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Abstract

A method for preparing sol-precipitated Sr(TipgFep,)Os_s powders yielding particle sizes of about 70 nm is presented. Screen-printed films
based on such nano-scaled powders are compared and contrasted to conventional micro-scaled thick films.

By employing sol-precipitated powders, the hydrocarbon sensitivity of the sensor devices is improved. For unsaturated hydrocarbons, resistance
changes similar to those of thin films prepared by pulsed laser deposition are observed, thus combining the fast sensor response of Sr(TipsFep2)O3_s
thick films with the high response (R/Ry) values observed for thin films. The pronounced cross-interference of NO and CO can be eliminated by
means of an additional zeolite layer deposited on top of the nano-scaled sensor film.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

More stringent environmental regulations all over the world
have increased the demand for inexpensive, accurate and reli-
able gas sensor devices. There are many examples of toxic or
explosive gases that should be monitored, and these include CO,
nitrous oxides, ammonia, hydrocarbons, hydrogen, etc. [1-3].

For cars equipped with a three-way catalyst, the need for
a reliable “On-Board Diagnosis” (OBD) of the exhaust gas
aftertreatment system might enforce an additional sensor down-
stream of the catalyst. To date, the catalyst functionality is
monitored indirectly by correlating the oxygen storage capac-
ity with the conversion efficiency. A decrease in the conversion
rate and oxygen storage capacity of the catalyst results in an
increase in the amplitudes of the N-oscillations downstream from
the three-way catalyst. The ratio of the amplitudes of A-probes
located upstream and downstream from the catalyst is thus a
measure that can be used to evaluate catalyst efficiency [3]. In
the future, however, a more direct and accurate method will be
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needed to determine whether or not the exhaust aftertreatment
system of cars with lowest emissions meets the emission require-
ments. Therefore, a direct measurement method employing a
sensor that detects the amount of unburnt hydrocarbons is desir-
able [4]. A hydrocarbon sensor can also be used for On-Board
Diagnosis of close-coupled oxidation catalysts in diesel engines
[5], or for safety applications, e.g. in Japan, where most of the
households are equipped with propane-based heating systems.

Although n-type conducting metal oxides like SnO; or ZnO
dominate the research effort in this sensor area, some p-type con-
ducting ceramics have recently received more attention as well.
These exceptions include the commercially available ammonia
gas sensors, Cro_,Ti,O3 [6,7] and NO, sensors based on per-
ovskite rare-earth metal oxides of the LnFeO3 family, where Ln
is La, Nd, Sm, Gd and Dy [8].

The perovskite family SrTi;_,Fe,O3_5 with x=0.1-0.5 are
promising materials for hydrocarbon sensing in the tempera-
ture range from 350 to 450 °C. With screen-printed films of
about 20 pm thickness, a fast, stable and reversible response
to hydrocarbons is observed. In particular, the SrTi|_,Fe,O3_s
members with a moderate iron content (x=0.1-0.2) show best
performance [9,10].

The present work addresses selectivity enhancement of
SrTiggsFep203_5 based sensors. Whereas an earlier paper
focused on an extrinsic method using an additional zeolite
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filter layer [11], the present contribution takes a closer look at the
precursor material itself. As the sensor effect towards reducing
gases includes a mechanism which is attributed to surface pro-
cesses, i.e., a redox reaction taking place at the semiconductor
surface, the sensitivity of a given material should be improved by
enhancing the surface area-to-volume ratio. This can be achieved
either by fabricating thin film devices or by using nano-scaled
materials [12 (and references therein)—14], such as fine-grained
precursor powders.

In the following, a wet-chemical synthesis method for prepar-
ing nano-sized SrTij_,Fe,O3_; powders is described. The
sensor performance of thick films prepared from these precur-
sors is evaluated. The functionality of the nano-sized particles is
compared to micro-scaled powders obtained by a conventional
solid-state reaction and to thin film devices.

