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Abstract In this contribution, the binary ceramic system
La,CuQOy4-LaFeOs; is investigated for resistive oxygen sen-
sor applications. The temperature-independent characteris-
tics that are observed for copper contents of 30% or higher
are of particular interest. In order to correlate sensor charac-
teristics and material composition, an initial model describ-
ing the complex two-phase system is proposed. It is based
on the so-called generalized effective media theory (GEMT),
a useful tool for describing bi-phase composites. The fitting
procedure allows to predict the actual sensor characteristics
determined by the experiments.

Keywords Perovskite - Generalized effective
media theory - Lanthanum cuprate - Lanthanum ferrate -
Strontium titanate

Introduction

In order to control engine operation, nearly every passenger
car powered by a gasoline engine is equipped with at least
one oxygen sensor measuring the air-to-fuel ratio. State-of-
the-art for such lambda probes are solid state potentiomet-
ric electrolyte sensors based upon yttrium stabilized zirconia
(YSZ)[1], which are manufactured in a multi-layer technique
by tape casting and hybrid technology similar to the man-
ufacturing of electronic thick film circuits. Although such
devices present fast and stable response characteristics, the
potential of resistive semiconductor systems has been inves-
tigated in order to reduce the manufacturing costs. Due to
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their simple design, resistive oxygen sensors based on ma-
terials such as TiO, [2], SrTiO3 [3] and CeO, [4, 5] are ex-
pected to be an inexpensive alternative to the zirconia-based
combined amperometric-potentiometric wideband lambda
probes, which present a complex set-up. Although the oxy-
gen sensitivity of these resistive sensors is sufficient, a major
drawback for practical application is the pronounced tem-
perature interference observed for resistive sensor devices.
For upcoming sensor generations, fast response and tem-
perature independent sensor characteristics are of high in-
terest. In order to decrease the temperature dependence of
the sensor output, the use of an additional temperature com-
pensating material has been investigated [6—8]. Another ap-
proach is the use of a sensitive material presenting an intrin-
sic temperature independent conductivity. Among the first
examples of such materials, BaTaggFe(,03 [9], La-doped
SrTij_,Fe,O3_s [10, 11] and La,CuOy4 [12] have been re-
ported in the literature. The latter is known for its excellent
temperature independent properties [12]. However, the ma-
terial is not stable at high temperatures and under reducing
conditions [13].

As yet another semiconductor system, the perovskite-
like lanthanum ferrate LaFeOs has been studied [14]. Al-
though this material was not found to present interesting
oxygen sensing characteristics, its chemical stability is ex-
cellent. A previous study therefore aimed at combining the
complementary advantages of LaFeO; and La,CuQOy [15,
16]. After a partial substitution of iron in the LaFeOslattice
with copper, oxygen sensitivity as well as temperature inde-
pendency were improved without deteriorating thermal and
chemical stability. In this case, the resulting material was
assumed to present the formula LaCu, Fe,_,O3. At low cop-
per contents, i.e. at low values of x, an improved stability
was observed toward sensor poisons such as sulfur diox-
ide. Figure 1 presents the output of several porous thick film
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Fig. 1 Sensor deterioration of LaCu, Fe;_, O3 thick films (thickness d
approximately 20 um) according to [15]. For details see text

devices that are exposed to a synthetic exhaust gas contain-
ing 3.16 % of oxygen and 40 ppm SO,! at a typical operat-
ing temperature of 800°C. As a measure for the deteriora-
tion, the effective resistance R at a time ¢ normalized with
the resistance Ry = R(t = 0) is plotted. Material formula-
tions with copper-to-iron-ratios ranging from 10:90 to 30:70
are contrasted to a 5% La-doped SrTig ¢s5Fe( 3503_s sensor,
whose proneness toward sulfur dioxide poisoning is well-
known and prevents its unprotected use for oxygen sensing
in spite of its excellent temperature independent character-
istics [17]. In the above-mentioned study, the resistance of
such a Lag g5Srg 95Tig g5F€0.3503_s sensor was found to de-
teriorate rapidly within the first minute of aging, presenting
an increase of more than 15%. The devices prepared from
LaCu,Fe;_, 03, however, present a sharp, step-like onset at
the beginning of sulfur dioxide exposure, followed by a shal-
low increase. This first step can be attributed to a fast sulfur
adsorption and the formation of surface sulfite ions in analogy
to the mechanism described in [18] for sulfur dioxide poison-
ing of SrTi;_,Fe,O3__s. The following shallow increase of
the sensor resistance might be due to a slow decomposition
process.

