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Abstract

The YNij33Mng 4705 solid solution is a semiconducting material that shows perovskite-like structure, orthorhombic symmetry,
and spatial group Pbnm. Their electrical and magnetic properties are typical of materials with potential applications in sensor sys-
tems or as cathodes in solid oxide fuel cells (SOFC’s). Usually, the conventional method of mixing oxides used to obtain these
materials requires high-temperature synthesis. By means of a polymerisation method (the Pechini method, slightly modified) we
have obtained an amorphous, porous, and soft powder from which the YNig33Mng ;03 solid solution can be synthesized as a
single phase. The powder is characterised by a nanometric particle size and a low-temperature synthesis within the interval
750-800 °C. The formation reaction has been studied by DTA/TG analysis, X-ray diffraction (XRD) analysis and infrared
absorption technique (FTIR). Also, a comparison of the sintering process and the electrical behaviour is made between the samples

prepared by the chemical and the mixing oxides methods.
© 2002 Published by Elsevier Science Ltd.
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1. Introduction

The rare earth (RE) manganites have focused a great
interest because of their electrical and magnetic proper-
ties such as semiconducting behaviour and magnetor-
esistive features. A lot of work has been devoted to the
study of the properties of light RE manganites, which
crystallises with a perovskite-type structure, particularly
the LaMnO3 compound modified with Ba, Sr, or Ca
substituting to La cation.!? The use of these solid solu-
tions as ceramic electrodes for solid oxide fuel cells
(SOFC’s) has been studied for several years.> In the
latter times, the colossal magnetoresistive effect found in
both single crystals and ceramic materials based on RE
manganites have been extensively treated by many
authors.4°

More recently, solid solutions based on the YMnO;
compound, which crystallises with a different hexagonal-
type structure and space group P6s;cm, have been stud-
ied. The incorporation of divalent small cations, such as
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Ni?*, Co?>" and Cu?*' to the manganese sublattice
induces the transition to a perovskite-type structure, like
that of the light RE manganites..”~® The solid solutions
thus obtained showed interesting electrical and mag-
netic features. Particularly, the YNi.Mn;_,O; solid
solution, (0.20<x<0.50), with orthorhombic per-
ovskite-type structure and space group Pbnm has a high
electrical conductivity, with a maximum for x=0.33.7
The high-conductivity value and its compatibility at
moderate temperatures with solid electrolytes makes it a
potential material for use as ceramic electrode in Solid
Oxide Fuel Cells, (SOFC’s).!% In relation to the mag-
netic properties, it has been observed that there is a
clear shift in the effective magnetic moment for
X=X =0.33, showing a constant value, independent
of x, for x<x.; and a decreasing value against x for
X> Xir. The magnetic parameter measurements indi-
cated that for x<wx.; the solid solutions are anti-
ferromagnetic and for x> x are ferromagnetic.!!

The solid state reaction is an easy synthesis process to
obtain ceramic powders of different materials. However,
the homogeneity of the final synthesised powder is poor,
the completion of the synthesis is only attained at very
high temperatures and the particle shape and distribution
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are irregular, with the presence of strong aggregates and
agglomerates. The powder characteristics can be sub-
stantially improved with the use of chemical procedures
for the synthesis, because of the possibility to obtain
more homogeneous mixing of the reactant chemical
species, lower synthesis temperature and, therefore,
smaller particle sizes and a more homogeneous size dis-
tribution. These features lead to a higher reactivity and
a better sinterability of powders that produces high-
quality ceramic materials.

The polymerised route, based on a modification of the
Pechini method,'>~!* was used to prepare YNig 33
Mny 705 solid solution powders as raw material for
achieving ceramic bodies with controlled micro-
structure. The scope of this work is to describe the che-
mical process and to study the obtained powder and
ceramic materials prepared by this method. The results
are compared to that corresponding to a solid state
reaction process.

2. Experimental procedure
YNig 33Mng 703 powders were synthesized by the

polymerised route, such as shown in Fig. 1. Individual
aqueous solutions containing the required amounts of
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Fig. 1. Flow-chart for preparing Y Nig33Mng 47,03 ceramic powders.