2. Experimental

Conventional powders of the p-type semiconductors
Sr(Tig gFep2)O3_s were prepared from the precursor materials
SrCOs3 (Technipur, Merck, Germany), TiO> (Merck, Germany)
and Fe; O3 (AlfaAesar, Johnson Matthey GmbH, Germany) fol-
lowing the mixed oxide route. After calcination at 1200 °C,
the powders were ball-milled. By laser diffraction (Mastersizer
2000, Malvern Instruments), a particle size of 1.7 um dsy was
determined. These rather coarse powders, which serve as base
materials for screen-printing pastes and targets for pulsed laser
deposition, are referred to as MO powders in the following.

The synthesis of sol-precipitated nano-powders followed a
titanate preparation route described by Zheng et al. [15] with a
slight modification. As precursors, Sr(NO3)», Fe(NO3)3-9H,0
and titanium isopropoxide (all Fluka) were used in stoichio-
metric proportions. The precipitation reaction was conducted
in continuously stirred aqueous solution. The pH value was
adjusted using glacial acetic acid. In contrast to the original
method, no 4 M NaOH was added at this point of the synthesis.
The solution was heated to 80 °C and kept at this temperature for
3.5 h. Then powder precipitation was initiated by addition of 4 M
NaOH. The reaction product, which is denoted as SP powder in
the following, is subsequently calcined at 850 °C for 3 h.

In both cases, phase purity of the samples was assured by
XRD measurements (Phillips X’ Pert-MPD-PW3040/00) with
monochromated Cu Ka radiation (10° <26 < 90°). Invariably,
all peaks of the obtained XRD spectra could be indexed assuming
a pseudo-cubic perovskite lattice.

The interdiffusion of elemental components of Sr(Ti;_,Fey)
O3_s thick films and alumina substrates is a known problem that
can be eliminated by applying a SrAl,O4 underlayer between
the alumina substrate and the electrodes as described elsewhere
[16]. According to former results [10], the use of platinum
for electrical contacting is very advantageous. Hence, either a
set of four platinum electrodes or two platinum interdigitated
electrodes (IDE) were applied onto the substrate prior to
Sr(Ti;_ Fe,)O3_s film deposition. After sintering at 1100 °C
(MO powders) or 850 °C (SP powders) in air for 1h, the film
thickness was determined by a profilometer to be between 10
and 20 pm. The sensor configuration is shown in Fig. 1.

Pt-electrodes, gap: 1.1 mm
\ l_ diffusion barrier:
SrAlL,O
] 2Uy

Al,O,-substrate

sensitive film:
width: 1.5 mm
length: 5 mm
thickness: ~ 20 ym

Fig. 1. Diagrammatical presentation of the thick film sensor devices includ-
ing the dimensions of the active thick film sensor layer. As an alternative,
interdigitated Pt electrodes (100 pm line and spacing) were used.

For the pulsed laser deposition (PLD) of thin films, a pressed
pellet was prepared from the MO powders and densely sintered
at 1520°C. This as-prepared target was used to deposit thin
films on substrates of polycrystalline alumina equipped with a
strontium aluminate film and platinum IDEs. An excimer laser
(KrF Lambda Physik, LPX3057) with wavelength A =248 nm,
at a pulse frequency of 8 Hz, and energy of 600 mJ was used to
deposit the films. The energy fluence at the target was estimated
to be ~1.6 J/cm?. Depositions were carried out under an oxygen
atmosphere at a partial pressure of 13 Pa, with a heated substrate
held isothermally at 700 °C. After annealing at the same tem-
perature for 30 min under an oxygen partial pressure of 53 kPa
the films were cooled to room temperature at 10 °C/min. The
thickness of the films was estimated to be 200 nm from previous
calibrations.

For determining sensor functionality, the specimens were
either heated to the corresponding operating temperature in a
tube furnace, or they were mounted directly in a sample cham-
ber and heated via a platinum thick-film heater structure on the
sensor backside. In the entire study, the temperature range from
350 to 500 °C was covered. In the present paper, sensor tests
focused on measurements at 400 °C.

Using mass flow controllers, different analyte gases were
added to a reference nitrogen flow containing 20 vol% of oxy-
gen. Total gas flow was adjusted either to 600 ml/min for the
sensors in the tube furnace or to 6 I/min in the case of the actively
heated sensors. Before each measurement, samples were heated
at 400°C for several hours to allow for thermal equilibra-
tion. Before adding analytes gases, the furnace or the sample
chamber was purged with the reference composition of 20%
oxygen in nitrogen for at least 20 min until a stable baseline was
observed.

