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Abstract. Sulfur dioxide strongly affects temperature independent resistive oxygen sensors of SrTi;-,Fe,Os3s.
Time dependent sensor deterioration was investigated for lanthanum doped SrTig ¢5sFeg 3503-5 (STF35). Parame-
ters were sulfur dioxide concentration, oxygen partial pressure, temperature, and sensor morphology. The sensor
poisoning consists of two steps. At lower temperatures sulfur dioxide adsorption and sulfate ion formation at the
grain surface is suggested. At higher temperatures the material decomposes into SrSQy, iron depleted STF35, and

Fe,TiOs.
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1. Introduction

In the past decade resistive oxygen sensors based on
titanates or other transition metal oxides were sug-
gested by several authors for lambda control in auto-
motive exhausts [1-6]. Recently, it has been reported
on compositions with temperature independent resis-
tance behavior (e.g. doped SrTi,_,Fe, O3 = STF) [7-
10]. In contrast to titania, no sensor based on the above-
mentioned temperature independent compositions has
been serialized. The major drawback is the sulfur oxide
poisoning, which impedes long-term stability. There-
fore, sulfur adsorbers [11, 12] were introduced, lead-
ing to long-term stable sensors in real exhaust gas [10].
The problem of sulfur oxide poisoning emerges also
in catalytically active perovskites [13] and in mixed
electronic ionic conductors [14], when the materials
contain earth alkaline ions.

This contribution investigates the sulfur instability
of STF, mainly via conductivity measurements. As a
result, a brief qualitative defect chemical picture is
evolved describing the steps during poisoning.
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2. Sample Preparation and Experimental Setup

Lanthanum doped SrTig ¢sFe 3503-powders (here ab-
breviated STF35) were prepared in mixed oxide tech-
nique. Pastes of these powders were screen-printed on
alumina substrates and fired at 1100°C to a very porous
sensitive film. A strontium-spinel layer between sub-
strate and sensor film served as a diffusion barrier layer
[10]. Four platinum thick-film electrodes were used. A
more detailed description of powder and sensor prepa-
ration can be found in Ref. [10].

Some additional experiments were conducted on
differently sintered lanthanum doped STF35-tapes,
which were cast from the same powders. The size was
similar to the compacts in Ref. [9]. The thickness, how-
ever, was only about 80 um. The sintered tapes were
affixed with a platinum paste on the conductor tracks
of the transducers.

After sintering, the devices were heated in a tube
furnace to operating temperature. The resistance was
measured offset compensated by 4-wire technique with
adigital mulitmeter (Keithley 196). The sensor temper-
ature was determined by thermocouples.

Atfirst, oxygen sensitivity was checked by applying
different oxygen partial pressures to the sensor (oxy-
gen/nitrogen mixtures). Thereafter, the temperature
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independency was checked. All samples exhibited p-
type conductivity obeying R o« pO, ™, with m ~ 0.23
between 10~* bar and 1 bar and in the range of 700 to
900°C. Temperature dependency could be neglected,
as expected from Ref. [9, 10]. Then, sensors were kept
at distinct temperature and distinct oxygen partial pres-
sure for equilibration. Finally, different amounts of sul-
fur oxide (SO,) were added to the gas.

3. Results

First of all, the time dependency of the sensor deterio-
ration was investigated in detail. After equilibration at
600, 700, 800 or 900°C in 3.2% 0,/96.8% N, approx-
imately 380 ppm SO, were added to the gas mixture.'

For better comparability, in Fig. 1 the resistance is
plotted normalized to its value before SO, exposition.
Ry denotes the resistance of the sensor before expos-
ing it to SO,. The poisoning behavior at high tem-
peratures (900°C, 800°C) is different from the behav-
ior at low temperatures (600°C, 700°C). At 600 and
700°C, the resistance increases almost stepwise when
SO, is added. After this first “step”, the further resis-
tance increase occurs very slowly. At higher temper-
atures (800°C, 900°C) a resistance step can also be
seen, but it is partially overlapped by a very fast resis-
tance increase, particularly at 900°C. After exposing
the sample for 10 min at 900°C to the SO, enriched
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Fig. 1. Time dependent and normalized sensor resistance when ex-
posed to 380 ppm SO; in 3.2% 02/96.8% N,. Parameter: sensor
temperature. Ry denotes the resistance of the sensor before exposing
it to SO;.
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Fig. 2. Time dependent and normalized sensor resistance at 800°C
when exposed to different SO, concentrations. Base line gas 3.2% O,
196.8% N». R denotes the resistance of the sensor before exposing
it to SO,.

gas, the resistance has increased by a factor of about
seven. As shown previously [10], sensors deteriorated
like this loose both temperature independency and oxy-
gen sensitivity. Their resistance increases by decades,
the slope m diminishes below 0.2 and the conductivity
becomes strongly thermally activated.

These results imply the conclusion, that two differ-
ent steps are responsible for the poisoning: A fast low
temperature step that seems temperature independent
and a high temperature step with strongly thermally
activated kinetics.