metal nitrates were prepared. Then they were mixed
together to produce solutions for gel production. Sepa-
rately citric acid (CA) was added to ethylene glycol
(EG) in a 1/4 CA/EG molar ratio, to assure that each
functional group of CA can produce the sterification
process.'> This mixture was stirred at about 40 °C to
form a transparent solution. At this solution a few
drops of HNO; were added to maintain the adequate
acid degree. The aqueous solution containing the
nitrates was directly mixed with the CA—EG solution.
The process was carried out at 80 °C with a vigorous
stirring. The transparent solution was slowly heated up
to 130 °C to favour the sterification reaction, forming a
dark viscous gel. The temperature was then raised up to
180 °C, maintaining the stirring. The polymeric gel thus
formed is a soft resin with pores and bubbles, which are
the result of the expulsion of gases derived of the sol-
vents. The resin is easily powdered in an agate mortar.
The resultant concentrated product was calcined at
270 °C for 10 h to eliminate the carbonous gases. Elim-
ination of the other organic compound is carried out at
600 °C. Final synthesis was carried out at 800 °C for 1
h. After calcining the powder was attrition milled for 4
h in methanol, dried, granulated and then isopressed at
200 MPa. The green compacts were sintered at a con-
stant rate heating (CRH) and cooling (2 °C/min) in a
dilatometer (Netzsch 402 E/7 of Geratebau, Bayern,
Germany) in the temperature range of 25-1500 °C. Only
the 850—1500 °C range has been represented for a higher
clearness of graphics. The oxide synthesis was per-
formed by mixing the corresponding oxides, with a
submicronic size, in an attrition mill, with isopropanol.
The synthesis was carried out at 1100 °C, for 2 h. Sev-
eral treatments at intermediate temperatures were also
performed.

The crystallisation process of the polymeric pre-
cursors was studied in air by thermogravimetric and
differential thermal analysis, (TASC 414/2, Netzsch
Geratebau, Selb. Bayern, Germany) using a heating rate
of 5 °C/min. The existing phases in the sample after
calcining were studied by X-ray diffraction (XRD)
CukK,, 50 kV-30 mA, (Siemens D-5000, Erlangen, Ger-
many). Crystallite size of the calcined powder was
determined by X-ray line broadening using the Scherrer
equation.'® The scan rate was 2° 26/min for both, phase
identification and crystallite measure. A scan rate of
1/4° 26/min was used for determining the lattice para-
meters. Powder of Si was employed as internal stan-
dard. The morphology of the resin and the calcined
powder was observed using a Scaning Electron Micro-
scopy, SEM (Zeiss DSM950, Oberkochem, Germany).
Specific surface area of the calcined powders was mea-
sured by the single-point BET method (Quantachrome
MS-16 model, Suoset, NY). Pore size distribution in the
green compacts was studied by mercury porosimetry
(Micromeritics, Autopore II, 9215, Norgross, USA).
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FTIR Infrared analysis spectra were obtained in a Per-
kin-Elmer equipment, model 1720X, using KBr as dilu-
ent of powder. Density of the sintered samples was
measured by the water immersion method. The micro-
structure and grain size of the ceramics were observed
on polished and chemically etched surfaces of sintered
samples by using SEM. Four-point DC conductivity
measurements were carried out for both samples
between 25 and 700 °C. Bar-shaped pellets were painted
with silver paste and fired at 800 °C for 1 h. For the
electrical measurements, a Constant Current DC power
supply (Tektronix, model PS280) and a HP Multimeter

)

Fig. 2. SEM micrographs showing the morphology of YNigi3
Mny 6705 polymeric resin precursor (a), general field and (b) detailed
image, after calcining at 270 °C.

(model 44201A), with 1 uA DC current resolution was
used. Activation energies were calculated from the cor-
responding Arrhenius plots.

3. Results and discussion

Fig. 2 shows a SEM micrograph corresponding to the
precursor resin, treated at 270 °C. It can be seen the
very high porosity due to the rapid emission of gases,
“puffing”. Fig. 3 depicts the DTA and TG curves of the
resin. At temperatures lower than 600 °C there is a wide,
strong exothermal effect, which is extended from 300 to
500 °C, without continuity break. This effect is accom-
panied by a weight loss higher than 70%. It can be
attributed to the dehidratation and evaporation process,
combustion of organic compounds, cationic oxidation,
possible carbonate decomposition and perhaps the begin-
ning of perovskite crystallisation. Some of these reactions
are endothermic and others are exothermic. Such as the
curve is, it seems difficult to establish separately each of
these different reactions. It seems that the exothermic
reaction: combustion, oxidation and crystallisation are
predominating on the another. Above 500 °C, the weight
keeps almost constant, and no new effects are appreciate
in the DTA curve up to the final temperature, 800 °C.