Hydrocarbon (HC) sensitivity was measured for propane
(3002500 ppm) and propene (80—1000ppm). In order to
compare the effect of hydrocarbons with different reactivity
or a different chain length, sensor response towards methane,
propane, propene and butane was also investigated. To assure
comparability, the concentration of these different hydrocarbon
species C,H,, was chosen so that total concentration of
carbon atoms crca = n®cc, n, was kept constant at 1500 ppm.
Hence, cmethane = 1500 ppm, cpropane = Cpropene =500 ppm and
Cbutane =375 ppm. In addition, a mixture of hydrocarbons
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(HC mix, 375 ppm) containing ethane, ethene, acetylene and
propene in equal proportions was tested.

In order to study response to interference gases, sim-
ilar measurements were conducted with CO, NO (both
500-750-1000 ppm) and Hy (5000-2500-1000 ppm). In addi-
tion to the actual values of the mass flow controllers, the gas
composition was verified analytically using an FTIR spectrome-
ter (except for Hy). The dc-sensor resistance of all sensor devices
was monitored with a Keithley 2700 digital multimeter.

3. Results and discussion

Fig. 2a and b presents SEM micrographs (Leo 1450 VP) of
thick films prepared from different base powders, both taken at
the same magnification. The MO powders (Fig. 2a) obtained via
a solid-state reaction are very porous and coarse-grained with
grain sizes of up to 1.2 wm after film sintering. By the wet-
chemical route, however, very fine powders are obtained. The
grain diameters are about 70 nm (Fig. 2b). At a lower magni-
fication (Fig. 2c), however, one notes a coagulation of the fine
particles into larger agglomerates. These coarse secondary par-
ticles are observed only after calcinations. Such a formation of
agglomerates is often observed for nano-powders and an impor-
tant problem in nano-sintering [17]. In the case of porous thick
films, however, there is no need to avoid the coagulation process
since the surface of the single particles is still accessible to gas
exposure.

Additional multi-point BET measurements (Micromeritics
ASAP 2010, adsorptive: Np) conducted on the powders yielded
specific surface areas of 3 m?/g for conventional MO powders
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Fig. 3. Comparison of the normalized sensor signals of a conventional (dashed
line) and of a nano-scaled SP-based (solid line) Sr(TiggFe2)O3_s sensor at
400°C in dry air (upper part). Analyte gas concentrations as indicated (lower
part).

and up to 20 m?/g for SP powders, thus indicating a smaller grain
size of the SP particles. These findings are in agreement with
the SEM results.

Typical conductometric response curves of a conventional
MO-based sensor device (dashed line) and a thick film sensor
prepared from sol-precipitated powder (solid line) are shown in
Fig. 3. For comparing the sensor characteristics of the sensor
films, the resulting resistance change response R/Ry (as defined
in ref. [18]) are plotted.

Probe 1 SE it

Fig. 2. SEM micrographs of a conventional sensor film (a) and of a fine grained sol-based film (b). In addition, an SEM micrograph of the SP film at lower

magnification is given in (c).



K. Sahner et al. / Sensors and Actuators B 130 (2008) 470-476

473

14 14 T
microscaled 4 nanoscaled
12t 12t \y
\
\
1o} ol \ propene (7)
'\
w
(= EIQ 8 L .
= 6 ~ \
@ x \ propane (%)
6| propene (%) 6
ar \‘\‘_ propane (%) 4r
2 2 et
300 350 400 450 500 300 350 400 450 500
T/°C TI*C

Fig. 4. Comparison of the normalized sensor signals of micro-scaled (left) and nano-scaled SP-based (right) Sr(Tig gFe2)O3_s sensors at different temperatures in
dry air. The lines have been inserted as a guide to the eye. Analyte gas concentrations: 500 ppm propane and 500 ppm propene, respectively.

