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A B S T R A C T

Barium-iron-aluminum-tantalate (BFAT) is a promising candidate for resistive oxygen sensors with temperature 
independent sensor characteristics for exhaust gas purposes. To evaluate the long-term stability of the dense 
sensor films that were prepared by powder aerosol deposition (PAD), this study investigates sulfur dioxide (SO2) 
poisoning and its effect on the sensor characteristics. The results show that exposure to SO2 significantly affects 
the electrical properties of the film material. After contact to SO2, the resistance of BFAT heavily increases by 
about one decade and the oxygen sensitivity of the sensor element decreases. In addition, the selectivity is also 
negatively affected. Despite fresh sensors are nearly unaffected by interfering compounds, cross-sensitivities for 
poisoned sensors, appear, primarily towards nitrogen dioxide (NO2), ammonia (NH3), and to a lesser extent also 
towards other gases, that may be present in typical exhausts. X-ray diffraction (XRD) patterns of the poisoned 
powder and X-ray photoelectron spectroscopy (XPS) of the BFAT film confirmed the formation of BaSO4, which 
also suggests that other reaction products may be generated during poisoning. Based on the experimental results, 
some ideas on the poisoning mechanism are discussed. The regeneration of a sulfur poisoned sensor element at 
high temperatures is only partially possible under oxidizing conditions, but it can provide a limited recovery of 
the BFAT resistance, sensitivity, and selectivity. In agreement with literature, these conditions will probably 
allow the removal of surface adsorbed sulfates only, while crystalline BaSO4 is hardly removed. Overall, the 
material’s resistance to sulfur dioxide poisoning remains a challenge that needs to be solved.

1. Introduction

In the past, several materials have been introduced for resistively 
measuring the oxygen partial pressure (pO2) in exhaust gases. In this 
regard sensors films made from metal oxides were widely studied in the 
research community [1–12]. Particular attention has been paid to those 
metal oxides, whose electrical resistivity is independent of temperature. 
One of the first representatives developed in the last decades were 
sensors based on SrTi1− xFexO3− δ (STF) [5,13,14]. However, materials 
such as Co1-xMgxO [15], SrTi1− xMgxO3 [16] and La2CuO4 [17] and 
others [18] also have low thermal activation energies.

BaFe1− xAl0.01TaxO3− δ (BFAT) shows also temperature independent 
properties at a tantalum concentration of around x = 25 % [4,19–22]. 
Like in other materials of this family, the low temperature coefficients of 
BFAT are achieved by adjusting of its defect chemistry to minimize the 
thermal impact on the electrical resistivity [23]. The 

temperature-independent properties of BFAT have been demonstrated 
in previous studies, particularly on nanocrystalline sensor films pre-
pared by powder aerosol deposition (PAD), a powder spray coating 
technique that is also known as aerosol deposition method (ADM). BFAT 
sensor films are therefore suitable as resistive oxygen sensors [24] and 
provide good selectivity to oxygen [19]. Experiments in engine exhaust 
gas have already shown that the material is suitable for determining the 
oxygen stoichiometry λ of engines with excess of oxygen (diesel) [19, 
25], which is defined by. 

λ =
supplied air volume

stoichiometrically required air volume
(1-1) 

The oxygen stoichiometry can be derived from pO2 by [26]. Beyond 
measuring oxygen concentration, BFAT sensor films have also been in-
tegrated into sensor concepts for the simultaneous determination of 
different gas concentrations (so-called multigas sensors) and have been 
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successfully tested in engine exhaust gases of typical driving cycles [25]. 
However, the sulfur resistance of gas sensors is important for their 
long-term stability and was proven to be critical in some cases. The 
electrical resistance of STF films, for example, increased significantly 
during exposure to SO2 due to the formation of SrSO4 [27]. Approaches 
such as the integration of sulfur-absorbing top films may offer solutions 
to this problem [28].

The influence of sulfur poisoning on alkaline earth materials, espe-
cially Ba, has also been known for some time. Numerous studies in the 
early 2000s on Ba-based NOx storage catalysts (NSC) with noble metals 
(mostly Pt/BaO/Al2O3) showed that the NOx storage capacity is signif-
icantly reduced by the formation of barium sulfates [29–31]. Regener-
ation, i.e., removal of the sulfates, is partially possible under reducing 
conditions and at elevated temperatures [32–34], but leads to premature 
thermal aging of the catalyst [35]. Sulfates in the vicinity of precious 
metals and adsorbed amorphous sulfate compounds can be largely 
removed during regeneration. In contrast, the removal of bulk sulfates is 
hardly possible, but they also contribute significantly to the loss of NOx 
storage capacity [36].

As an alternative to Pt/BaO/Al2O3 catalysts Ba-based perovskite 
catalysts have also been considered in the past [37–40]. The sulfur 
resistance is highly dependent on the perovskite composition and 
structural homogeneity [41]. Among these, BaFe perovskites are largely 
resistant to sulfur poisoning [38,41]. The combination of Ba and Fe was 
also considered because the addition of Fe has already been shown to be 
beneficial in Pt/BaO/Al2O3 catalysts. In this context, iron inhibits the 
grain growth of sulfates and also reduces the regeneration temperature 
[30,41,42]. An even higher resistance to sulfur has been found for 
BaFe1− xTixO3− δ perovskite catalysts [38].