Similar measurements were conducted on earth
alkaline-free perovskites. LaFeO; sensors, exposed at
800°C to sulfur enriched O,/N, mixtures also show a
fast but small resistance step within the first two min-
utes [15]. However, in contrast to STF35, the resistance
does not increase anymore after this first step.

XRD data of high temperature poisoned STF35 sen-
sor samples were taken. Besides platinum (from the
electrodes), strong SrSOjs-lines were found. In addi-
tion, weak lines of Fe,TiOs (pseudo brookite) and of
course cubic perovskite lines were observed. No other
lines were found.

In a next work step, the resistance behavior due to
different SO, concentrations was investigated. The sen-
sors were equilibrated at 800°C with 3.2% O, in Nj.
Then, 10 ppm SO;, 40 ppm SO, or 380 ppm SO, were
added.
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Fig. 3. Sensor deterioration at 800°C when exposed to 40 ppm SO».
Parameter: oxygen concentration.

Not depending on the SO, concentration, almost
the same time dependence of the resistance deterio-
ration is found. It seems that the concentration of SO,
does not have much influence on the poisoning velocity.
Therefore, further experiments were conducted using
40 ppm SO,.

In another experiment, sulfur poisoning was investi-
gated at different oxygen partial pressures. The sensors
were equilibrated at 800°C in 0.1, 3.2, and 100% oxy-
gen, respectively. Then, 40 ppm SO, were added to
the gas stream. Figure 3 shows the resulting time de-
pendence of the resistance. In contrast to the previous
figures, the ordinate is scaled logarithmically. In agree-
ment with the R ~ pO,"-behavior, at 1 = 0 when
SO, exposition begins, the resistances exhibit different

starting values. It is obvious that the more the oxygen
concentration of the gas increases, the more the “first
resistance step” becomes slower. The time dependency
after the “first step” remains unchanged by the oxygen
content of the gas.

The aforementioned results may lead to the assump-
tion that the “first step” of the poisoning process is
a surface phenomenon. Implying this, the morphol-
ogy should strongly affect poisoning kinetics. There-
fore, tapes of lanthanum doped STF35 were cast and
sintered differently to obtain morphology variations.
SEM-pictures of the surfaces are shown in Fig. 4.

Sample A was sintered at 1100°C for 1 h; it shows
the largest porosity. Sample C, sintered for 10 h at
1300°C is almost dense and its surface is closed. Sam-
ple B (1200°C; 10 h) shows an intermediate poros-
ity. Before poisoning experiments were started, oxygen
sensitivity and temperature independency was verified.
Tests with stepwise changed oxygen partial pressures
(similarly to Ref. [9]) were conducted. Resistance re-
sponse data were taken, leading to the time dependency
of oxygen equilibration. As expected from theory of
oxygen transport in titanates [16,17], the dense sam-
ple C showed the slowest equilibration kinetics. At
800°C six minutes per pO, step were not sufficient
to completely equilibrate the dense sample C (thick-
ness 80 pum). This was in strong contrast to the re-
sistance of the porous sample A, which followed the
pO»-steps immediately. As expected from its morphol-
ogy, sample B was faster than sample C and slower than
sample A. These short dynamic tests were performed
only to support additionally that the sensor morphol-
ogy was varied by the different sintering procedures.
Another evidence that porosity decreased with the
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Fig. 4. Morphology of differently sintered tapes.
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Fig. 5. Sensor deterioration at 800°C when exposed to 40 ppm SO».
Samples from Fig. 4. Ry denotes the resistance of the sensor before
exposing it to SO».

sintering temperature was the absolute resistance value
at pO, ~ 1 bar. Although the samples had almost the
same geometry, their resistance decreased from 800 2
(sample A) to 200 €2 (sample B) and 40 2 (sample C).

After equilibration at 800°C in 3.2% O, (balance
Nj), the three samples were exposed to 40 ppm SO;.
The result is shown in Fig. 5.

It is eye-catching that the dense sample C shows
no deterioration, whereas sample A behaves as already
known from Fig. 2. The sensor poisoning seems to be
inhibited if SO, has only few sites to adhere. From a
long-term stability point of view dense samples should
be first choice, however, they are by far too slow for
automotive exhaust gas applications. Figure 5 leads to
the assumption that poisoning of these titanates starts
at and is limited by the surface, the latter at least at
lower temperatures.

4. Discussion

In this section, a brief qualitative model will be evolved
that is able to explain mechanistically sulfur poisoning
of the samples. It is developed from the results of the
previous section. The model shall be considered as an
initial thesis that needs to be confirmed by further ex-
periments. Two different mechanisms appear to play
a role in sensor poisoning. It is assumed that at lower
temperature adsorption and sulfate formation occurs.
At higher temperatures, STF35 decomposes thermally
activated.