Both sensors show a fast, reversible and reproducible
response towards propane and propene, and each has a very
stable baseline. The base resistance in air, Ry, of SP powders
(in the order of 300—400k<2 at 400 °C) was found to be higher
than that of MO powders (in the order of 1-3 k€2 at 400 °C).
This is attributed to the fine-grained microstructure of the SP
sensor films, where the firing temperatures are very low, and
consequently almost no sintering occurs. Hence, current path-
ways are passing through many narrow interparticle contacts or
“necks”, which contribute to total resistivity, and high resistance
values are observed.

Whereas the conventional MO powder reaches a maximum
change R/Ry of only 3.5 when exposed to 1000 ppm propene,
the nano-scaled SP-based sensor shows a more pronounced
response for both hydrocarbons. In this case a maximum R/R
value of 11.2 is observed during propene exposure. Minor cross-
interference of NO, CO and H, is observed, whereas the con-
ventional device only presents a cross-sensitivity towards NO.

Thus, the hydrocarbon sensitivity of an Sr(Tij_,Fe,)O3_s
thick film device is improved by applying nano-scaled SP-
based materials. As shown in Fig. 4 for 500 ppm propane and
propene, this trend was valid over the temperature range from
350 to 500 °C. Keeping in mind the tradeoff between the slower
response at low temperatures and the lower signal at high temper-
atures (cf. Fig. 4), the following sections focus on measurements
at 400 °C, which had been identified previously as the optimum
operating temperature [9].

A mechanistic model describing this phenomenon, which is
attributed essentially to the enhanced surface-to-volume ratio,
has been proposed elsewhere [19,20]. A method to reduce the
cross-sensitivities by means of a zeolite layer as reported in ref.
[11] is discussed below.

Sensitivity m, which describes the ratio of the change in sen-
sor output to the change in the value of the measurand, was also
determined using the following power law:

ey

RO(CZC

where cyc is the hydrocarbon concentration and R is the sensor
resistance.

To determine the value of m, sensor response measurements
were conducted in the range from 100 to 2000 ppm (propane) and
80 to 1000 ppm (propene). Fig. 5 shows a double-logarithmic
representation of the results of the sensitivity tests for propane
and propene, where log R=f(log cyc). This analysis yields a
linear relationship with the slope m, which is commonly used
as a measure of sensitivity. For both hydrocarbon species,
the use of a fine-grained precursor powder leads to a notable
increase in sensor sensitivity. In the case of propane, m increases
from 0.22 to 0.4, whereas propene sensitivity changes from
m=0.25 to 0.38. This is in agreement with findings reported
for other semiconducting sensor materials, where a decrease in
size leads to enhanced sensitivity [14,21]. As the sensing behav-
ior of perovskite semiconductor sensors is attributed to a redox
reaction taking place at the sensor surface, the enhanced sur-
face/volume ratio increases the role of surface states in the sensor
response.

In Fig. 6, typical relative resistance R/Ry values of
Sr(Tig gFep2)O3_5 sensors are presented for a variety of hydro-
carbons. Thick films prepared from MO and SP powders are
compared to PLD thin films.

According to these results, the performance of sol-
precipitated powders ranges between conventional MO thick
films and thin film sensors for unsaturated hydrocarbons and
long HC chains. For short saturated HC species such as methane
or propane, where the sensitivity of thin films is reported to be
low [10], the SP device performs best. Integration of PLD thin
films and SP based thick films on a single sensor chip could thus
lead to a very sensitive hydrocarbon sensor, which in addition has
the potential to discriminate between saturated and unsaturated
hydrocarbons.

In Table 1, r9g values, i.e., the time at which the sensor output
reaches 90% of its final value, are summarized for the different
Sr(Tig gFep2)O3_s sensors at 400 °C in response to a step change
in concentration of 500 ppm of propane and propene.
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Fig. 5. Propane (left) and propene (right) sensitivity of Sr(TipgFep2)O3_s sensor films based on MO and SP precursor powders at 400 °C.
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Fig. 6. Relative resistance R/R( of Sr(TipgFep2)O03_s sensor films at 400 °C.
Gases and concentrations as indicated in dry air. Ry values: 1.46 k2 (MO pow-
der), 349 k2 (SP powder) and 1320kS2 (PLD, thin film).