For the barium-iron-aluminum-tantalate (BaFe1− xAl0.01TaxO3− δ) 
PAD films, analyses on the effects of sulfur dioxide poisoning (also in the 
context of sensor applications) are still lacking. Even though the previ-
ous studies may provide some insights into expected mechanisms, a 
direct transfer of the results from Ba-based NOx storage catalysts is 
difficult because many conditions are fundamentally different: First, 
sulfur poisoning has not yet been explicitly investigated for barium-iron- 
tantalate family. Secondly, the typical operating temperatures of the 
sensor (min. 600 ◦C) are at the upper end of the operating window for 
classical LNT (lean NOx trap) applications. At the same time, analyses on 
the LNT are primarily aimed at the catalytic activity and the (NOx) 
storage properties, while on the sensor film, the defect-chemical inter-
action with oxygen and its influence on the electrical properties of the 
material is decisive. Third, compared to typical catalyst applications, 
there are no dispersed precious metal-contacts on the surface, which (as 
mentioned above) have been shown to influence the (de)sulfation 
chemistry. And last but not least, the morphology of the materials also 
differs strongly due to their intended use: while nanostructured wash-
coats with a high surface area are used for NSC, the BFAT film is also 
nanocrystalline, but a dense ceramic film.

For all these reasons, a separate investigation of the effect of sulfur 
dioxide on the sensor material is necessary, which will be done in this 
study. The main focus will be on the sensing properties. Therefore, the 
effects of sulfur poisoning on the electrical resistance, on oxygen 
sensitivity, and on selectivity towards oxygen will be analyzed. In 
addition, the poisoning mechanisms will be investigated shortly from a 
materials perspective and the effects of poisoning on defect chemistry 
will be discussed. Based on the experimental findings, some ideas about 
the poisoning mechanism will be presented. In part, the results will also 
be compared to the performance of STF in order to generally classify the 
sulfur resistance compared to an alternative material for temperature- 
independent resistive oxygen sensors.

2. Materials and methods

2.1. Sensor preparation

Several analyses are presented in this study, beginning with a brief 
explanation of the scope and key ideas of our approach: In a first step, 
the prepared sensors were poisoned with SO2 at different, application- 
relevant temperatures (600 ◦C and 800 ◦C). The focus of this and 
further investigations is the analysis of the electrical properties of the 
BFAT sensor characteristics. In order to investigate whether a (partial) 
regeneration of the sensor properties is possible at high temperatures, 
one of the sensors poisoned at 600 ◦C was then thermally treated at 900 
◦C in a chamber furnace (air atmosphere). The sensors were then tested 
in synthetic gas mixtures to determine their sensitivity to the oxygen 
partial pressure pO2.The selectivity of the sensor elements, i.e., their 
cross-sensitivity to other gases, was also analyzed. These results were 
compared with the properties of fresh sensors. Finally, poisoned BFAT 
sensor films were investigated with X-ray diffraction (XRD) and X-ray 
photoelectron spectroscopy (XPS). Before going into the details of the 
individual experiments, the preparation of the sensor is described in the 
following:

The BaFe0.74Al0.01Ta0.25O3-δ perovskite was synthesized via the 
mixed oxide route previously described in [19,43]. The synthesized 
powder was sieved with a 200 µm mesh to remove larger agglomerates. 
The deposition was carried out by powder aerosol deposition (PAD) [22, 
44], as this is the only deposition method that reproducibly provides 
temperature independent sensor characteristics. The process uses oxy-
gen as the carrier gas. The sensor film is deposited on an alumina sub-
strate with screen-printed Pt electrodes to measure the 4-wire resistance. 
The process parameters of the PAD follow the specifications of [21,43]. 
As in previous studies, a thickness of ca. 5 µm was confirmed for dense 
ceramic sensor films by scanning electron microscopy (SEM). Close-up 
images of the sensor films are not included in this manuscript but can 
be found in [19,43], for example. The complete sensor layout is shown 
in Fig. 1a. A Pt heater structure (4-wire) is applied to the reverse side of 
the sensor element. As recommended in [19], the sensors were then 
annealed in air in a chamber furnace at 900 ◦C for 20 min to relax the 
lattice structure and restore the electrical properties.

