ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Ceramics International 35 (2009) 467-470

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

High-temperature electrical properties of lanthanum beta-alumina
solid electrolytes

G.C.C. Costa, R. Muccillo *

Center of Science and Technology of Materials, Energy and Nuclear Research Institute, CP 11049, S. Paulo 05422-970, SP, Brazil

Received 1 October 2007; received in revised form 25 December 2007; accepted 2 January 2008
Available online 8 April 2008

Abstract

Impedance spectroscopy measurements were carried out in the 10 Hz to 10 MHz frequency range from 500 to 1200 °C in LaAl;,0,g pellets
sintered at 1600 °C. The powders were obtained by the polymeric precursor technique. The sintered pellets were nearly single phase LaAl;;Oqs.
The bulk electrical resistivity was evaluated from the [—Z"(w) x Z'(w)] impedance diagrams. The value of the activation energy for the ionic
conduction, 0.89 eV, was determined from the Arrhenius plot of the bulk conductivity. An yttria-stabilized zirconia (YSZ) oxygen pump and an
YSZ oxygen sensor were used for providing 10-1500 ppm of partial pressure of oxygen (pO,) at 1000 °C for determining the electromotive force
(emf) in a Pt/LaAl;;0;¢/Cr,0O3 + Cr electrochemical cell. The results follow the Nernst law. The high signal-to-noise ratio of the emf at low pO,
values shows that the LaAl;,0;g specimens may be used in sensors for detection of oxygen at high temperatures.

© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Oxygen sensors based on the oxygen ion conducting
stabilized zirconia solid electrolytes operating in the potentio-
metric mode have been used in the analysis and control of
oxygen in a wide variety of situations [1]. The voltage across
the solid electrolyte is proportional to the logarithm of the
concentration of mobile species according to the Nernst
equation, the sensors being called Nernstian sensors. The
applications are mainly in two situations: (1) for monitoring
oxygen in the exhaust gas of combustion engine vehicles to
control the air—fuel ratio at levels close to stoichiometry to
minimize emission of pollutants and (2) in harsh chemical
environment at high temperatures during processing of molten
steel. In steelmaking processes, control of oxygen levels in the
molten steel is essential and this control is usually done with
electrochemical oxygen probes. These probes consist of a solid
electrolyte and a reference electrode and several components
like thermocouple, refractory case, and metallic terminal leads
for measuring the electromotive forces resulting from the solid
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electrolyte and the thermocouple. The electrochemical sensors
are not limited to detecting the species that is mobile in the
electrolyte because the equilibrium between an immobile
species and mobile species establishes a concentration of the
mobile species, which can generate an electromotive force that
is related to the concentration of the immobile species [2].
Nernst oxygen sensors based on partially stabilized zirconia
solid electrolytes, which are oxide ion conductors, are not
suitable for measuring high concentrations of oxygen in a
potentiometric mode due to their logarithm dependence on the
oxygen level [3].

The measurement of oxygen in molten metals has already
been achieved using a variety of beta aluminas [4,5] based on
the fact that it is not required that the element to be sensed is the
mobile ion in the electrolyte. Ion exchange at the surface of the
electrolyte can occur and the element can be sensed [5].
Nernstian oxygen sensors based on a strontium, calcium or
lanthanum ion conducting electrolyte with a beta-alumina type
structure have been developed [5,6]. These sensors respond to
lower oxygen contents than the conventional oxygen sensors
based on stabilized zirconia.

In this paper the electrical behavior of LaAl;;O,g (La—3-
Al,O3) solid electrolytes is described. Emphasis is done on the
evaluation of the emf response of nearly single phase
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LaAl;;O;g compounds, using powders synthesized by the
polymeric precursor technique.

2. Experimental

Details of the chemical synthesis of LaAl;;O,g powders by
the polymeric precursor technique have recently been described
[7]. Briefly, stoichiometric amounts of lanthanum nitrate and
aluminum nitrate were added to citric acid and ethylene glycol
and heated under stirring to produce a polymeric resin.
Calcination of the resin yielded high surface area powders. The
powders were processed before sintering in an attritor mill with
yttria-stabilized zirconia (Tosoh 3Y, Japan) spheres as milling
media.