The response times of SP based thick films are comparable to
those for the MO powders and are faster than the responses found
for PLD thin films. Thus, the nano-scaled thick film devices
combine the fast sensor response of Sr(TiggFep2)O3_s thick
films with the high R/R( values observed for thin films.

Table 1
Response times 199 of different Sr(Tip gFep 2)O3—_s sensor films at 400 °C towards
500 ppm propane and propene

f90 (8)

MO thick film SP thick film PLD thin film
Propane, 500 ppm 85 150 >975%
Propene, 500 ppm 155 130 255

2 After 20 min, the thin film had not reached a stable plateau value. The pre-
sented f9p value has been calculated using the final reading before propane
injection was stopped.

By covering a nano-scaled Sr(TipgFep2)O03_s film with
a 50 pm thick Pt-doped ZSM5 (1.6 wt% of Pt, cation ratio
Na*/H* =85:15) layer, one obtains a very sensitive and selec-
tive hydrocarbon sensor as shown in Fig. 7. Compared to a
conventional MO thick film sensor (dashed line), the sensor
performance is considerably improved with respect to both
sensitivity and selectivity. By applying the zeolite layer, the
cross-interference of NO and CO has been effectively elimi-
nated. This is because the ZSMS5 zeolite is an excellent oxidation
catalyst, and while passing through the zeolite layer, CO is oxi-
dized to CO; prior to reaching the sensor layer [11] In the case

14
12 ]
10 nano-scaled powder (SP)
o ] with the zeolite cover layer
« 8
1'g
6
4 n conventional
] powder (MO)
2
1T 1
0 100 150
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5000 4
g_ propane
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Fig. 7. Relative resistance R/Ry of a zeolite-covered Sr(Tip gFe2)O03_s SP film
and a MO film at 400 °C. Gases as indicated in dry air. Ry values: 2.80 k2 (MO
powder) and 277 k2 (SP powder).
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of NO, one part of the interfering gas is converted to NO, accord-
ing to the corresponding NO-NO, equilibrium. This conversion
was verified with additional catalytic tests on the zeolite pow-
der. In both cases, response of the Sr(TiggFep2)O3_s film is
suppressed because the analyte species does not reach the sen-
sor layer. Noteworthy is the increase of propane sensitivity that
is observed when the zeolite layer is present. This observation is
currently being investigated and possibly due perhaps to partial
oxidation of propane to some other active compound.

In an additional measurement series, the impact of humidity
on propane sensitivity of sensors with and without the zeolite
layer was investigated. For this purpose, 2.5 vol% of water vapor
was added to the reference gas flow. The presence of humidity
was found to suppress the propane sensitivity of the bare sensor
films to some extend. At 500 ppm, for example, the sensor signal
decreased from 1.6 to 1.3, no cross-interference was observed
for the zeolite covered layers (for details see ref. [19], addi-
tional results will be discussed in a forthcoming paper). This
was attributed to the fact that water vapor tends to adsorb in the
zeolite channels, so that it does not reach the sensor surface.
The zeolite layer thus enables the effective reduction of various
cross-interfering species.

4. Conclusion

Sol-derived nano-scaled Sr(TiggFep2)O3_s powders can be
used as precursors for screen-printed p-type conductometric
hydrocarbon sensors. Such devices show a fast and sensitive
response, and the signal is found to be stable and reproducible.
In addition, they perform better than conventional micro-scaled
thick films over the entire temperature range from 350 to 500 °C.
The size of the precursor powders for Sr(Ti;_,Fe,)O3_;s sen-
sors is a crucial parameter in order to improve sensor functional
qualities. Further investigation will therefore be directed to
other synthesis methods for nano-materials, such as electro-
spraying or electrospinning, in order to confirm these promising
results.

As another approach for selectivity enhancement, the use
of PLD thin films, which present a good selectivity towards
unsaturated hydrocarbons such as propene, was tested suc-
cessfully. Finally, the use of a catalytically active zeolite
cover layer provided a further selectivity enhancement by
effectively reducing the cross-interference of NO and water
vapor.
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