2.2. Experimental section

The experiments for sensor poisoning were carried out in synthetic 
gas atmospheres with actively heated sensor elements, which are 
mounted in a housing (Fig. 1b). In the vertically oriented sensor 
chamber, the sensor was screwed-in horizontally and the heater side was 
facing the flow. The gas flow of 500 ml/min consisted of 2 % H2O, 3 % 
CO2, 10 % O2. Nitrogen was used as the carrier gas for all experiments. 
To poison the sensor, 250 ppm SO2 were added for 1 hour. Three sensors 
were poisoned with sulfur dioxide: two at 600 ◦C and one at 800 ◦C. The 
sensor resistance R0 was measured in a 4-wire configuration using a 
Keithley 2700 digital multimeter (Keithley Instruments, Cleveland, OH, 
USA). As in other studies, the relative change in resistance (in %) (also 
called relative signal amplitude) was analyzed to allow comparison 
between sensor elements of different thicknesses: 

ΔR
R0

=
R − R0

R0
(2-1) 

with the reference resistance R0. As mentioned above, this study also 
aims to investigate the possibility of regenerating the BaFe0.74Al0.01-

Ta0.25O3-δ films by thermal treatment (similar to NOx storage catalysts). 
However, as BFAT only exhibits p-type behavior in oxidizing atmo-
spheres and its electrical resistance is temperature independent under 
these conditions only, the material is primarily intended for lean-burn 
engines. Therefore, thermal treatment is investigated in oxidizing at-
mospheres. For this purpose, one of the sensors poisoned with SO2 at 600 
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◦C was heated up to 900 ◦C (3 K/min) in a chamber furnace in synthetic 
air. The dwell time at 900 ◦C was 20 min. Additionally, the 4-wire 
resistance of the BFAT film was measured during the thermal treat-
ment. The same experiment was also performed with a fresh sensor 
element to derive conclusions about a possible regeneration during the 
experiment.

The analysis of the sensor properties (oxygen and cross-sensitivities) 
of the poisoned sensors were conducted using actively heated sensors. 
Therefore, the two sulfurized sensors (600 ◦C and 800 ◦C), the thermally 
treated sensor, and a fresh sensor were all operated at an operating 
temperature of 600 ◦C. The orientation of the sensor within the flow 
were identical to those employed in the poisoning experiment. First, the 
response of the sensors to the pO2 was measured. For this purpose, the 
pO2 in the gas flow (6 l/min, with 2 % H2O, 3 % CO2, balance N2) was 
varied in the range of 20 mbar ≤ pO2 ≤ 200 mbar (2 kPa ≤ pO2 ≤ 20 kPa, 
corresponding to approximately 1.1 ≤ λ ≤ 6).

Then, the cross-sensitivities to typical pollutants were analyzed such 
as NO, CO, H2, NO2, C3H8 and NH3 (6 l/min, with 2 % H2O, 3 % CO2 and 
20 % O2, balance N2). To compare the effects of sulfurization on the 
selectivity with the results of fresh sensors, the procedures and condi-
tions were adopted from an experiment, that was performed in [19]. In 
this previous study, a sensor temperature of 750 ◦C was used and fresh 
sensors were found to be highly selective to oxygen. This general 
observation was hardly affected by temperature. Although the operating 
temperatures is slightly different from the initial condition of this study, 
the experiment will still allow conclusions to be drawn about the general 
effects of poisoning on selectivity as well as a qualitative classification of 
the sensor responses.

In the study, the formation of sulfates was also analyzed to derive 
conclusions about the mechanisms of sulfur poisoning of the sensor film. 
A first investigation attempted to detect the poisoning by crystallo-
graphic means using X-ray diffraction (Bruker D8 Advance, Billerica, 
MA, USA, with 2.2 kW Cu anode, Kα1 wavelength of 1.540 Å germanium 
Kα1 monochromator and energy dispersive 1D-LYNXEYE detector). The 
X-ray diffraction patterns were investigated in the range 2Θ = 20◦ - 80◦

with an angular resolution of 0.05◦. The lattice properties were also 
derived using Rietveld refinement (DIFFRAC.SUITE TOPAS). Initially 
the poisoned BFAT sensor films themselves were analyzed. In a second 
step, powder samples, which were exposed to harsher sulfurization 
conditions, were investigated by XRD as well. For this purpose, the 
powder was exposed to SO2 on a porous quartz frit of a vertical furnace 
chamber at a temperature of 800 ◦C. The gas flow was again 500 ml/min 
with 2 % H2O, 3 % CO2 with 10 % O2 in N2. To maximize the poisoning 
effect, the SO2 treatment (250 ppm) was extended to 4 h. The focus here 
was on the general identification of sulfate compounds on the material 
and their structural confirmation.

To detect sulfates on the BFAT sensor film surface as well, X-ray 
photoelectron spectroscopy (XPS) was used instead, analyzing binding 
energies up to 1.1 keV. A PHI 5000 VersaProbe III photoelectron 

spectrometer (Physical Electronics, Feldkirchen, Germany) with an Al 
Kα source (1486.6 eV) and a quartz crystal monochromator was used in 
the experiment. The spectral resolution was 0.1 eV.

3. Results

First, the resistive sensor response to sulfur exposure (250 ppm, 1 h) 
of the sensor elements was analyzed. Fig. 2 shows the relative change in 
the electrical resistance ΔR/R0 at an operating temperature of 600 ◦C 
(black) and 800 ◦C (blue). The resistances of the sensor films increase 
rapidly at the beginning of the SO2 exposure. At 800 ◦C, the sensor signal 
shifts to higher values only for the first 30 min and stagnates for the rest 
of the experiment. Nevertheless, the resistance changes by almost an 
order of magnitude from approx. 7.5 kΩ (fresh) to approx. 70 kΩ. Even 
after the SO2 dosing was stopped, the sensor signal remains almost un-
changed (with a very weak downward trend). The effect of poisoning is 
even more significant at 600 ◦C. Here, the sensor signal increases 
throughout the experiment, which continues beyond the SO2 dosing. 
This indicates that sensor poisoning at 600 ◦C continues after dosing, 
probably initiated by adsorbed sulfates. Overall, the electrical resistance 
increases by more than a decade from approx. 10 kΩ in the fresh state to 
over 150 kΩ. Sulfur dioxide poisoning obviously has a greater effect at 
lower sensor temperatures.