! For comparison: inreal exhaust gas, the concentration of sulfur dioxide
due to sulfur components in the fuel is less than 10 ppm (conventional
fuel with 200 mg/kg sulfur). So-called sulfur-free fuels contain less than
10 mg/kg fuel sulfur, leading to about 0.5 ppm SO, in the exhaust at
A=2.
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With decreasing copper contents, the lifetime of the
sensor devices when exposed to sulfur dioxide increases,
approaching the excellent stability of pure LaFeOs. Even
after 1 hour, the resistance increase that was observed e.g.
for the sensor with a copper-to-iron-ratio of 20:80 was lower
than 8%.

This contribution focuses on oxygen sensor characteristics
of the material system La,CuQO4-LaFeO; (denoted as LCxF
with x representing the copper ion content as a percentage).
LC30F, a member of this material family, has already been
successfully investigated as a fast temperature-independent
oxygen sensor formulation [19].

After commenting on the poly-phase properties of this
p-type conducting system, sensitivity measurements in the
high operating temperature range from 650 °C to 900 °C are
discussed. In order to obtain a more complete picture of
the material properties, densely sintered ceramic specimens
are compared to screen-printed thick films. An initial model
based on the general effective media theory is developed in
order to correlate the copper content x with the oxygen sen-
sitivity.

Experimental

Ball-milled powders of different LCxF-compositions were
synthesized from commercially available oxides, i.e. La; O3,
CuO and Fe,03; powders (all Alfa Aesar, Karlsruhe,
Germany, No. 11264, 41692, and 12375, respectively). Af-
ter calcination at 870°C, the powders were either used to
prepare ceramic bulk specimens (sintering temperatures in
the range between 1100°C for pure La,CuO4 and 1300°C
for pure LaFeOs3) or to obtain screen-printable pastes (sin-
tering temperature in the range of 975°C for pure La,CuO4
and 1100°C for pure LaFeO;3). The pastes were printed on
conventional alumina substrates.

XRD patterns of LCxF powders are presented in Fig. 2.
They clearly indicate the poly-phase structure of the pow-
ders, which can be indexed as a mixture of a LaFeOs and a
La;CuOy lattice. In spite of this heterogeneity, the materials
could be processed easily for copper contents x < 60%. At
higher copper contents, a CuO phase was observed in XRD.

For bulk testing, thin plates (thickness d approximately
600 pm, width w: 4 mm) were prepared from densely sin-
tered specimens. The densities of the specimens were es-
timated from the SEM cross sections to be over 95% (cf.
Fig. 3). Four platinum electrodes were then applied with a
brush (spacing / between 2 and 4 mm). In addition to the
bulk sensors, thick film sensors were deposited directly on
alumina substrates equipped with a set of platinum electrodes
(spacing /: 1.1 mm) for electrical contacts. The thick films
obtained by screen-printing presented typically a width w of
1 mm and a thickness d between 15 and 25 pm after sintering
at 975°C.
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Fig. 3 SEM cross sections of densely sintered LCxF ceramics with an iron-rich phase (dark regions) and a phase rich in copper (clearer regions).
The black spots are attributed to a CuO phase. For details: see text
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Sensor characteristics of ceramic and thick film specimens
were determined in a conventional gas sensor test bench. The
sensors were heated in a tube furnace to the appropriate op-
erating temperatures from 650°C to 900°C. To a reference
nitrogen flow, O, was added using mass flow controllers,
leading to O, concentrations between 0.1% and 100%

(pO2 =1073..1 bar). The total gas flow was adjusted to 200
ml/min. In some cases the gas flow was increased to 600
ml/min, in order to exclude a cross interference of the flow
rate on the sensor signal. The dc resistance of the samples
was measured in conventional 4-probe-technique with a dig-
ital multimeter (Keithley 2700). In order to ensure com-
pensation of possible thermo-voltages, the so-called offset-
compensation option of the multimeter was enabled. The
oxygen concentration was monitored with an amperometric
zirconia oxygen sensor (LSU 4.7, ETAS, Germany). In addi-
tion, a paramagnetic O,-detector (Fisher Rosemount, NGA
2000) was used for spot-checks of the oxygen concentration.

