposition temperature
can be achieved by the choice of organic ligand reducing agent and the nitrate/reducing agent ra-

tios.  © 1989 Academic Press, Inc.

Introduction

In a previous paper (1), a novel chemical
method for the bulk preparation of homoge-
neous oxide powders was described. A
chemical process which can be used for
large-scale synthesis is desirable because
ceramic methods (2) require multiple-step
processing with intermediate grindings.
Chemical methods can decrease the firing
duration and temperatures required to pro-
duce single-phase materials. The chemical
method described (1), which is further in-
vestigated in this study, involves mixing
oxidizing and reducing salts in an aqueous
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solution. This solution (which can contain
nitrate and organic salts) is spray dried to
form an intimately mixed powder. The
spray-dried precursors can be completely
decomposed into their mixed metal oxides
(and in some cases some BaCQO;) at temper-
atures as low as 270°C. This is a conse-
quence of an internal (or anionic) oxida-
tion—reduction reaction which occurs
between the nitrate and the organic salt li-
gands. Since the oxidizing and reducing
agents are intimately mixed, this exother-
mic reaction, once initiated, drives any re-
maining reactions to completion in one re-
action step. Thus, this technique is called
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self-propagating chemical decomposition
(SCD). Because the decomposition occurs
in one reaction step, as opposed to a multi-
ple-step decomposition for organic precur-
sors, phase segregation in the resultant ox-
ide powder is minimized. For instance,
single-phase Ba,YCu;0- can be formed in
10 min at 910°C (as opposed to several
hours via the ceramic route).

In addition, we have noted that some
control over the reaction enthalpy (/) as
well as over the reaction temperature, can
be achieved by varying the ratio of acetate/
nitrate salts in the spray-dried precursor.
Control of these parameters can have a sig-
nificant impact on grain growth and there-
fore on particle size of the superconductor
oxides.

In this study, we explore the effect of
organic reducing agents other than the ace-
tates. Precursors containing propionate
(CH;CH,COO~) and formate (HCOO™)
salts are used. The impact of the organic
reducing agent carbon chain length (in the
series RCOO~, where R is H, CH;, and
CH;CH,) on the enthalpy of reaction and
on the (redox) reaction temperature will be
discussed.

Experimental

Stock solutions were prepared with the
correct cation stoichiometry to produce
Ba,YCu;0;. Several combinations of the
nitrate and formate salts were used to pro-
duce solutions containing these salts in the
ratios (formate : nitrate) 9:4, 8:5, 6:7, and
4.9. BaCO; (Fisher, ACS) and, where nec-
essary, CuCOQO; (Fisher) were converted
into their corresponding soluble formates
by reactions with a minimum of formic
acid. Y,03 was used instead of Y,(CO3); -
xH,0 to form yttrium formate. Yttrium car-
bonate is too hygroscopic to be manipu-
lated and accurately weighed in air. In-
stead, Y,0; is converted into the carbonate
by placing it in boiling water. Formic acid is
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then added to convert the carbonate into
the soluble formate. Ba(NOs), was used for
the 6 : 7 (formate : nitrate) composition, and
Y(NO»)s for the 4: 9 compositions. The pro-
pionate/nitrate precursor solutions were
prepared using the same procedure, except
that propionic acid was used instead of for-
mic acid.

A Bowen Engineering, Inc. (North
Branch, NJ) conical-type laboratory spray
drier was used. Enough solution to make
250 g of Ba,YCu;0; was spray dried over a
period of 30-40 min. The inlet temperature
was 288°C. The temperature prior to the cy-
clone collector was 149-152°C. Approxi-
mately 75% of the light blue powder ob-
tained was collected in the main chamber
and the cyclone apparatus attached to the
main chamber.

Thermal analysis was performed using
the Perkin-Elmer System 7. Differential
scanning calorimetry (DSC) was done in
open Au pans at a heating rate of 10°C
min~! in flowing (50 ml min™') O,. An
empty sample pan served as a reference.

Powder X-ray diffraction data were ob-
tained using a Phillips XRD 3600 powder
diffractometer with CuKea radiation.

The spray-dried powders were reacted in
flowing oxygen over a period of 5-10 min at
various temperatures. [Caution: This reac-
tion should be attempted only in an open
system with excess flowing oxygen.] In all
cases, the powders were rapidly quenched
from high temperatures. Single-phase
Ba,YCu;0, could be prepared in this man-
ner, as determined by X-ray diffraction.
Pellets were prepared by cold-pressing pre-
cursors, which had been decomposed into
their mixed metal oxides or Ba,YCu;0,, at
276 mPa (40,000 psi). The pellets were sin-
tered by heating to 940-975°C in flowing
oxygen and then annealed at 450°C for 6-10
hr to maximize the oxygen stoichiometry.
Magnetic  susceptibility = measurements
(a.c.) were made on disks encapsulated in
small plastic vials by cooling the samples
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from room temperature to liquid helium
temperatures using a thermometer cali-
brated to within 0.2 K.