Nevertheless, even at 800 ◦C, the effects on the BFAT material are 
still enormous. In general, the poisoning resistance of the BFAT film to 
sulfur poisoning appears to be low. Also, some important differences to 
STF can be seen: At 600 ◦C, changes of only ca. 10–20 % were measured 
for STF, largely due to sulfates adsorbed on the surface. However, at 
higher temperatures (> 700 ◦C), STF decomposition is increasingly 
activated [27]. Then, the effects of sulfur poisoning between STF and 
BFAT are quantitatively quite similar, suggesting that sulfurization even 

Fig. 1. (a) schematic sensor layout of the resistive sensor elements with the BaFe0.74Al0.01Ta0.25O3-δ film and (b) illustration of the contacted sensors in the housing.

Fig. 2. Relative signal amplitude of the BFAT sensor films during poisoning 
experiment with SO2 (250 ppm, 1 h) at sensor temperatures of 600 ◦C (black, R0 
= 9.8 kΩ) and 800 ◦C (blue, R0 = 7.5 kΩ).
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of a dense BFAT film is not only limited to surface poisoning. Another 
difference is also observed. For STF, decomposition increases signifi-
cantly with temperature with strong effects on the sensor signal. For 
BFAT the effect is reversed. Here the relative sensor resistance is less 
affected at higher temperatures (Fig. 2).

Another important question is whether the poisoning can be 
completely or at least partially reversed by treating the sensor in 
oxidizing atmospheres at higher temperatures. For this purpose, the 
sensor element poisoned at 600 ◦C was heated up to 900 ◦C in a chamber 
furnace and was electrically analyzed during heating and cooling. The 
effects of the experiment on the conductivity σ of the sulfurized BFAT 
sensor film are shown in Fig. 3 (blue). For comparison, the typical curve 
of a fresh sensor element is also shown (black). It shows little differences 
in conductivity during heating and cooling and follows essentially the 
same curve. Instead, the poisoned sensor shows clear differences. As can 
be seen in Fig. 3, the conductivity is significantly lower during heating. 
The approximately 1.5 orders of magnitude correspond to the results 
from the poisoning of the sensor element (Fig. 2). In addition, two 
processes can be observed during heating, which are not present in the 
fresh sensor. The first occurs at just above 600 ◦C, where the conduc-
tivity drops briefly. Above 800 ◦C, a second effect results in a noticeable 
and permanent increase in conductivity for a little less than a decade.

The final temperature of 900 ◦C is held for 20 minutes. The un-
changed conductivity at the maximum temperature shows that no 
further regeneration of the sensor conductivity can be expected by 
simply extending the dwell time. However, this might be possible at 
even higher temperatures. At the same time, however, the thermal stress 
on the sensor element and the sensor film increases. Such conditions, 
whether induced by the exhaust gas or by active sensor heating, are not 
desirable. Therefore, this will not be investigated beyond this point in 
our study. During cooling, the sulfurized sensor now shows a higher 
conductivity. The conductivity is still below of that of a fresh sensor 
element. However, similar trends can be observed during cooling. The 
conductivities of the two sensor films even increasingly converge, 
especially at low temperatures (< 500 ◦C). Overall, only a partial 
regeneration of the film conductivities can be observed. Complete 
regeneration is obviously not achieved under these conditions.

From a sensor perspective, it is also important to understand how 
sulfur poisoning affects the sensitivity of the sensor elements. In this 
context, Fig. 4 shows the sensor signals at different oxygen concentra-
tions (sensor temperature 600 ◦C). The relative change in resistance at 
different oxygen stoichiometries (reference resistance R0 at λ = 6) is 

shown in Fig. 4a and the corresponding sensor film conductivities versus 
pO2 are depicted in Fig. 4b. Both figures compare the poisoned sensors 
(blue, red, green) with the properties of a fresh sensor element (black). 
The signal of the fresh sensor is of a similar order of magnitude as in 
[19], where the operating temperature was slightly different. Fig. 4a and 
b show that the electrical resistance of the BFAT films generally in-
creases with lower oxygen stoichiometry and therefore the conductivity 
σ increases with higher pO2, which is typical for the p-type conducting 
nature of the barium-iron-tantalate (BFT) family [23].

It is also noticeable in Fig. 4a that the changes in the relative signal 
amplitude increase more towards atmospheres with less oxygen excess i. 
e., slightly lean oxygen stoichiometries (close to λ = 1). This effect can be 
explained by the fact that the pO2 changes significantly more under 
these conditions and therefore, this behavior is typical for resistive metal 
oxide sensors whose defect equilibrium depends on the oxygen con-
centration in the ambience. At the same time, Fig. 4b shows that the 
change in conductivity with pO2 (in a double logarithmic representa-
tion) is linear, which is also expected from defect chemistry and will be 
analyzed in more detail in the following.