Results and discussion

Figure 3 shows cross section SEM micrographs of samples
prepared from densely sintered LCxF ceramics. One can
readily distinguish between an iron-rich phase (dark regions)
and a phase rich in copper (clearer regions). Using EDX mea-
surements, both phases were clearly identified as LaFeO3 and
La;CuOQy, respectively. In addition, the presence of the CuO
phase (black spots in the SEM micrographs) for high cooper
contents was confirmed. Hence, the EDX observations from
the ceramic specimens are in agreement with the XRD re-
sults of the starting powders. It is therefore concluded that
sintering at high temperatures did not affect the phase com-
position.

In Fig. 4(a), the results of an oxygen sensitivity test at
750 °C are presented exemplarily for a thick film sensor and
a ceramic specimen prepared of the LC30F composition. The
resistance traces indicate a fast response time of the thick film

Fig. 4(a) Resistance traces of 600 1 thick fim 67 ceramic
LC30F thick film (left) and
ceramic specimens (right). 500 7 57
Operating temperature: 750°C. S 400 4 G4 -
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200 - 2 -
8 107 S 107
102 s 102
o o
e 10-3 I T T T T 1 & 10-3 I 1 1 1 T T
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(a)
Fig. 4(b) Oxygen sensitivity of 588 ] thick film
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and ceramic specimens (lower 400 -
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in the range of a few seconds, limited by the settling time
of the test bench, whereas the response time of the densely
sintered specimen is somewhat higher (in the range of min-
utes). The fast response of the LC30F thick films has been
verified and discussed in a previous study [19]. From defect
chemical models, the general correlation between the resis-
tance R of an oxide ceramic and the oxygen partial pressure
pO, is given by Eq. (1)

EL .
R = Ry - exp N - pO; (1)

The exponential term stems from the fact that the conductiv-
ity o of semiconductors is thermally activated, following an
Arrhenius-type behavior with the activation energy E4. In
order to evaluate the oxygen sensitivity of the samples, one
generally uses the slope m of the double-logarithmic repre-
sentation 1g(R) vs. 1g(p0,) at one specific temperature 7,
which is represented in Fig. 4(b) for the LC30F composi-
tion for various operating temperatures between 650°C and
900°C.

Both thick film and ceramic specimen show an identi-
cal slope m in the double-logarithmic representation. This
good correlation was observed for each tested LCxF compo-
sition. In addition, the LC30F composition clearly presents
a temperature-independent behavior, which is in agreement
with the former results [19].

In order to identify the most suitable compositions for
temperature-independent oxygen sensing, all materials were
characterized in the temperature range from 650°C to
900°C with respect to oxygen sensitivity and temperature
dependency.

In Fig. 5, the slope m determined from oxygen sensitivity
plots as shown previously is given as a function of the copper
content x. Exemplarily, data points are shown for operating

Fig. 5 Oxygen sensitivity for
thick films and ceramics as a
function of the copper content x.
Operating temperature as
indicated

slope m

-0.05

-0.25

-0.15

LaFeO,

temperatures of 750°C for the ceramics and of 750°C and
800 °C for the thick film samples.

As a measure for temperature dependency, the thermal
activation energy E4 is used as defined in Eq. (1). The
closer E4 is to zero, the less temperature-dependent is the
material.

Figure 6 shows the values of E,4 in air as a function of
x, which are calculated from the slopes of the Arrhenius
representation In(R) vs. 1/T.

The oxygen sensitivity of the LCxF compositions in-
creases steadily with the copper content from values of about
m = 0.02 for pure lanthanum ferrate (x = 0) tom = 0.18 for
pure lanthanum cuprate (x = 100%). At the same time, one
observes a perfect temperature independency for x > 30%
in the case of the thick films. For the bulk ceramics, tem-
perature independency begins at even lower copper contents
(x > 20%). This behavior strongly hints that oxygen sensi-
tivity of the system is governed by the lanthanum cuprate
phase. Lanthanum ferrate could be considered as a matrix,
which is expected to improve the poor thermal and chemical
stability of the pure lanthanum cuprate.

