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Abstract

This investigation deals with the incorporation of noble metal nanoparticles to Ce-
SmFeQs sensing element for boosting its gas sensing performance. Series of Pd
incorporated Ce-SmFeQs sensing elements Pd-CeSFI, Pd-CeSF2 and Pd-CeSF3
corresponding to dipping time 1 min, 2 min and 3 min, respectively, was prepared using
simple dipping technique. Different dipping time interval ensures the incorporation of
different concentrations of Pd on the surface of Ce-SmFeQs. Porous microstructures of
all the samples were observed in FE-SEM images. Incorporation of Pd and variation in
the concentration of Pd were seen in elemental analysis. Ethanol gas response of Pd-
CeSF1, Pd-CeSF2 and Pd-CeSF3 were measured. For 60 ppm ethanol gas, response of
Pd-CeSF1 increased to 37.2 which was about 2.2 times more than the previously
recorded response of 16.87 for CeSF. Additionally, shift in the corresponding optimal
operating temperature from 100°C to 80°C was also observed. The contribution of
palladium nanoparticles in increasing response of Pd-CeSFItowards ethanol gas and
decaying its optimal operating temperature was elaborately discussed.
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1. Introduction

Detection of target gas by semiconductor metal oxide based gas sensor is governed
by the adsorption of gas molecules on the oxide surface of sensor [1]. The performance
of chemiresistive gas sensor is influenced by the availability of adsorption sites. The
availability of adsorption sites can be enhanced by increasing surface area. More
adsorption sites are available if surface area is large. Preparation of SMOs with different
morphologies is a general approach to increase the surface area [2]. Beside this, doping
of base material has been frequently reported to increase the sensitivity of SMO [3-5].
Doping with noble metals seems to be more effective owing to their high catalytic
activities [6-7]. Nobel metals can incorporate additional active surface sites thereby
improving the adsorption of target gases.

P-type semiconducting SmFeO3 is well known for its ability to detect ozone, NO,
which are oxidizing gases [8-10]. Extremely low electrical conductivity and reducibility
make SmFeos unsuitable for monitoring VOCs and reducing gases [11]. But modified
SmFeOs, permitted due to its perovskite structure, has potential to sense even reducing
gases like ethanol. Gas sensing properties of Co doped SmFeO; have been reported by
some authors [12-14]. Ethanol, a well known volatile organic compound, has its present
in foods, chemical industries etc [15]. Because of its toxicity, ethanol can cause liver
damage, skin irritation etc. and therefore its monitoring has become essential. Doped
semiconductor metal oxides and perovskite-type oxides based gas sensors have been
fabricated by some researchers for monitoring of ethanol [16-18]. Although these
sensors can detect ethanol, its gas response and optimal operating temperature has to be
enhanced.

Previously, we have also prepared a series of Ce surface modified SmFeOs films
by changing the dipping time intervals (1 min, 3 min and 5 min) and observed that all
the films were selective to ethanol gas. The film having dipping time 5 min has
maximum ethanol gas response (16.87) at optimal operating temperature 200°C. With
the literature review that noble metal incorporation boosted the gas sensing
performance; in present work we incorporated Pd in various concentrations to this best
Ce modified SmFeOs film and investigated the impact of Pd on its ethanol gas sensing
characteristics.

2. Experimental

Our earlier publications demonstrated the fabrication of Ce modified SmFeOs
sensor elements in the form of thick films [19]. In present work we used Ce modified
SmFeOs film with dipping time of 5 min and marked it as CeSF. For incorporating Pd
noble metal to CeSF, palladium (II) nitrate solution was taken. To this solution, CeSF
films were dipped for different time intervals. Films with dipping timing 1 min, 2 min
and 3 min were marked as Pd-CeSF1, Pd-CeSF2 and Pd-CeSF3 respectively. All the
films were dried in air, fired in Muffle furnace and then treated for further
investigations.

As prepared Pd-CeSF samples were investigated by FE-SEM and EDX methods.
With FE-SEM, morphology of samples was visualized and with EDX, the concentration
and dispersion of Pd was depicted. Gas sensing characteristics of samples were studied
in static gas sensing set-up under 60 ppm ethanol gas. The resistance values of sensors
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were Ry and R, respectively in presence of ethanol and air. Gas response is then
calculated as(Ry/R,) [20].