Multiple effects of SO2 poisoning are evident when comparing the 
data:

1. The sensor signals (relative change in resistance) of the sulfurized 
sensors to changes in oxygen stoichiometry are significantly lower 
(Fig. 4a). The lowest sensitivity in this respect is observed for the sensor 
poisoned at 600 ◦C (blue), which shows about 27 % of the signal 
amplitude of a fresh sensor (black). At the same time, the signal 
amplitude of the sensor increases again after the temperature treatment 
(green), which also indicates a partial regeneration of the sensor mate-
rial. The amplitudes are then comparable to those of the sensor poisoned 
at 800 ◦C (red). However, they are still only about half those of a fresh 
sensor.

2. This classification is also confirmed by the different conductivities 
(Fig. 4b). In line with previous results, the conductivities of the poisoned 
sensors are significantly lower. The sensor sulfurized at 600 ◦C (blue) 
has the lowest conductivity (about 1.5 decades compared to the fresh 
sensor). The (partially) regenerated sensor (green) and the sensor that 
was sulfurized at 800 ◦C (red) have similar conductivities.

3. The pO2-dependencies of the conductivities, detailed listed in 
Table 1, also show a similar picture. The fresh sensor has a pO2-depen-
dence of around +1/4. This value is typical for BFAT and is based on the 
formation of defect electrons h• due to the filling of oxygen vacancies in 
the lattice [23–25]. Deviations are probably mainly due to the sensor 
temperature of 600 ◦C. Studies have shown that sensor temperatures 
above 700 ◦C are more favorable, since only then the resistivity of this 
BFAT composition is fully temperature independent [19,21]. Compared 
to the fresh sensor, pO2-dependencies of the poisoned sensors are 
significantly lower. Again, the dependencies of the post-treated sensor 
and the sensor poisoned at 800 ◦C are similar, the sensor poisoned at 600 
◦C shows the smallest pO2-dependence. Overall, the evaluation of sensor 
sensitivity gives a consistent picture of the effects on the relative resis-
tance amplitude, electrical conductivity, and their pO2-dependencies.

In the next step the selectivity of the sensors is evaluated. Gaseous 
components that are typically found in exhausts are considered. The 
result of the experiment to analyze the cross-sensitivities is shown in 
Fig. 5. The relative signal amplitude of a fresh sensor is again shown in 
black. As can be seen from the figure, new sensors typically have no or 
very low cross sensitivities. This has already been confirmed by previous 
measurements in [19], where a similar experiment was performed at a 
sensor temperature of 750 ◦C. In contrast, the poisoned sensors show 
significant responses to different gases. Cross sensitivities are mainly 
observed for propane and NO2, and to a lesser extent also for NO and 
ammonia. As in the fresh state, the sensor signals remain largely inde-
pendent of CO and H2. Consistent with previous results, the strongest 
effect of SO2 poisoning is again observed for the sensor that was sulfu-
rized at 600 ◦C (blue). In particular, its signal amplitudes to oxygen 
stoichiometry λ and to typical concentrations of emissions are of similar 

Fig. 3. Conductivities of the fresh (black) and the poisoned (at 600 ◦C, blue) 
BFAT sensor film over 1/T during the thermal treatment up to 900 ◦C.
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magnitude (considering the response to propane and NO2). In principle, 
a reliable determination of the oxygen concentration with poisoned 
sensors under dynamic exhaust gas conditions is questionable based on 
these findings.

A temperature treatment at 900 ◦C (green) reduces the cross- 
sensitivities somewhat but does not significantly improve the result. 
Sulfur poisoning at higher temperatures (800 ◦C, red) leads to the 
smallest increase in cross-sensitivities but is only marginally better than 
the post-treated sensor in terms of NO2 cross-sensitivity. In this respect, 
the combination of lower sensitivity and greatly reduced selectivity is 
critical for operation and remains a key problem for BFAT-based sensors 
in the field of application. And although the SO2 concentration of 
250 ppm in the experiment was extremely high, it can be assumed that 
exposure to lower concentrations should have similar effects on the 
sensor material in the long term. Therefore, the development of BFAT 
sensor films with higher sulfur resistance is essential in the future.

Based on the previous investigations, it is therefore important to 
understand how the poisoning affects BFAT from the material perspec-
tive. Therefore, the sensor films were also analyzed by X-Ray diffraction. 
Their diffraction patterns confirmed the perovskite phase of the BFAT 
films (with broad reflections due to its nanocrystalline morphology). 
Rietveld analysis suggests crystallite sizes of about 20 nm, which is in 
line with previous findings [19,21]. Besides the reflections of the Al2O3 
substrate underneath the sensor layer, no other secondary phases and 
therefore no sulfates were detected in the diffraction pattern of the film. 
This result suggests that the quantitative amount of sulfates at the dense 
sensor film is low (typically below the resolution limit of 1–2 % for XRD 
measurements) and that sulfate formation might be limited to 
surface-near regions than rather in the deeper bulk material. Because of 
this finding and for a generally identification of sulfate compounds and 
their structural properties, the poisoning was forced even stronger on 
the starting BFAT powder (as described above). The result of the XRD 
analysis is shown in Fig. 6, wherein Fig. 6a gives an overview of the main 
reflection angles of poisoned powder that originate exclusively from 
BFAT [19,21].

