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Abstract

La,_Sr AlO, 5 (x =0, 0.1, 0.15) fine particles were prepared by the Pechini process using citric acid and ethylene gly-
col at low temperature 900 °C. The powders were studied by several physical characterization techniques. The FTIR
spectrum of the resin treated at 200 °C revealed the formation of a metalorganic complex and a polymerized form of
ethylene glycol. XRD spectra of the samples, calcined at 900 °C, illustrated a single phase LaAlO,. However,
La, ,Sr, AlO, 5and La, 4,Sr, ;AlO, 5 powders mainly consist of a deficient hexagonal perovskite phase with a small
amount of a second phase (LaSrAl,O,). Ionic conductivities of these materials were studied by impedance spectroscopy

in the range of 100-700 °C in air.
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1. Introduction

Materials with a high ionic conductivity can be ob-
tained by introducing oxygen ion vacancies into a perov-
skite type oxide. Such aliovalent ion doped ceramics are
currently of considerable interest primarily because of
their possible application as solid electrolytes in solid oxi-
de fuel cells. They also cater to a wide variety of other ap-
plications as catalysts for oxidation reaction and as oxy-
gen sensors.'

LaAlO, type perovskite is a potential candidate for a
cost effective solid electrolyte. The pure phase presents a
very low ionic conductivity. An addition of divalent ca-
tions is expected to enhance the oxygen ion conduction.’

Earlier studies have shown that substitution of diva-
lent cations in LaAlO, on the La site could raise the con-
ductivity value. Most commonly, these phases were pre-
pared by the classical solid state reaction method which
requires repeated cycles of high temperatures in the range
of 1500 °C-1700 °C and grinding.*”

In contrast, soft solution techniques offer the pos-
sibility to work at low temperature (T <~1000 °C).
Such routes facilitate homogenization of ions in solu-
tion. Soft chemical methods have shown their versatility
in several oxide systems for preparing well-characteri-
zed mixed-oxide powders.®” Among these methods we
utilized the Pechini process in which, citric acid was
used to chelate metal ions and ethyleneglycol was used
as the solvent. Ethylene glycol also facilitates polymeri-
zation of the citric acid to form a metal-loaded resin.
This resin inhibits metal ion segregation and achieves a
homogeneous precursor for the mixed oxide.® For the
pure LaAlO,, the Pechini method was used by Popovic-
hi et al,'” where they discussed the synthesis and the
crystalline structure.

This study is focused on the preparation of
La, Sr AlO, 5 (x =0, 0.1 and 0.15) by the Pechini pro-
cess. Crystallinity and morphology were studied by FTIR,
XRD and SEM. Ionic conductivity was determined by im-
pedance analysis.
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2. Experimental

The starting materials La(NO,), 6H,0, AI(NO,),
9H,0 and Sr(NO,), 4H,0O were dissolved in aqueous ci-
tric acid (CA) solution and ethylene glycol (EG) accor-
ding to the molar ratio of (inorganic atoms):CA:EG =
1:10:40, the amount of the citric acid is 10 times more
than that of the metal in order to avoid the precipitation of
the metals salts which leads to a nonuniformity in the che-
lation metals. Then, the solution was heated at 90 °C whi-
le stirring until a clear gel was obtained. Increasing the
temperature to 130 °C resulted in a spongy dark gel. No
sign of precipitation was observed. This gel was further
heated at 200 °C for 5 h and at 500 °C for 5 h to remove
the solvents and the organic matter. The crisp precursor
was then reground and calcined at 900 °C. Several techni-
ques were employed to investigate the phases that formed
at different stages of processing. FTIR spectroscopy mea-
surements were carried out with a SHIMADZU FTIR
84005 apparatus for the gel and the calcined samples.
FTIR spectra were scanned between 4000 and 400 cm™'.
The X-ray diffraction (XRD) experiments were perfor-
med on a D8 Advance Bruker AXS diffractometer with
CuKoa radiation equipped with a curved graphite monoc-
hromator. The data were collected in the 26 range of
10-80° with a step size of 0.03° and a count time of 2 s
per step. Scanning Electron Microscopy (SEM) images
were recorded at room temperature on a LEO Supra
35VP FEG SEM (by ZEISS, Germany) apparatus. For
the complex plane impedance, measurements were per-
formed via a Solartron 1260 impedance analyzer with
dielectric interface. The measurements were done in the
temperature range between 100 °C—700 °C and the fre-
quency range from 5Hz to 20MHz with a frequency step
of 5 points per decade and an oscillating voltage of 100
mV. For high temperature measurements, a ProboStat se-
tup was utilized.