According to these observations, an initial model based on
the generalized effective media theory (GEMT) was adopted
in order to describe the properties of the composite LCxF,
which is considered here as a bi-phase material. This theory,
which has been developed from the so-called percolation the-
ory and the effective media theory (see e.g. review [21]), was
introduced for predicting the global properties of polymer
matrices containing different kinds of filler particles [22].
Eq. (2) describes the resulting conductivity o,.s; of such a
bi-phased system [23].

(1 - ¢)(O'rit/t - Urle/st) (p(o}/t - Urle/st)

1 —¢. _1 1 —¢. 1
6111/1 ! t?L O're/.&‘r Uf/t =+ 1 ?L O're/.ﬁ‘t

—A— thick films, 800°C
A thick films, 750°C
4 —&— ceramics, 750°C

0 20 40 60 80 100
copper content x La,CuO,
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Fig. 6 Thermal activation
energy E4 according to Eq. (1)
for thick films (upper part) and
ceramics (lower part)

Here, 0, and o ; denote the conductivity of matrix and filler,
¢ is the volume fraction of the filler phase, ¢, and ¢ are fit
parameters. The fit parameter ¢ includes the different temper-
ature dependency of matrix and filler as well as the different
aspect ratios and distributions of the single material phases.

The parameter ¢ in Eq. (2) is commonly interpreted as the
percolation threshold, i.e. the critical volume fraction of filler
particles leading to a closed filler network in the surrounding
matrix [24]. Assuming that 0 , > o, the properties of the
composite are mainly determined by the filler properties if
¢ > ¢.. Else, the system is governed by the matrix. One of
the starting-points of the GEMT, the so-called percolation
theory (PT), is only valid for o ; tending toward infinity and
o, = 0. This scenario corresponds to a perfect conductor
distributed in a perfectly insulating matrix [24, 25]. As a
consequence, PT only covers the composition range above
the percolation threshold ¢ > ¢.. For ¢ < ¢., no conductive
path exists, and the overall conductivity of the composite
equals zero in the PT.

In contrast, the GEMT describes the composite properties
for finite conductivities, thus covering the entire composition
range 0 < ¢ < 1. Furthermore, the GEMT allows for different
aspect ratios and distributions of the filler by introducing the
parameter ¢ [22, 26].

In the present study, Eq. (2) was used to fit the experimen-
tal data of oxygen sensitivity measurements on LCxF with
the technical computing software Matlab according to a least
square fit. In a first approach, only the data for copper contents
x < 50% is considered in order to justify the assumption of
a two-phase composite. The presence of a third CuO phase
detected by XRD and EDX measurements at higher copper
contents is thus not taken into account. For the fitting proce-
dure, the volume fraction ¢ was calculated from the molar
fraction { = x/100% according to Eq. (3).

¢Mic
2-pLc
= ¢. 3)
M, M
we T O
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M, ¢ and p; ¢ are the molecular weight and the density of pure
La,CuQy, respectively. My r and p; r denote the molecular
weight and the density of pure LaFeOj3. This equation allows
for the fact that the molar fractions ¢ = x/100% is based on
the initial net weight of the educts CuO and Fe,Os.

In Fig. 7, the results of such a fit for LCxF ceramics and
thick films in air and for pO, = 0.002 bar are represented
exemplarily (lines). From the experimental resistance data
R obtained at 800°C (thick films) and 750°C (ceramics), the
conductivity o of the specimens was calculated using Eq. (4)

1 w-d 4
TR @
where [ is the electrode spacing, w the width and d the thick-
ness of the sample. The experimentally obtained conductivity
points are plotted as symbols.

As fit parameter pairs, ¢, = 0.08 (corresponding to x =
10%), t = 0.1067 (pO, =0.2 bar), and t=0.0397 (pO, =
0.002 bar) were used for the ceramic sample. In the case of
the thick film, the corresponding parameter pairs were ¢.=
0.05 (corresponding to x = 6.43%), t = 0.75 (pO, = 0.2 bar),
andr = 0.502 (pO, = 0.002 bar), respectively. The values
of o, and o, were taken from experimental results of pure
La,CuO4 and LaFeOs;.