However, for the powder also secondary reflections of lower in-
tensity can be observed, which are shown in detail in Fig. 6b. Their 
diffraction angles can be assigned to the crystal structure of the barium 

Fig. 4. (a) relative signal amplitudes over the oxygen stoichiometry λ and (b) pO2-dependent conductivities of the fresh (black) and the poisoned sensors (colored) at 
an operating temperature of 600 ◦C.

Table 1 
Comparison of pO2

m-dependences (range: 20 mbar ≤ pO2 ≤ 200 mbar) of the 
fresh and the poisoned BFAT sensor films.

Sensor pO2
m-dependence m

fresh 1/4.69
SO2 600 ◦C 1/14.3
SO2 600 ◦C + temp. treatment 1/9.09
SO2 800 ◦C 1/7.88

Fig. 5. Analysis of the cross-sensitivities of the BFAT sensor films with (a) the 
relative signal amplitude and (b) the gas concentrations during the experiment. 
Sensor temperature: 600 ◦C.

Fig. 6. X-Ray diffraction patterns of the powder poisoned at 800 ◦C: (a) 
Overview with the typical diffraction angle of the BFAT perovskite (black, [21, 
45,46]), (b) detailed view with additional diffraction angles of barium sulfate 
(green, [47,48]).
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sulfate that was formed during SO2 exposure. The lattice parameters and 
crystalline properties of the BFAT powder and BaSO4 were identified by 
Rietveld refinement. Table 2 shows details of this analysis. The per-
centage of barium sulfate in the sulfurized powder was quantified to be 
around 10 %. It should be noted that due to the different morphology of 
the loose powder and the dense nanocrystalline PAD film on the sensor, 
the result on the powder cannot be directly extrapolated to the sensor 
application. The amount of BaSO4 in the dense BFAT sensor film is likely 
to be lower. However, the main focus of this analysis was to confirm the 
formation of sulfates in general, which is clearly visible in the X-ray 
diffractogram. Furthermore, since the environmental conditions in the 
sulfurization experiments are similar, we can conclude that the 
poisoning mechanism in the powder and the film will be identical. 
Incidentally, the structural analysis of a powder sample that had pre-
viously been sulfurized at 600 ◦C (250 ppm SO2, 4 h) showed the same 
results, but the percentage of BaSO4 was only 3–4 %.

To finally confirm the formation of sulfates on the sensor film, both 
the fresh sensor element and the sensor element poisoned at 600 ◦C were 
analyzed by XPS. An overview of the binding energy spectrum of both 
samples is shown in Fig. 7, with the spectrum of the fresh sensor shown 
in Fig. 7a. The typical energy levels of the Ba, Ta, Fe and O orbitals are 
determined. The material also contains 1 % Al whose binding energies 
Eb (1 s, 2 s, 2p orbitals) are barley appear in the spectrum due to the 
small amount in the BFAT composition. Compared to the fresh state, the 
poisoned sensor element has additional energy levels, marked in red in 
Fig. 7b, which are typical for the 2 s and 2p orbitals of sulfur. The cor-
rected sulfur 2p orbital (Fig. 7c) was detected at Eb = 169.1 eV (carbon 
1 s, Eb = 285.0 eV). This value is characteristic for metal oxide sulfates 
and has been measured in a very similar way in other XPS studies on 
BaSO4 [48–50]. We can therefore assume, that barium sulfate is indeed 
present in the near surface region. A comparison between the poisoned 
and the fresh sensor film (Fig. 7a and b) also shows that after the sul-
furization the Ba energies are intense while those of Ta and Fe become 
weaker. This could be interpreted as another indication that more Ba 
(preferably in the form of sulfates) is present at the surface.

4. Discussion

The effects of SO2 on the electrical properties of perovskites of the 
BFT family are poorly described in the literature. In this section, some 
ideas on poisoning and possible mechanisms are discussed, taking into 
account the results shown above and findings from the literature on 
related materials. The introduced models serve as initial explanatory 
approaches, but require further verification through additional in-
vestigations. This study is not intended to provide a complete descrip-
tion of the mechanisms of poisoning, as the experimental focus is on the 
analysis of the sensor effects of sulfur poisoning.