Taking into account those results, powdered samples
were heat-treated from 600 to 800 °C, at different times in
an electrical furnace, and air atmosphere. The powder
samples were directly extracted from the furnace at the
corresponding treatment temperatures. Fig. 4a shows the
X-Ray diffraction patterns of samples subjected at differ-
ent heating cycles. In each pattern, thermal conditions are
indicated. The dried precursor remained amorphous up to
600 °C. It is possible to see that the perovskite phase
begings to appear from the amorphous state without
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Fig. 3. TG and DTA curves YNij33Mng4;05-citrate polymeric
precursor.
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Fig. 4. XRD patterns of the YNij33Mng 4,03 powders taken at the
indicated temperatures; (a) YNip33Mng ;03 from polymeric pre-
cursor; (b) YNig 33Mng 703 from solid state reaction.

formation of secondary phases or by-products, at 600 °C
for 1 h. The perovskite is almost fully formed at 800 °C for
1h, (93% of total amount). The synthesis reaction pro-
gresses more slowly for increasing times, (see Fig. 5).
Fig. 4b depicts the different steps of the reaction between
the oxides. It can be seen that at 1000 °C, perovskite phase
is still accompanied by other phases, such as unreacted
Y,0s;. It is necessary to attain 1100 °C, for 2 h to accom-
plish the almost full reaction. Table 1 shows the lattice
parameter values of both sample types. The solid solution
is ful accomplished and there are not differences between
the two powders, i.e. the powder preparation process do
not affect the crystalline structure.

Fig. 6 shows the evolution of the different steps of the
perovskite formation by means of FTIR IR analysis. In
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Fig. 5. Perovskite phase formation (%) as a function of time taken at
800 °C.
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Fig. 6. Infrared spectra showing the evolution against temperature of
the different chemical species from resin to fully reacting
YNig 33Mng.670s.

Table 1

Lattice parameters of YNij33Mng ¢703, prepared by the chemical way
and solid state reaction

Lattice Chemical Solid state Y%
parameters way reaction Difference
a (£0.0001 nm) 0,5239 0,5239 <0.01

b (£0.0001 nm) 0,5619 0,5641 <0.05

¢ (£0.0001 nm) 0,7459 0,7452 <0.01
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the range of 3250-3750 cm~' a band corresponding to
O-H bonds is visible up to high temperatures. On the
other hand, bands corresponding to carbon bonds, par-
ticularly carboxyl groups are visible in the 1000-3000
cm~! interval. From 600 °C to above, a broad band,
which is splitting in two narrower bands is appreciated
at 400-600 cm~! range. These bands correspond to the
M-0O, (M=Ni, Mn) bonds, characteristic of the per-
ovskite structure.!”'® These results agrees well with the
obtained by DTA and X-Ray diffraction analysis.
According to these results, the precursor resin was
calcined at 800 °C for 1 h. The ceramic powder thus
obtained was attrition milled for 2 h, with isopropanol

Fig. 7. SEM micrographs showing the morphology of YNig3;3
Mny 705 calcined at 800 °C for 1 h; (a) as calcined; (b) after attrition
milling.

as the liquid medium. Fig. 7a shows a SEM micrograph
taken on the as-calcined resin. It is possible to see the
formation of some agglomerates. Fig. 7b corresponds to
a SEM micrograph of the milled powders. The agglom-
erates have been broken. The apparent particle size is
nanometric. BET specific surface areas measure gave a
value of ~60 m?/g, which is much higher than that
measured on the oxide-way powder (~5 m?/g) and the
calculated equivalent particle size from the expression
D=06/pS (where D is the average diameter of spherical
particles, S the surface area of the calcined powder and
p the theoretical density of YNig33Mng¢703) is 17 nm.
The particle size, determined by X-Ray diffraction peak
broadening was ~20 nm, which agrees well with the
specific surface areas, and with the observed by SEM.
Compacted samples of both oxide (OM) and chemical
prepared (CM) powders were isopressed at 200 MPa.
Fig. 8 shows the pore size distribution curves, obtained
by Hg porosimetry. Whereas the CM compact has a
quite narrow size distribution with an average pore dia-
meter of 45 nm, a bimodal pore size distribution curve
with an average pore diameter of 210 nm for the
majority mode of the OM powder compacts, was found.
The smaller pores can be attributed to the intraagglo-
merate porosity. It is evident from the above results that
the CM calcined powders consisted of soft agglomer-
ates, which are quite easily broken down during com-
paction leading to uniformly packed green compacts.
From the almost unimodal pore size distribution curve
in these compacts, it is suggested that the step was very
effective in destroying, if any, the strong agglomerates.
Fig. 9 displays the linear shrinkage and lineal shrink-
age rate curves of the two kinds of powder compacts
during the firing process as studied by CRH dilatometric
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Fig. 8. Pore sizes distribution in green compacts of (a) chemically
prepared (CM) and (b) oxide prepared (OM) powders.