Results

Table I summarizes the decomposition
temperatures and thermodynamic data ob-
tained from DSC measurements (Figs. 1-7)
of formate/nitrate and propionate/nitrate
precursors. Figures la—-1d show DSC data
from formate/nitrate decompositions in
flowing O,. It is striking that the 9:4 and
8:5 (formate : nitrate) precursors show de-
composition exotherms centered at 210°C
(9:4) and 220°C (8:5). This is a marked im-
provement over the 270°C reaction temper-
atures of the acetate/nitrate precursors. X-
ray diffraction of the precursors, following
reaction at 300°C (10 min in flowing oxygen)
indicates the decomposition is complete at
these temperatures. Ba(NOs),, which can
be detected by X-ray diffraction in these
precursors (/), and which normally decom-
poses at 650°C (3), was not detected after
this low-temperature reaction.

TABLE I

THERMODYNAMIC DATA FOR THE DECOMPOSITION
OF IONIC SALT PRECURSORS

Decomposition —AH

Precursor ratio temperature (kJ/mole)
Formate : nitrate

9:4 210°C 1036 = 70

8:5 221 958

6:7 253 541

4:9 Excess of —

oxidant

Acetate : nitrate

9:4 >270°C 4016 = 70

7:6 >270 3473

6:7 270 >1163

5:8 270 890

4:9 >270 721
Propionate : nitrate

4:9 264°C 1073 = 70

7:6 289 3184
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Figure 1c shows a decomposition ex-
otherm for the 6:7 (formate : nitrate) mix-
ture. Although the onset is low, the decom-
position peak is centered at 250°C.
Therefore, this precursor mixture is not
completely reacted following a low-temper-
ature firing. X-ray diffraction of this precur-
sor, after reaction at 300°C, showed some
residual Ba(NOs),. In Fig. 1d, DSC data for
the 4:9 (formate: nitrate) composition is
displayed. It is evident that the reaction of
this composition at low temperature is also
incomplete, since immediately after the
exothermic peak, an endotherm is visible.
This low-temperature endotherm can be at-
tributed to the decomposition of copper or
of yttrium nitrate salts.

Figure 3 shows DSC plots for the 4:9 and
7:6 (propionate:nitrate) precursors. A
sharp exotherm is apparent at 264°C for the
4:0 precursor and at 289°C (T ener) for the
7:6 propionate : nitrate precursors. X-ray
diffraction shows that the decomposition is
complete at these temperatures.

Those precursors which are completely
reacted at low temperatures can be directly
converted into Ba,YCu;0O,. For instance,
following reaction of the 9:4 and 8: 5 (for-
mate : nitrate) decomposed precursors (the
mixed metal oxides) at 910-920°C for 10
min, single-phase (>95%) Ba,YCu,0, was
formed. No secondary phases were de-
tected by X-ray diffraction. This pattern is
shown in Fig. 2. The 4:9 (propionate : ni-
trate) precursor also yields single-phase
materials under these reaction conditions,
as shown in Fig. 4.

Sintered pellets prepared from Ba,Y
Cu;0, or the mixed metal oxides are single
phase (>>95%) as determined by X-ray dif-
fraction. In Table II, the superconducting
transitions of some of these pellets are
listed. Sintered pellets formed from mixed
metal oxides obtained from the 9:4 (for-
mate : nitrate) and 4 : 9 (propionate : nitrate)
precursors show T, onsets of 95 and 93 K,
respectively, with transition widths of no



ANODIC SYNTHESIS OF Ba,YCu0, 233

100
120 {a) (b)
100 80
80 60
60
40
—~ 40
e 2
£ 2 0
E
| | | |
& o ol1 L1
w
5 120
125
T 100
100
80
60 75
40 50
20 25
| | | ! ! | i | 1 | | 1 |
100 200 300 400 500 600 700 100 200 300 400 500 600 70O
TEMPERATURE (°C)
Fi1G. 1. DSC of formate : nitrate precursors in flowing O, ; (a) 9 : 4 (formate : nitrate), (b) 8:5,(¢c)6:7,
and (d) 4:9.

more than 4-5 K. In addition, pellets pre-
pared from Ba,YCu;0O, formed from the

9:4 and

8:5 (formate : nitrate) precursors,

as well as those from the 4:9 and 7: 6 (pro-
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pionate : nitrate) precursors, all show onset
7.’s 0f 93-94 K with transition widths of no
more than 4-5 K. However, sintered pel-
lets prepared from mixed oxides obtained
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F16G. 2. X-ray pattern of a representative formate/nitrate (8 : 5, formate : nitrate) precursor following
reaction at 910°C for 10 min in O,.
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FiG. 3. DSC of propionate: nitrate precursors in
flowing O,; (a) 7:6 (propionate : nitrate), (b) 4:9.

from the 8:5 (formate: nitrate) and 7:6
(propionate : nitrate)  precursors  show
broad transition widths with onsets of 92—
93 K. For these two compositions, the de-
composed precursor’s mixed oxides sinter
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very differently from Ba,YCu;0,. The rea-
son for this may be due to the choice of
firing cycle, which would influence grain
growth during the sintering process.

