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A series of StTi; FesO55 (STO or STFO) powders, with x ranging from 0 to 0.6, were
prepared by Self-propagating High-temperature Synthesis (SHS) starting from SrO,, Ti,
TiO; and Fe. A ball-milling (BM) treatment was subsequently carried out for further
structure refinement and size reduction. Morphological and microstructural
characteristics of both untreated and ball-milled SHS samples were investigated by
XRD and SEM. Screen-printed SrTi; Fe,O;5 SHS powders on alumina substrate were
investigated for resistive oxygen sensors operating at high temperature (450-650 °C).
STFO powders have shown better performances with respect to the corresponding
undoped STO ones. Moreover, when STFO powders were subjected to BM treatment,
both temperature-independent resistance characteristics and sensor response greatly
improved. On the basis of the reported data, it can be suggested that the ball milling
treatment likely acts: 7) stabilizing the formation of non-equilibrium structures; ii)
decreasing the particle size, increasing surface defect and hence surface reactivity; iii)
favouring the substitution of titanium by iron in the SrTiO; perovskite structure.

1. Introduction

High-temperature oxygen sensors, continuously used in the automotive sector
[Gerblinger et al., 1995], convert a chemical signal into an electronic one, which is then
relayed to the engine control unit in order to optimize the air-to-fuel ratio (X), thus
reducing deleterious combustion products such as CO, hydrocarbons and NO, (Foultier,
1982). Recently, metal oxide-based resistive oxygen sensors have attracted much
interests as promising alternatives to the conventional amperometric lambda sensors
because of their simpler design and manufacturing, with potential cost reduction (Kaiser
and Logothesis, 1983). However, for many metal oxide semiconductors the electrical

conductivity value, o, is not only dependent on oxygen partial pressure, PO2 , but is also

affected by temperature according to the following equation:
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Thus, to obtain a sensor able to operate in a thermally fluctuating environment (such as
the exhaust streams of an automotive engine with temperature ranging from 600 up to
1000 °C under working condition) is necessary to reduce the cross-sensitivity linked to
temperature fluctuations. In this contest, particular interest is focused on SrTiO; (STO),
which is stable in a large temperature range due its perovskite crystal structure (Moos et
al., 1997). In addition, by properly doping STO with iron, an almost temperature
independent resistive material with general composition Fe,SrTi;.,Os5 (STFO) was
developed (Williams et al., 1982). Specifically, with Fe,SrTi,,O3.5 powders obtained by
conventional solid-state reactions starting from SrCOj;, TiO, and Fe,0;, the best Fe/Ti
molar ratio was found around 0.35/0.65 (Moos et al., 1997). In this work, STFO sensing
materials are prepared taking advantage of the Self-propagating High-temperature
Synthesis (SHS) method (Williams et al., 1982; Moos et al., 1997; Moos et al., 2003).
The SHS is a well known synthesis technique based on the occurrence of strongly
exothermic reactions that, once ignited, are able to propagate as a self-sustained
combustion wave without requiring additional energy (Varma et al., 1998). In the
framework of this study, a Ball-Milling (BM) treatment is also subsequently carried out
for further structure refinement and size reduction of SHS powders. BM is a solid-state
powder process involving welding and fracturing of particles in a high energy ball mill
(Suryanarayana, 2001). This technique has been shown to be capable of synthesizing a
variety of equilibrium and non equilibrium phase starting from blended elemental or
pre-alloyed powders [Suryanarayana, 2001]. Notwithstanding this, the use of BM for
gas sensing application has been limited to few cases [Tan et al., 2004; Hu et al., 2004].
Moreover, the influence of iron content on the electrical and oxygen sensing
performance of STFO products, obtained by SHS and subsequently subjected to BM, is
systematically investigated in this work. To this aim, STFO thick films are deposited by
screen printing on interdigited alumina substrates and examined in detail.