The experimental data is fitted well even by this un-refined
initial model without taking into account the presence of a
third phase or the porosity of the samples. One notable dif-
ference between the ceramics and the thick film specimens is
the steepness of the conductivity increase. In the case of the
densely sintered ceramics, the conductivity curve presents a
clear percolation-like behavior with a sharp increase at one
specific copper content x = 10%. For the porous thick films,
however, the curve shape is much shallower, and the perco-
lation threshold is somewhat blurred. As a consequence, the
fitted value of ¢, (and the corresponding x) is lower compared
to the dense ceramics. An explanation of this observation is
that the present model has been developed for a bi-phase ma-
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terial. While this assumption still holds for the LCxF bulk
ceramics, it merely serves as a rough approximation for the
porous thick films. In the case of the latter, the porosity of
the samples should be taken into account to determine more
meaningful values for the percolation threshold ¢,

The present model is then used to predict the slope val-
ues m as a function of the copper content x for the thick
film devices. The modeling was conducted according to the
following process. Considering the physical meaning of the
fit parameters ¢ and ¢, the critical volume fraction ¢, should
not depend on the oxygen partial pressure pO,. Therefore, a
fixed value ¢, rix = 0.05 is chosen based on the preliminary
results. A corresponding parameter set 7#(pO;) is then de-
termined by fitting the experimental data obtained for each
oxygen concentration. Finally, the theoretical conductivity
values o,.,(p0-) are calculated for each LCxF composition
using the corresponding parameter set (¢, rix, ¢ (pO>)). Cal-
culated and experimentally obtained curves are shown in

10 1
O x=10%
v x=20%
A x=30%
B x=40%
* x=50% x
£
o
@ 17
o
01 T T T T

10° 10"
pO, / bar

Fig. 8 Theoretical (lines) and experimental (symbols) oxygen sensor
characteristics in a double-logarithmic representation

Table 1 Calculated and experimentally obtained slope values m as a
function of the material composition

Cu content x/% 10 20 30 40 50
slope value m  experimental 0.05 0.07 0.098 0.11 0.12
calculated 0.02 0.065 0.093 0.11 0.13

Fig. 8. In Table 1, the corresponding slope values are com-
pared.

The obtained results are very promising, given that the
un-refined initial model already leads to a very good approx-
imation of the actual oxygen sensing characteristics.

A more careful adjustment of the model should enable to
even better predict the slope values m as a function of the
copper content x. In particular, the influence of the oxygen
partial pressure on the parameter ¢ needs to be studied further
in order to understand its physical meaning more in detail.
Furthermore, a more complete model should also take into
account the porosity of the thick films as well as the pres-
ence of the CuO phase, which has not been considered here
as x < 50%. Ongoing studies are also aiming at investigat-
ing the temperature dependency of the parameter ¢ to allow
for the fact that a perfect temperature independency is only
observed for x > 30%. Thus, the present model is going
to be refined in order to describe the material system more
exactly.

Conclusion

In spite of its poly-phase microstructure, the material family
lanthanum cuprate—lanthanum ferrate was shown to present
promising oxygen sensor characteristics. In particular, one
obtains temperature-independent devices at low copper con-
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tents, thus combining the advantages of pure lanthanum
cuprate with the sulfur stability of the lanthanum ferrate.

A model based on the generalized effective media theory
was successfully adopted to correlate the gas sensor behav-
ior and the material composition. Initial calculations allow
to fit the actual sensor characteristics satisfyingly. By further
investigating the properties of the fit parameter ¢ and by al-
lowing the presence of a third phase such as pores, the model
can be expanded to the entire temperature range, which is
valuable for materials development.

Furthermore, more careful studies of long term thermal
and chemical stability need to be conducted in the future. In
particular, phase stability of the poly-phase microstructure
at high temperatures needs to be confirmed. Although sulfur
stability has been addressed in a previous study, stability data
in reducing atmospheres are still missing.
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