Figure 6 illustrates the processes that lead to the
observed first “resistance step”. It shows an Sr-O-plane
that terminates the crystal surface. Titanium ions are
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Fig. 6. SO, adsorption and sulfate formation in STF. Note: the defect electron concentration h™ is reduced due to the reduction of the surface.
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not sketched for the sake of clarity. As soon as the
sensor material is exposed to SO,, SO, adsorption on
an oxygen site (OF ¢ce) Of the crystal surface starts
(step A in Fig. 6).7 Sulfite ions are formed directly
on the grain boundary (SO, ¢i.ce) acc. to Eq. (1),

(step B).
SO, + O’(‘),wrface - (SO3)XO,surface (D

Since no charge carriers are involved in Eq. (1), the
electrical conductivity of the samples should not be
affected by steps A and B. According to the above-
presented results, the fast “resistance step” is likely
due to a grain boundary effect. Therefore, sulfate for-
mation, Eq. (2), is assumed to occur next (step C). The
formation of one sulfate ion consumes two defect elec-
trons (h*) and a second surface oxygen ion.

(SO3)6,surface + O%,surface + 2h.
- (SO4)6,surface + VE).,surface (2)

This leads to the complete reaction:

SO2.gas + 20§ +2h°

O, surface

- (504)6,surface + Vé,.surface &)

It should be noted here that the overall reduction of
the defect electron concentration might lead to the ob-
served first “resistance step”. An additional positive
charge on the grain surface forms, here denoted by
V& surface- 1t is compensated by a defect electron de-
pleted space charge zone in the crystal. This could lead
to a step-like resistance increase, when exposed to even
small amounts of SO; in the gas. One could assume that
an enhancement layer was present at the grain bound-
ary before poisoning. This would make sense, since
adsorbed oxygen at the grain boundary leads to a nega-
tive surface charge and hence an enhancement region in
the p-type bulk follows. In this case, Eq. (3) describes
how the enhancement is reduced.

According to Eq. (3), the amount of oxygen that is
located at the grain boundary is reduced by this process.
Therefore, one should expect that a low oxygen con-
centration in the gas promotes and a high oxygen con-
centration inhibits the formation of the sulfate phases.
This is in good agreement with Fig. 3. The “first resis-
tance step” is much faster in low-oxygen atmospheres.
The decomposition, however, reflected by the longer
time remains unchanged.

Such a surface reaction should not be limited to
earth-alkaline containing perovskite. This agrees with
results obtained on doped resistive LaFeO3 sensors that
were exposed to sulfur enriched O,/N, mixtures. Here,
fast but small resistance steps were also observed [15].
After this adsorption and sulfate forming process, all
surface sites are occupied and the resistance should re-
main constant. That might be the case for temperatures
lower than about 700°C.

At higher temperature, STF35 decomposes. Since
besides SrSO;, lines only cubic perovskite lines and
pseudo brookite (Fe,TiOs) lines were found in the
XRD patterns of poisoned sensors, a decomposition
of STF35 acc. to Eq. (4) is assumed.

SrTig ¢5Fep3503_5 +n0, + BSO,
— BSrSO4 + (1 — B)SrTires—p Feros—25 O3_s
XA 30

+ §Fe2Ti05 4)

B denotes the reaction progress. It is a measure for the
amount of SrSQO, and also for the amount Fe, TiO5 that
has formed. Since per three formed SrSO, molecules
only one Fe,TiOs molecule has formed, it becomes
clear, why Fe,;TiOs lines appear only very weakly in
the XRD patterns of sulfur poisoned sensors.

The oxygen deficiency parameters of STF35 and the
remaining perovskite, § and &', respectively, depend on
the oxidation state of the iron. The amount of oxygen n
that is necessary for Eq. (4) depends on §, §’ and on 8.

As a result of Eq. (4), an iron-depleted strontium
titanate is formed. The reaction starts with 8 = 0
(=STF35) and reaches its end for § = 0.525. Then,
the remaining perovskite is pure strontium titanate,
which co-exists together with Fe,TiOs and SrSOj.
With increasing reaction progress 8 one should mea-
sure mainly the conductivity of undoped SrTiO;. In
pure SrTiO; the conductivity is much lower than in
STF35, it is strongly thermally activated and its slope
in SrTiO; thick-film reaches only values of m < 0.2
[4]. This agrees very well with the observed results of
sulfur oxide poisoned sensors [10].

5. Conclusion
Several tests investigating parameters that affect dete-

rioration of temperature independent resistive oxygen
sensor material STF35 were conducted. It turned out
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that at low temperatures SO, adsorption and sulfate
formation is likely. At higher temperatures, the mate-
rial decomposes to strontium sulfate. As a conclusion,
one should look for resistive oxygen sensitive materials
that are earth alkaline-free, in order to get temperature
independent and long-term stable sensors.

Notes.

1. For comparison: in real 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

2. The notation of Kroger & Vink is used [18]. To improve un-
derstandability, especially for readers that are not familiar with
relative lattice charges, a conventional nomenclature is used in
Fig. 6.
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