The powders were pressed uniaxially (100 MPa) and
isostatically (200 MPa) into cylinders (10 mm diame-
ter x 1 mm thickness) and sintered in air at 1600 °C for 2 h
with 10 °C/min heating and cooling rates. Phase composition
evaluated by X-ray diffraction shows that these specimens are
nearly single phase [7].

For electrical measurements, platinum paste was applied to
the parallel surfaces of the sintered specimens and cured at
800 °C. The electrical properties were studied by impedance
spectroscopy in the 5001200 °C range with a Hewlett—Packard

4192A LF impedance analyzer connected to a HP 362
controller. An alumina sample holder, with an S-type
thermocouple with its junction close to the specimen, and
platinum leads, was used inside a Lindberg-BlueM tubular
furnace. The [—Z"(w) X Z'(w)] impedance spectroscopy data
were collected in the 10 Hz to 10 MHz frequency range. A
special software was used for collecting and analyzing the
impedance spectroscopy data [8].

For the study of the dependence of the electromotive force
generated in the LaAl;;O,g solid electrolyte, an experimental
setup consisting of an yttria-stabilized zirconia (YSZ) oxygen
pump and an YSZ oxygen sensor was mounted, Fig. 1 [9]. The
vector gas with a known amount of oxygen is fluxed inside a
furnace where the solid electrolyte is inserted. The solid
electrolyte was prepared in the form of a one-end closed tube by
cold-pressing, pre-sintering at 1000 °C, drilling in a lathe, and
sintering at 1600 °C. The oxygen reacts with the external part of
the tube while in the internal part a Cr,Os;—Cr reference
establishes a known pO,. The internal and the external parts of
the solid electrolyte are made airtight using quartz tubes and
high-temperature cement. Details of the solid electrolyte are
also shown in the bottom of Fig. 1. The electrochemical probe
consisted of a half-cell Cr + Cr,O5/LaAl;;0,g with platinum
lead wire.
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Fig. 1. Scheme of the experimental setup for determining the electrical response of the LaAl; ;0,5 to the partial pressure of oxygen; in the bottom a detail of the one-

end closed tubular ceramic sensor is shown.
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Fig. 2. Distribution of particle size of La—3-Al,03 powders synthesized by the
polymeric precursor technique before (a) and after (b) attrition milling.

3. Results and discussion

Fig. 2 shows the particle size distribution of LaAl;;O;g
powders before and after attrition milling. The attrition milling
was carried out for breaking agglomerates and to improve the
density of the sintered pellets. The distributions of average
powder diameter before milling is determined with 90% of the
particles with an average <36.7 wm, 50% < 15.5 pm and
10% < 1.5 pm. After 1h attrition milling (1 mm diameter
Tosoh YSZ spheres in isopropanol, 1200 rpm) the particle size
distribution (Fig. 2b) shows 90% < 10.3 pm, 50% < 1.2 pm
and 10% < 0.2 pm. A shift to the left (smaller average particle
size) in Fig. 2b is observed. Transmission electron microscopy
analysis showed that the particles are indeed composed of hard
agglomerates [7] and that attrition milling the La—f3-alumina
powders helps sintering the powder compacts.

Fig. 3 shows impedance spectroscopy diagrams of LaAl;;Og
pellets sintered at 1600 °C for 2h. These diagrams were
measured at 1000, 1100 and 1200 °C in the 1 kHz to 10 MHz
frequency range. One well-resolved semicircle is measured at
high frequencies, intercepting the origin, associated with
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Fig. 3. Impedance spectroscopy diagrams of La—3-Al,O; pellets sintered at

1600 °C for 2 h; pellets prepared with powders synthesized by the polymeric
precursor technique.

intragranular or bulk electrical properties of the electrolyte
[10,11]. This is confirmed by the determination of the bulk
capacitance Cy, = 1/(2ntfo,Rp). The value of fy, is determined at
the apex of the semicircle, and the value of Ry, at the intersection
of the semicircle with the Z' axis. The capacitance value
determined in the impedance diagram may be used to help in the
identification of the nature of a relaxation process [12,13]. The
capacitance isinthe 10~ "' to 10~'* F/cm range, corresponding to
bulk capacitances. In the low frequency region of the impedance
diagram a few points reveal the presence of another semicircle
probably due to blocking of charge carriers at grain boundaries
[10]. An estimate of the associate capacitance due to grain
boundaries Cy, gives ~6 X 10~® F/cm, typical of grain boundary
capacitances [12,13].