Two mechanisms are known in the poisoning of metal oxides with 
sulfur dioxide. The first one is the adsorption and formation of sulfates 
on the surface, which is favored at low temperatures. The adsorption of 
sulfates on the surface of barium materials and perovskites is well 
documented [36]. It follows a mechanism that has been found to be 

similar in STF [27]: 

SO2(g) + 2Ox
O,Surface + 2h•⇋ (SO4)

x
O,Surface + V ••

O,Surface (4-1) 

The formation of sulfates at the grain boundaries consumes two 
defect electrons with the formation of additional oxygen vacancies. The 
adsorption of sulfates therefore leads to a depletion of the defect electron 
concentration accompanied by the formation of a space charge zone in 
the crystal. Although it is clear that the concentration of charge carriers 
will decrease, particularly in the areas close to the surface, it should be 
noted that this effect will have a greater impact on sensor elements using 
porous sensor films due to the larger surface area. Accordingly, the effect 
should be weaker for dense BFAT-PAD films

Furthermore, the thermal treatment has shown that poisoning of the 
BFT sensor material is reversible, at least partially, i.e. the increase in 
resistance can be reversed (Fig. 3). It can be assumed that this is mainly 
due to the sulfates on the surface, which can be (partially) removed 
during the thermal treatment. In fact, the properties of the sensor sul-
furized at higher temperatures were largely identical to those of the 
sensor poisoned at low temperatures and then regenerated. As is known 
from the literature, these surface-bound sulfates are largely easy to 
remove, whereas bulk barium sulfates are difficult to reduce (and even 
more under oxidizing conditions).

At the same time, XRD and XPS measurements on the powder and the 
film (Figs. 6 and 7) show that bulk BaSO4 is formed during the poisoning 
process, which confirms that the incorporation of sulfur into deeper 
lattice layers also occurs. Therefore, Ba cations from the perovskite are 
chemically bound as sulfates, which raises the question of how this af-
fects the remaining cations of the perovskite. Analogous to STF, the Fe 
and Ta cations precipitate as (mixed) oxides. Due to the different cation 
stoichiometries between the perovskite and the metal oxides, it is also 
likely that the composition of the perovskite is locally affected, i.e. a 
different ratio of iron and tantalum is induced in the surrounding 
perovskite lattice. In this respect, it is also known from BaFe perovskites 
for NSC applications that in particular iron is converted into iron(III) 
sulfate [41]. This mechanism is even intended to suppress the alterna-
tive formation of barium sulfate and to simplify the desulfurization of 
iron sulfates. However, the amount of Fe2(SO4)3 is highly dependent on 
the crystalline order of the perovskite [40,41]. It can be assumed here 
that the dense nanocrystalline structure of the PAD films could be 
disadvantageous. In fact, studies have shown that the formation of 
barium sulfate is favored primarily along grain boundaries [38]. 
Determining the exact mechanisms that take place at the sensor during 
sulfur poisoning is not trivial. One reason is the fact that, due to the 
stoichiometry of the reaction, the amount of oxides formed is less than 
the amount of BaSO4 formed (typically not higher than a factor of ½). 
The ratio of formed oxides to barium sulfate is typically not higher than 
a factor of ½ and can be followed by reaction stoichiometry. For 
example: Assuming a complete decomposition of BFT (ignoring the 
small amount of aluminum for simplicity) to iron(III)oxide (Fe2O3), its 
chemistry follows Eqn 4-2 (similar to a mechanism introduced in [27]): 

BaFe0.75Ta0.25O3− δ + nO2 + 0.75SO4(g)⇋
0.75BaSO4 + 0.25BaTaO3− δ́ + 0.375Fe2O3

(4-2) 

with the oxygen deficiencies δ of BFT and of the iron-depleted barium 
tantalate δ́  and the amount of oxygen n to balance the equation. 
Following this mechanism, the ratio between iron oxide and barium 
sulfate formed during poisoning is 0.375/0.75 = ½. The same factor can 
be derived for a decomposition into tantalum oxide. These numbers 
change only slightly when aluminum (content 1 %) is considered. This 
shows that the amount barium sulfate is higher than those of formed 
oxides by a factor of ca. 2. At the same time, the orthorhombic structure 
of BaSO4 has many diffraction angles in the pattern that overlap 
partially those of possible oxide products. Both factors make an identi-
fication of secondary phases quite challenging and might explain why 
besides BAFT and sulfates no other phases were found in the diffraction 

Table 2 
Results of the Rietveld refinement of the powder with the perovskite-structure of 
BFAT and the orthorhombic barium sulfate.1.

Material BaFe0,74Al0,01Ta0,25O3 BaSO4

Concentration ca. 90 % ca. 10 %
Spacegroup Pm-3m Pnma
Lattice constants a / Å 4.03917(8) a / Å 

b / Å 
c / Å

8.879(3)5.463(3)7.157(4)

Crystallite size 197.3 nm 78.9 nm
Residual Fit Error 9.764 %

1The numbers in brackets represent the uncertainties in the last digits of the 
lattice parameters.
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measurements.
However, the question remains whether these mechanisms described 

in the literature can also explain the impact on the electrical properties 
in the BFAT film. Here, the measurements showed a significant increase 
in electrical resistance with proceeding sulfurization (Fig. 2). In addition 
to the insulating effect of bulk sulfates and (potential) oxides, the 
favored formation of iron sulfates (or oxides) in particular has an 
additional effect: Sulfur poisoning (similar to STF [27]) could then lead 
to iron-deficient perovskites. Previous studies on different compositions 
have shown that higher Ta concentration reduces the conductivity of 
BFAT, because Ta (assumed to be in the 5+ state) acts as a donor in the 
perovskite [21,51]. At the same time, the process may affect the sensi-
tivity towards oxygen of the material. For stoichiometric tantalum 
contents > 40 %, the pO2 dependence drops to +1/5 and is almost 
insensitive to pO2 at > 45 % [51]. Based on these mechanisms, both a 
reduced conductivity and a lower response to pO2 changes (or oxygen 
stoichiometry changes) is expected (Fig. 4). Furthermore, combining the 
insulating character of both weakly bound surface sulfates and chemical 
more stable bulk sulfates might also explain the results during the 
thermal treatment. When a poisoned (600 ◦C) sensor is heated up to 
higher temperatures, the electrical conductivity of BFAT could then by 
partially restored by removing surface sulfates and the recovery of the 
defect electrons in BFAT.