3. Results and Discussion

The polymerized metalorganic complex as a com-
plex-oxide precursor has proven to be an effective ap-
proach to reduce the processing temperatures, costs and
times.” Using a polymerized complex route first introdu-
ced by M Pechini,'! we followed different stages of pro-
cessing of pure and Sr-doped LaAlO, powders for ionic
conductor electrolytes.

3. 1. Precursor to Oxide Transformation

The complexation of the metal ion with the chela-
ting carboxyl group was followed via Fourier transformed
infrared (FTIR) spectroscopy. The FTIR spectra of the
samples treated at different temperatures for Sh are illu-
strated in Figure 1. The results corresponding to LaAlO,

processing are presented here. For the other two Sr-doped
samples, the shape of the spectra and the trends in the be-
havior were very similar. FTIR spectra of the gel heated at
200 °C showed a broad band between 36003200 cm™
characteristic of hydroxyl-groups.'? Three bands related
to carboxylate stretching modes were observed at 1736,
1635 and 1400 cm™."*'* The band at 1736 cm™ could be
assigned to the C=0 stretching mode of the ester which
was formed by polyesterification reaction of CA and EG.
The original solution was rich in acid (CA) when compa-
red to the cations. The 1635 cm™ band could be assigned
to the asymmetric COO- stretching mode for a unidentate
complex, formed from the chelation of carboxyl group of
CA and metal ions. The 1400 cm™' band could be assigned
to the symmetric COO- stretching mode from the chela-
tion of the carboxyl group of CA and metal ions. The
bands of 1635 and 1400 cm™, with Av = 235 cm™, suggest
that the gels contain one unidentate group in the structu-
re.'>"'¢ The band at 1177 cm™ is attributed to the C-C-O
structure of ethylene glycol in the polymerization pro-
cess.'”!" With increasing the temperature to 500 °C, the
FTIR spectrum showed significant changes (Figure 1).
The band at 1487 cm™ was due to the stretching vibration
of CO32’ group. This indicated that carbonate salts formed
and persisted until this temperature in the powder. The
existence of NO®~ was revealed by the band located at 800
cm™".%° For the sample heat treated at 900 °C, it can be no-
ted that all bands corresponding to the organic phases and
nitrates have disappeared. We also note that two bands at
667 cm™ and 490 cm™ persisted. They can be assigned to
the metal oxide group (possibly, La—O and Al-O stretc-
hing frequencies).?'

The XRD spectra of La,_ Sr,AlO, ; for x = 0.0 to
0.15, heated at 900 °C are plotted in Figure 2. Diffraction
peaks arising from the perovskite phase were found in all
samples illustrating that it was the major phase that for-
med. Peaks in the spectra were indexed according to the
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Fig. 1. FTIR spectra of the precursor gel for LaAlO; heat treated at
different temperatures
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hexagonal LaAlO, perovskite phase, with the lattice para-
meters of @ = 5.36301 A and ¢ = 13.12887 A (JCPDS card
n° 09-0072). Figure 2 also illustrates that a single-phase
perovskite was obtained for LaAlO, chemistry. However,
for Laj,Sr, AlO, 5 and LajSr,,sAlO, ;5 additional
peaks were found. These extra peaks could be assigned to
a second phase indexed as LaSrAl,O, (JCPDS card n°
50-1815).

The lattice parameters and the cell volume for pe-
rovskite phases were refined by using CELREF software
in 20 range of 10-80° and they are shown in Table I. Typi-
cally, two competing factors act on the variation of the lat-
tice parameters: first, the substitution of La** by Sr**,
which increases the volume, on the other hand, the crea-
tion of oxygen vacancies which acts in the opposite direc-
tion. From Table I, with an increase of Sr content from x =
0 to x = 0.1, the unit cell volume increased. This slight in-
crease in the unit cell volume (~0.3%) could be due to
both of the substitution of La** ions by Sr** ions and the
difference between their ionic radii (La** = 1.36 A, Sr** =
1.44 A ), thus we can say that the factor related to the sub-
stitution has dominated. However, the increase in the unit
cell volume was limited to 0.2% when Sr doping amount
was X = (.15, in this case, the factor related to the creation
of oxygen vacancies is dominating.

* LaSrAlLO, a: LaAlo,
b: Lao SSrﬂ 1AIOM
c: La,,Sr, AO,.
: ‘ | c
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Fig. 2. XRD spectra of La,_ Sr, AlO, 5 (x =0; 0.1; 0.15) calcined at
900 °C.