Discussion

The X-ray diffraction and DSC data for
the formate/nitrate precursors appear to in-
dicate the existence of an ‘‘ideal’’ precur-
sor composition. This has been noted (/)
for the acetate/nitrate precursors as well,
For these precursors, it appeared that an
ideal acetate/nitrate ratio existed, and that
slightly beyond this composition, the en-
ergy released from the anionic redox reac-
tion was insufficient to decompose any ex-
cess nitrates, especially Ba(NOs),. It seems
likely that the 9:4 and 8: 5 formate : nitrate
compositions also encompass an ideal ra-
tio. This ratio is different from that of the
acetate/nitrate precursors, whose ideal ra-
tio appeared to lie within the 6:7 to 5:8
(acetate : nitrate) range.

The enthalpies of reaction for the propio-
nate/nitrate and formate/nitrate salts, ob-
tained from integrating the peaks obtained
from the DSC data, are tabulated in Table 1
and are shown graphically in Fig. 5. It is
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Fi16. 4. X-ray pattern of 4:9 (propionate : nitrate) following reaction at 910°C for 10 min in O,.
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TABLE II
SUPERCONDUCTING TRANSITIONS OF SINTERED PELLETS

From Ba,YCu;0, powder
T, (onset), T, (R ~ 0)

Precursor ratio

From green oxides
T. (onset), T. (R ~ 0)

9 formate : 4 nitrate 95, 90 93, 88
8 formate : 5 nitrate 92, 89 93, 81
S acetate : 8 nitrate 94, 91 94, 90
4 propionate : 9 nitrate 93, 88 93, 88
7 propionate : 6 nitrate 93, 89 92, 85

evident that a trend shown for the acetate/
nitrate precursors also exists for other or-
ganic reducing agents. In Table I and Fig. 5,
it is generally true that as the organic com-
ponent in the mixture is reduced, the en-
thalpy of the reaction decreases. It is likely
that much of the energy released by the re-
action results from combustion of the hy-
drocarbon fragment in the reducing agent.
It is also apparent that the reaction en-
thalpy is closely tied to the choice of
organic reducing agent. In general, the ace-
tate/nitrate and propionate/nitrate precur-
sors of a given composition release more
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Fi1G. 5. Reaction enthalpy versus nitrate/carboxyl-
ate ratios for various precursors.

energy during the oxidation-reduction re-
action than do the formate/nitrate precur-
sors. This also supports the view that a sub-
stantial portion of the reaction enthalpy is
produced from combustion of the hydrocar-
bon component in the precursor.

The trend in decomposition temperature,
obtained from the DSC data, is also note-
worthy. In general, for the precursor series
NO3;/RCOO, the decomposition tempera-
ture trend is CH;CH, > CH; > H (for R in
RCOO"). If the aliphatic group were the
reactive center in this reducing agent, then
one would expect the most electron-rich
fragment to be the most reactive, with the
lowest decomposition temperature. The
most electron-rich carbon should be far-
thest from the (electron-withdrawing) car-
boxylate group. Since the reducing agent
salts of CH;CH,COO~™ have the highest de-
composition temperature and HCOO~ the
lowest, then clearly the aliphatic group can-
not be the initial reactive center. However,
if the redox decomposition involves some
carbon—-oxygen bond breaking, as well as
cation—oxygen bond formation, then the
following can be argued. The replacement
of R—COO~ (where R is CH3CH,; or CHjy)
with H-COO™ results in a greater effective
(positive) charge on the carboxylate car-
bon. We think this affects the reactivity by
weakening the C-O bond, perhaps by mak-
ing it less covalent. Consequently, carbon—
oxygen bond breaking during the reaction is
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enhanced and results in the lower decom-
position temperatures observed for the for-
mate/nitrate precursors.

Conclusion

These results demonstrate that both the
reaction enthalpy and (redox) decomposi-
tion temperature can be controlled by the
choice of organic reducing agent and the
nitrate/reducing agent ratio in the precur-
sor. These precursors can be rapidly con-
verted into single-phase Ba,YCu;0, by vir-
tue of a low-temperature redox reaction
which forms a highly reactive mixture of
metal oxides and BaCO,. The ease of for-
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mation of Ba,YCu;0, and the mixed metal
oxides makes these mixed ionic salt precur-
sors ideal for the large-scale synthesis of
superconductor oxides.
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