The Arrhenius plot of the bulk conductivity of a LaAl;10;g
sintered pellet is shown in Fig. 4. In the 500-900 °C range an
activation energy of 0.89 eV is determined, in agreement with
previous results for Sr—Li—(-alumina (0.86 eV) and for Sr—
Mg—R"-alumina (0.9 ¢eV) [14]. Another feature of the
Arrhenius plot shown in Fig. 4 is a deviation of the straight
line for temperatures higher than 900 °C. High-temperature in
situ X-ray diffraction in that range did not show any evidence of
structural phase transition [15]. Further experimental work is
required for a better understanding of the high-temperature
Arrhenius behavior of LaAl;;O;g solid electrolytes.

The possibility of using LaAl;;O,g sintered pellets in
devices for measuring oxygen levels at high temperatures was
analyzed. An experimental setup consisting of (one-end closed)
tubes of sintered LaAl;;0O;g3 with Pt electrodes and Cr,0;
reference electrode was positioned inside a tubular furnace. The
reservoir containing the solid electrolyte tube was connected to
a “pO, station” for providing controlled amounts of O in the
10 ppm-1 atm range. Fig. 5 shows the electrical response at
1000 °C for continuous insertion of oxygen at different levels,
turning on and off at 10 min intervals. This temperature of
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Fig. 4. Arrhenius plot of the bulk conductivity of a LaAl;;O,g solid electrolyte
pellet sintered at 1600 °C for 2 h.
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Fig. 5. Electrical response of the LaAl;;O;g solid electrolyte at 1000 °C for
increasing amounts of oxygen. (Inset) Shape of the dc electrical response of
LaAl;,0,5 at 1000 °C for 692 ppm oxygen.

measurement was chosen because it was found it is the
minimum temperature that provides stationary emf values, i.e.,
the LaAl;;O.5 solid electrolyte starts showing an oxygen
sensing behavior at this temperature. The inset of Fig. 5 shows
details of the fem response as a function of exposure time. After
exposure of the solid electrolyte to oxygen, the emf reaches a
maximum value in approximately 27 s, which is the response
time of the LaAl;;O,g solid electrolyte at 1000 °C. This may be
considered a reasonable value. The response time of
commercial zirconia—magnesia solid electrolytes for insertion
in molten steels, for temperatures much higher, 1500-1600 °C,
is in the 6-10 s range [16,17].

A detailed analysis of the dependence of the amplitude of the
emf signal on the oxygen content was carried out. Fixed
amounts of oxygen gas were inserted in the carrier gas, argon,
and introduced to the LaAl,;0,g sensor at 1000 °C. When the
equilibrium is reached it is expected the Nernst law is obeyed:
E =[RT/AF] ln[pI/pH], where E is the electromotive force, R the
universal gas constant, F the Faraday constant, and pI and pH
the partial pressures of oxygen to be measured and of the
reference, respectively. Fig. 6 shows the dependence of emf on
the partial pressure of oxygen at 1000 °C. A good correlation is
found showing that LaAl;;Og can be used as a Nernstian
potentiometric sensor.
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Fig. 6. Dependence of the electromotive force of LaAl;;0;g on the partial
pressure of oxygen at 1000 °C.

4. Conclusions

Impedance spectroscopy diagrams were measured in nearly
single phase LaAl;;O;g pellets obtained after sintering at
1600 °C powders prepared by the polymeric precursor
technique. The diagrams in the 500-1200 °C show bulk and
grain boundary contributions to the electrical resistivity. The
bulk activation energy for electrical conduction was determined
as 0.89 eV for sintered specimens. A Nernstian behavior was
found for specimens exposed to oxygen in the 100-1500 ppm
range at 1000 °C, indicating they can be used for high-
temperature detection of oxygen.
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