Another question that remains unanswered is why the selectivity of 
the sensor layer decreases so much (see Fig. 5). While fresh sensors react 
almost exclusively to oxygen, significantly increased cross-sensitivities 
to many gases can be detected after poisoning. Again, this could be 
caused by the significant decrease in electrical conductivity (> decade) 
during poisoning. Since the relative amplitude in electrical resistance is 
used as a sensor signal (not conductivity!), even smaller (absolute) 
changes in the majority charge carriers have a greater impact on the 
relative changes in electrical properties at the reduced conductivity 
levels. Assuming interfering gases affect fresh and poisoned sensors to a 
similar extent, the cross-sensitivities should increase with poisoning. It is 
also possibly, that sulfates might also promote interaction to specific 
gases to some extent. However, further investigations are required 
regarding this topic, which is beyond the scope of this work.

However, an effect was observed during poisoning of BFAT sensor 
films that is fundamentally different from the results for STF: For STF, 

decomposition was observed at temperatures above 600 ◦C. Here, the 
kinetics of poisoning and the effect on the electrical resistance increase 
rapidly with higher temperatures. Although an increased formation of 
barium sulfates with higher temperatures was also observed for BFAT 
(confirmed by diffraction pattern of powders), the effect of poisoning on 
the sensor signal is less at 800 ◦C (Fig. 2). In this regard, the combination 
of adsorption and sulfate formation has a greater influence on the sensor 
properties at low temperatures. At the same time, despite higher tem-
peratures, the poisoning of bulk material is probably still limited to the 
upper lattice films, while the incorporation of sulfates in deeper bulk 
regions, might be progressively decelerated. As a result, the overall 
electrical properties of the film could be less affected by poisoned 
structures (despite larger quantities) at high temperatures. In order to 
understand this effect in more detail, further investigations on sensors 
films with different thicknesses would be recommended. An analysis of 
the progression of sulfur poisoning in the bulk material using XPS 
(sputter) depth profiling could also provide valuable information. 
However, both are beyond the scope of this study.

For the sensor application the results suggest that higher sensor 
temperatures (750–800 ◦C) should be preferred since the impact on 
conductivity, sensitivity and selectivity is lower at these conditions, 
despite possibly forming more sulfates. Since the formation of sulfates in 
deeper layers is kinetically suppressed, a thicker sensor film might also 
be less affected by SO2 poisoning and provide better sulfur resistivity. 
Nevertheless, although the sulfur concentrations used in the experiment 
are quite high (compared to expected concentrations in exhaust gases), 
the sulfur resistance of BFAT remains a challenge from the sensor 
perspective. Still, other solutions like the integration of a SO2 absorber 
as a protective layer might be worth to be investigated.

5. Conclusions

This study presents an investigation of SO2 exposure of dense BFAT 
sensor films for oxygen sensing applications. The measurements have 
shown that the SO2 exposure has a significant effect on the electrical 
properties of the material and thus also on the sensing capabilities. In 
addition to an increase in resistance, the sensitivity to oxygen is reduced. 
At the same time, the selectivity of the sensor is negatively affected. The 
combination of these effects leads to a significant reduction in signal 

Fig. 7. X-ray Photoelectron spectra of (a) the fresh sensor film with the typical binding energies of Ba, Ta, Fe and O and (b) the poisoned sensor film with additional 
energies of sulfur (highlighted red). (a) detailed view of the energy maxima at the S(2p) orbital at 169,1 eV.
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quality and, hence, SO2 poisons the BFAT films and makes their appli-
cation in SO2 containing exhausts questionable. In conclusion, strategies 
to increase the sulfur resistance of the sensor films are needed. Experi-
ments on the poisoned material (XRD, XPS) have confirmed the for-
mation of BaSO4 in particular. Regeneration of poisoned sensor films is 
only partially possible under oxidizing conditions, but will most likely 
only remove surface adsorbed sulfates rather than bulk barium sulfates.
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[24] M. Bektas, T. Stöcker, A. Mergner, G. Hagen, R. Moos, Combined resistive and 
thermoelectric oxygen sensor with almost temperature-independent 
characteristics, J. Sens. Sens. Syst. 7 (2018) 289–297, https://doi.org/10.5194/ 
jsss-7-289-2018.
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[29] F. Rohr, S.D. Peter, E. Lox, M. Kögel, W. Müller, A. Sassi, C. Rigaudeau, L. Juste, 
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