734 C. Moure et al. | Journal of the European Ceramic Society 23 (2003) 729-736

(a) 010 (b) 04 :
YNig 33Mng 6705 YNig 33Mng 6705 |
o —
0.00 — _
@ | .
o
4 A
¥ 04 —
o =
S 010 4 C i |
© =3
i 5 08 —
3
T | i
-0.20 — ©
12+ i -
| ——— Chemical way | ———  Chemical way
- - - - Solid state reaction " - - - - Solidstate reaction
'0-30 T I T I T I T I T '1-6 T I T I T I T I T
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
Temperature [°C] Temperature [°C]

Fig. 9. (a) Shrinkage and (b) shrinkage rate behaviour of green CM and OM compacts during sintering.

<D>=1.3 um

[ 1] ] i

I I I ' I
00 1.0 20 30 00 10 20 30

Grain Size, um Grain Size, um

(a) (b)

Fig. 10. Developed microstructure on sintering and grain size distribution of the CM compact, sintered at 1300 °C for 2 h (a), and the OM compact
sintered at 1380 °C for 2 h (b).
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measurements. Fig. 9a shows the shrinkage curve. The
CM sample has the onset of shrinkage at ~1200 °C and
at 1500 °C the shrinkage process is very near of its end,
with a total shrinkage of 22%. The OM sample has the
onset of shrinkage at a higher temperature, ~1270 °C
and at 1500 °C the shrinkage end is still not attained.
Fig. 9b shows the shrinkage rate curves for both sam-
ples. The CM sample presents a single maximum at the
rate curve, in a strong agree with the pore size distribu-
tion and the higher uniformity of the powders. This
maximum corresponds to the peak in the pore size dis-
tribution, and assuming a solid state densification
mechanism at this temperature interval, the shrinkage
corresponds to the elimination of that porosity. The
relatively high value of the mean pore size, 46 nm,
makes the temperature of the maximum shrinkage
appear also at relatively high temperatures. The tem-
perature for which the shrinkage rate is maximum is
1366 °C, with a value of —1.46x10~3 K—!, whereas the
corresponding values measured on the OM sample are
1443 and —1.18x1073 K~! respectively. Besides that,
the OM sample shows a less homogenecous shrinkage
process, with a second maximum at lower temperatures,
(1100 °C), which can be attributed to the elimination of
the smaller pores, which are present in the pore size
distribution curve at 6 nm.

Isopressed compacts were isothermally sintered, with
a heating rate of 1.5 °C and a cooling rate of 1 °C.
Fig. 10a displays the SEM micrograph of the micro-
structure corresponding to a CM sample sintered at
1300 °C for 2 h. The apparent density was 98% Dy,
which is higher than that measured on samples OM,
with a maximum value of 94.5% Dy, (7). The micro-
structure is rather homogeneous, such as can be seen in
the grain size distribution graphic that is annexed.
Fig. 10b shows the SEM micrograph of the micro-
structure corresponding to an OM sample sintered at
1380 °C for 2 h. The microstructure is more hetero-
geneous, with several families of grain size, such as is
visible in the grain size distribution graphic. It can be
seen grains with a size>2 pum, along with grains with
size <1 pum. In average, both samples have similar grain
sizes, being the CM sample more homogeneous that the
OM one. Microstructural development for both CM
and OM compacts seem to indicate that the liquid phase
has not formed at these sintering temperatures, and
solid state densification mechanism is predominant.

Fig. 11 depicts the Arrhenius plots of the conductivity
vs temperature measurements. Two samples of each
processing method, OM and CM have been essayed,
and the curves are depicted from the average values.
Log oT against 1/T has been represented. According to
these results, the ceramic materials are semiconducting,
with a thermally activated small polaron hopping as the
conduction mechanism, such as was referred to in a
previous work, see Ref. 7. The electrical conductivity
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Fig. 11. LnoT against 1/T for both CM and OM ceramic samples.

and the activation energy are quite similar in the two
samples. The conductivity is somewhat higher and the
activation energy is lower for the CM ceramic samples,
with regard to the OM ceramic ones. These small dif-
ferences can be attributed to the higher density, homo-
geneity and lower sintering temperature, which
probably lead to better performances.

4. Conclusions

Solid solution YNij33Mng¢;03, with a perovskite
structure, has been synthesised by a polymeric precursor
route. The synthesis can be performed at 800 °C, 300 °C
below the temperature needed for the complete synth-
esis carried out by solid state reaction between the cor-
responding submicronic-sized oxides. The powder
shows nanometric-scale size and soft agglomerates,
which can be broken for attrition milling and pressing.
The powder has better sinterability characteristics, and
allows us to obtain dense, homogeneous grain-sized,
ceramic bodies at temperatures lower than that of the
solid state reaction powders. The different processes of
synthesis do not affect electrical properties.
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