2. Experimental materials and methods

The starting mixture to be processed by SHS for the preparation of SrTi; Fe,Oss
products were obtained by mixing reactants according to the following reactions:

2S10,+Ti+TiO, —> 2SrTiO; )
28r0,+(1-2x)Ti+TiOy+2xFe — 2SrTi . Fe,Os (x =0.35; 0.5) 3)
SI‘02+0.4T102+0.6FC —> SI‘Tio_4Feo_602_g (4)

The amount of Fe in the starting mixture was varied in the range 0-18 wt.%, in order to
obtain different Fe-doped strontium titanate powders. Samples code and compositions
investigated are indicated in Table 1. Characteristics and sources of reactants as well as
details on the experimental procedure and SHS set-up used in this work are described
elsewhere for the sake of brevity (Cincotti et al., 2003; Neri et al., 2000).

The SHS products to be used for screen-printing deposition were also further
mechanically treated at different milling times (0 — 15 h). Thick films of STO and
STFO powders were screen printed on alumina substrates, supplied with comb-like
electrodes and a Pt heater, thus preparing oxygen sensor devices. Subsequently, the
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devices were treated at 650 °C in air for 2 h to stabilise film texture and microstructure.
Sensing tests were accomplished by using a computer-assisted measurement apparatus,
measuring the resistance values of the sensors maintained under dry flow of nitrogen
and pulsing different concentration of oxygen.

Table 1. Samples ID and compositions investigated

Sample code Fe molar ratio (x) Composition (SrTi;, Fe,O;.5)
(Fe + Ti)
STO 0 SrTiO;
STFO35 0.35 SrTig.65Fe 3503
STFO50 0.5 S1TiysFeysO;
STFO60 0.6 SrTip4Fep 025

3. Results and discussions

3.1. Nanopowders preparation and characterization

SrTi;Fe O;.5 powders have been prepared by SHS, according to the chemical reactions
(2)-(4). All systems investigated displayed a self-sustaining character. This feature is
justified by the high exothermicity of the corresponding synthesis reactions. For
instance, enthalpy of the reaction (2), used for the synthesis of STO, is AH? = - 569

kJ/mol (Barin, 1993). The maximum combustion temperature recorded through a
pyrometer during the synthesis of STO was about 2700°C. A drastic reduction of
maximum temperature was observed as iron content in the product increases. This
outcome is a direct consequence of the corresponding decreased exothermicity. When
examining combustion wave velocity, it was generally found that the reaction front
propagates slightly slower as iron content in the STFO system is augmented. For
instance, front velocity is found equal to 8 £ 0.5 mm/s and 7.3 £ 0.7 mm/s when x=0.35
and 0.5, respectively. The diffraction pattern of the STO product obtained by SHS along
with that of the starting mixture are reported in Figure 1. Phase analysis of diffraction
patterns showed that reaction (2) proceeds to completion with the formation of cubic
SrTiO;. Analogous XRD patterns are also obtained when considering reactions (2) and
(3), as reported in Figure 2, where the compositions of STFO products (x=0.35, 0.5, 0.6)
are compared with that of STO. However, the XRD patterns of Fe-doped samples show
that peaks are shifted toward higher diffraction angles as the iron content increases (see
insert in Figure 2). These results are in agreement with previous works reporting that
SrTi|Fe,Os5 crystallizes in a cubic perovskite structure, with lattice parameters
decreasing slightly with increasing iron content (Brinxer et al, 1968). This indicates that
SrTi;<FesOs.5 solid solutions were formed in the corresponding c-SrTiO;-type structure
where Ti(IV) is substituted by Fe(III). After BM, powders show diffraction patterns
characterized by remarkable peaks broadening, indicating a refinement of the crystal
structure and the increase of the lattice strain with milling time. Specifically, during the
early stage of milling, crystallite size refinement occurs significantly within 5 h BM
(down to 40 nm), while slows down afterwards, thus reaching a final value in the range
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15-20 nm, when BM time is equal to 15 h. This behaviour is consistent with general
models for grain size refinement during ball milling proposed in the literature

[Suryananrayana, 2001].
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Figure 1. XRD patterns of starting Figure 2. XRD patterns of STO and
reactants and SHS product STO: STFO for different contents of iron as

o, SrTiO;, o, Ti; 0,TiO> m, SrO-. dopant.