Table 1. Cell parameters of La,_ Sr AlO, 5 (x =0;0.1; 0.15)

a(A) c(A) vV (A%
LaAlO, 5.3407 13.1193 324.067
La, S, ,AlO, 5.3494 13.1195 325.128
La, Sty sAlO; 5.3474 13.1160 324.799

The SEM microstructures of the samples are shown
in Figure 3. The images show that the samples were con-
stituted by aggregation of small particles. The size distri-

bution of aggregates is also shown in Figure 4. The avera-
ge size of the grains was determined by two methods:
* Using Scherrer’s formula:

094
B p.cosf (1

Where d is the average crystallite size, A is the wa-
velength of CuKa, is the full width at half maxi-
mum intensity and 0 is the Bragg’s angle;

» Using a computer image processing technique (ac-
tive contours image-processing method).**

The values for grain/crystallite sizes are shown in
Table 2. Increasing the Sr contents leads to an increase in
grain/crystallite size.

For La ¢,Sr, sAlO, ;, results calculated with the
help of Scherrer’s formula and the image analysis method
deviate strongly from each other (93 nm vs 600 nm). In
the image analysis method, the measured value 600 nm
was the size of the primary particles. This deviation is an
indication that for the powders with x = 0.15 each primary
particle may contain more than one crystallite. It must be
also remembered that for samples with a large variation of
crystallite sizes Scherrer’s formula skews the results in fa-
vour of smaller crystal sizes that are in significant frac-
tions.

For LaAlO, powders, the crystallite size found in
this investigation is very similar to the values reported in
the literature. Carazeanu Popovici,'* reported 50 nm par-
ticle size for the LaAlO, powders. Chandradas et al,” pre-
pared their LaAlO, powders by emulsion combustion
method and determined a grain size of 60 nm.

Table 2. Grain/crystallite sizes

Scherrer’s Image
Jformula (nm) treatment (nm)
LaAlO, 46 33
La, ,Sr, ,AlO, 102 162
La, St ;sAlO, 4 93 600

3. 2. Electrical Properties

Impedance spectroscopy is a technique for the cha-
racterization of the complex electrical behaviour of elec-
trolytes. Total impedance of an ionic conductor contains
contributions from bulk, grain-boundaries and electrode-
electrolyte interfaces at high, middle and low frequen-
cies.”* Impedance spectra are best represented in a
Nyquist plot form, where the imaginary part Z” is plotted
against the real part Z’. Usually, for different phenomena
cited above, three successive arcs are observed in the
Nyquist representation associated with an RC model-cir-
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Fig. 3. SEM images and size distribution for La, Sr,AlO, ; (x = 0; 0.1; 0.15).

cuit, typical ranges of capacitances of different phenome-
na are in the order of magnitude of pF/cm? for grain inte-
riors (bulk), about 1 nF/cm? for grain boundaries, and
about 1 uF/cm? for external electrode/material interfaces.

Representative impedance spectra at 600 °C (in
Nyquist plot using the Zview software) for Sr-substituted
series are shown in Figure 4. For all samples, there was

just one semicircle at high frequencies indicating that the
impedance of the material was predominantly due to the
bulk of the grains (intragrain) because of the order of
magnitude of the capacitances. The conductivity G, was
calculated from the relationship, ¢ = L/(R.S), (where L is
the thickness and S is the contact area of the electrode).
For doped and undoped perovskite, the conductivity in-
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creased fromo=4-10%t06=3,5-10°S cm'at 600 °C
for x =0tox =0.1. For x = 0.15, the conductivity decrea-
sedtos=9-107 S cm™ at 600 °C. However, the conduc-
tivity for x = 0.15 remained still higher than that of the un-
doped phase LaAlO,. These changes in conductivity pa-
ralleled the changes in the unit cell volume with increa-
sing Sr-content in the composition. Ionic conductivity at
higher temperatures is directly related to the creation of
oxygen vacancies in these types of doped perovskites. The
decrease in conductivity may stem from three plausible
facts all of which are linked to solubility of Sr-ions in La-
AlQ;: 1) the appearance of an electrically isolating second
phase may decrease the conductivity. This effect could be
significant especially if the second phase (LaSrAl,O,)
spreads in the grain boundaries of the conducting matrix
phase (La,_Sr,O, ;). In addition to this, ii) the conducti-
vity could further decrease if the amount of oxygen vacan-
cies in the structure of the La, Sr O, 5 phase decrease
from x = 0.10 to x = 0.15. However, this requires that the
case x = 0.10 is a supersaturated state for La,_Sr, O, ;.
The moment a second phase precipitates, the amount of Sr
in the bulk of La,_ Sr, O, ; decreases to the solubility limit
that is in equilibrium with the precipitate (LaSrAl;0,)
phase. The changes in the unit cell volume with increasing
Sr-doping support the supersaturation of Sr in
La, Sr O, ;bulk with x = 0.10. Te-Yuan Chen et al,’ re-
ported that the solubility of Sr in the A site of perovskite
was limited to 0.20 at a temperature of 1600 °C. The solu-
bility is expected to decrease with decreasing temperature.
Therefore it is not unreasonable to expect a solubility li-
mit lower than 10% for Sr at 900 °C. However, this sub-
ject requires a further systematic study to report a definiti-
ve solubility limit. It should be kept in mind that the for-
mation of a small amount of a second phase was observed
for x = 0.10 case. The third explanation for the decrease in
conductivity with increasing doubly-charged Sr*~ ions
could be an association of defects at higher concentration
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Fig. 4. Impedance spectra at 600 °C for La,_ Sr, AlO, 5 (x =0; 0.1;
0.15).