3.2. Electrical measurements
The effect of the Fe-doping and ball-milling treatment on the electrical behaviour of

SrTiy_Fe,O;s powders synthesized by SHS have been investigated in detail, in order to
acquire useful information for their possible application in high-temperature oxygen
sensors. Figure 3 compares the resistance in air of SHS powders, both un-milled and
milled for 5 h. The STO sample shows a high electrical resistance, slightly modified
when subjected to ball milling. On the contrary, the addition of iron, coupled with a
ball-milling treatment, greatly decreases the electrical resistance. The values of
activation energy Ea (cf. Eq. (1)), calculated in the range of temperature investigated
(450-650 °C) for 5 h ball-milled SHS powders, are reported in Figure 4 as a function of
the [Fe/(Fe+Ti)] molar ratio (x). It can be noted that, increasing the Fe content, E,
decreases correspondingly. In particular, the temperature-independent resistivity
(TCR = 0) of the STFO60 sensor can be attributed to the fact that the temperature-
dependence of the hole concentration is exactly balanced by that of the hole mobility.
This is in agreement with data reported in the literature on differently prepared
SrTi; <FeO;.5 materials, indicating that TCR reaches a zero value in the range of 0.35-
0.65 mole % of iron loading (Moos et al., 1997).
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Figure 3. Electrical resistance in air as
temperature of

a function of the
untreated and 5 h ball-milled samples.

3.3. Oxygen sensing tests
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Figure 4. Activation energy, E4, as a
function of the composition of STFO
Sensors.

Oxygen sensing tests were carried out to investigate the effect of Fe and BM on STFO
behaviour to oxygen concentration variation at high temperature. Figure 5 reports the
transient response of the STFO60 at 650 °C for different O, concentrations. A well
reversible behaviour was noted. The relative resistance R, /R,, is used here to express

the sensor response, where R, is the baseline resistance of the sensor in nitrogen and

R,, is the resistance of the sensor at different concentrations of oxygen diluted by

nitrogen (cf. Figure 6). Preliminary experiments have shown that ball milling has a little
effect on the response of the STO sensor. However, as seen in Figure 6, for the Fe-

doped sensors, the response increases markedly after 0.5 h of ball milling treatment.
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Figure 5. Transient response of the
STFOG60 ball milled sensor to different
O, concentrations.

Figure 6. Sensor response to different
O, concentration of untreated and Sh
BM samples. T = 650 °C
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The better performances of the ball milled Fe-doped sensors as compared to the
untreated ones should be attributed to the structure refinement induced by BM, which
allows more titanium substitution by iron.

Summing up, it may be said that both Fe doping and BM contribute to strongly affect
the material electrical resistance. Moreover, sensing tests indicate that these factors also
cooperate to increase sensor response to O, at high temperature. The nanosized particles
formed after BM treatment have large surface area and hence, also considering the
increase in surface defect, the surface reactivity increases. In addition, bench tests
carried out under simulated engines conditions have confirmed these good
characteristics, showing the negligible interference on the sensor response of high
concentrations of CO,, NOx and HC. The obtained results indicate that resistive oxygen
sensors based on nanopowders of STFO are promising candidate as A-probes for lean-
burns engines.

4. Conclusions

In this work, SrTi; (Fe,O;.5 (STFO) powders with different Fe content were synthesised
by SHS. Results have shown that the SHS technique coupled with high-energy BM is a
very effective route to prepare nano-structured solid solutions for oxygen-sensing
applications. The effects of the iron content and ball-milling treatment of the
SrTi;<FexO;.5 (STFO) powders on the electrical characteristics and response to oxygen
at high temperatures have been examined in detail. Ball-milled STFO60 thick films
have shown the better performances in terms of temperature resistance independence as
well as sensor response.
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