than 10% Sr doping. Such association could also cause
slight variations in the unit cell volume. However, it is not
possible to predict the direction of changes in the unit cell
volume from simple geometric considerations. In the last
two cases, the observed second phases at or above x =
0.10 must have been a result of localized disproportiona-
tion of Srions due to carbonate formation in the precursor.
Earlier reports on similar systems have shown that the so-
called O,—phases do disappear at higher temperature an-
neals.’

Figure 5 represents the temperature dependence of
the complex impedance spectrum for (a) La, (St ,AlO, ¢
and (b) La, ¢,Sr, ;sAlO, 5. Within the range of the current
equipment measurable conductivity appears from 500 °C
onwards. Between 100 °C and 400 °C, no semi circles we-
re observed. For practical purposes, an ionic conductivity
was not present.

The effect of temperature on the conductivity of the
specimen was evident from the decrease of impedance as
shown in Figure 5; an increase of the temperature of mea-
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Fig. 5. Impedance spectra for Laj,Sr,,AlO, (a) and

La 4sSr, ,5A10, 5 (b) at different temperatures.
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surement leads to an increase in conductivity of the speci-
mens. This can be attributed to the thermally activated
mobility of the ions.

Figure 6 depicts the Arrhenius plots of log(c) versus
1000/T for La,,Sr, ,AlO; 5 and La..Sr,,;AlO, 5. The
activation energies found for both phases were 1.2 and
1.32 eV, respectively. The increase in the activation energy
from x = 0.10 to x = 0.15 paralleled previous XRD results.
It should be noted that the two lines are almost parallel and
the difference in the activation energy is about 10%. The
almost parallel shift in the log conductivity versus 1/T cur-
ves indicated that the mechanism of ionic conductivity did
not change significantly in the two samples with different
Sr-doping amounts. This can be interpreted that the second
phase (LaSrALO,) is located as isolated island either wit-
hin the bulk or at the grain junctions (grain boundaries and
multiple grain junctions) but not as a continuous phase at
the boundaries. The second phase does not appear to be an
effective blocker of the ionic conduction. A confirmation
of this statement requires systematic transmission electron
microscopy studies of the microstructure.

4. Conclusion

A systematic investigation on structural, morpholo-
gical and electrical properties of La, Sr AlO, ; (where x
=0, 0.1, 0.15) ceramics were carried out using FTIR,
XRD, SEM and impedance spectroscopic techniques. The
ceramic powders were prepared by the Pechini process.
The gel for La,_Sr AlO,  characterized by FTIR has
shown on one side, the chelation between metallic ions
and citric acid and on the other side, the polymerization
between CA and EG before calcination.

XRD investigations on La, Sr AlO, ; revealed a
single perovskite phase for x = 0. Additional diffraction
peaks beyond those corresponding to the perovskite phase

appeared and can be attributed to the minor secondary
phase LaSrAl,O, for x = 0.1 and 0.15. The perovskite cry-
stallized in a hexagonal symmetry and the volume cell in-
creased and then decreased with Sr content, showing that
the solubility of Srin La,  Sr,AlO, ; perovskite is limited
to x < 0.15 around 900 °C. The microstructural investiga-
tion by SEM revealed that the increase of x in
La,_Sr,AlO, ; increases grain sizes from 33 nm for x = 0
to 600 nm for x = 0.15.

Complex impedance analysis revealed only the bulk
contribution, which is temperature and Sr content dependent.
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Delce La,_ Sr, AlO, 5 (x =0, 0,1, 0,15) smo pripravili po Pechinijevem postopku s citronsko kislino in etilenglikolompri

X

temperaturi 900 °C. Prahove smo Studirali z vrsto metod fizikalne karakterizacije. Z infrardec¢o spektroskopijo
prekurzorja, segretega pri 200 °C, smo potrdili nastanek metaloorganskega kompleksa in polimerno obliko
etilenglikola. Rentgenski spektri vzorcev, segretih pri 900 °C, so potrdili prisotnost enofaznega LaAlO,. Vzorca
La, (Sr,,AlO, 5 in Lag.Sr, AlO, 5 sta sestavljena predvsem iz heksagonalne perovskitne faze s sledovi faze
LaSrAl,O,. Ionsko prevodnost v temperaturnem obmocju od 100 °C do 700 °C v zraku smo Studirali z impedan¢no

spektroskopijo.
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