3. Results and Discussion

3.1. Characterization of Pd -CeSF

X-ray spectrum of SmFeOs; powder was investigated in our earlier publication
which confirmed the formation of single phase perovskite oxide with orthorhombic
symmetry [14].

FE-SEM images of Pd-CeSF1, Pd-CeSF2 and Pd-CeSF3 were shown in Figure 1.
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Figure 1. FE-SEM images of (A) Pd-CeSF1, (B) Pd-CeSF2 and (C) Pd-CeSF3

All the films seem to be consists of number of nanoparticles distributed non-
uniformly and/or the cluster of nanoparticles at the surface. The average particle size
ranges from 54 nm to 84 nm. The smallest average particle size (54.4 nm) was recorded
in Figure 1(A) which is FE-SEM image of Pd-CeSF1 with dipping time 1 min. High
porosity was observed on the surface of all the samples as compared to porosity of CeSF
sample presented in earlier publication [19]. Pd-CeSF1film appears to have high
porosity among Pd incorporated CeSF films.

Lovatatanalananan

Figure 2. EDX spectra of (A) Pd-CeSF1, (B) Pd-CeSF2 and C) Pd-CeSF3
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The EDX spectrum of Pd-CeSF1, Pd-CeSF2 and Pd-CeSF3 are shown in Figure 2.
The results provide the confirmation of successful incorporation of Pd to CeSF film.
Additionally concentration of incorporated Pd was found to be increased with the
increase in dipping time.

3.2. Ethanol-sensing characteristics of Pd-CeSF

In order to determine optimal operating temperature, ethanol gas response of Pd-
CeSF1, Pd-CeSF2 and Pd-CeSF3 based sensors were measured, by changing the
operating temperature from 30 °C to 350 °C, towards 60 ppm ethanol gas concentration.
The observations demonstrated that the optimal operating temperatures for Pd-
CeSFl1based sensor was 80 °C, and that for Pd-CeSF2 and Pd-CeSF3 based sensors was
100 °C. Figure 3 represents response of CeSF and Pd-CeSF films to 60 ppm ethanol in
the operating temperature range 30°C to 350°C.
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Figure 3. Response of CeSF and Pd-CeSF Films to 60 ppm Ethanol

The graph shows that all the three samples exhibited similar behavior in gas
response and operating temperature. With the increase in operating temperature, growth
in gas response was observed initially which then tended to decay in gas response with
further increase in operating temperature. The carrier concentration and the activation
energy of surface reactions strongly affect the values of gas response of sensor. The
operating temperature of sensor has direct correlation with these two factors. The initial
increase in gas response with operating temperature may be the result of activation of
gas molecules and the trapping of conduction electrons [21]. The decay in gas response
with further increase in operating temperature may be due to the fall in adsorption rate
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than desorption rate. For samples Pd-CeSF1, Pd-CeSF2 and Pd-CeSF3, the maximum
values of gas response were 37.2, 25.3 and 22 which were obtained at corresponding
optimal operating temperatures 80°C, 100°C and 100°C respectively. The results
indicate that Pd doping improved the gas response and also decreased the optimal
operating temperature.
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Figure 4. Ethanol Gas Response Variation with Dipping Time

Pd doping enhances the gas response but only optimum concentration of Pd can
present maximum ethanol gas response. Increasing and then decreasing behavior of
ethanol gas response with Pd concentration (or dipping time) was observed here as
depicted in Figure 4.The surface defects increase with Pd concentration but not always.
Concentration of Pd corresponding to dipping time 1 min was sufficient to produce
maximum ethanol gas response. At this Pd concentration, best catalytic and sensitization
effect of Pd could be observed. But at comparatively high Pd concentration (dipping
time 2 min and 3 min), aggregation of Pd nanoparticles decreased the active sites and
hence gas response was decreased.

To examine the stability of sensor, its response was noted regularly for 60 days.
During this period, sensor showed almost constant gas response as shown in Figure 5.
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Figure 5. Stability of Pd-CeSF1-based Sensor

3.3. Ethanol-sensing mechanism of Pd-CeSF

According to ethanol gas sensing mechanism frequently reported by many authors,
in ambient air, chemisorption of oxygen gas occurs on the surface of sensor [21]. This
chemisorption includes i) adsorption of oxygen molecules from air and ii) absorption of
electrons in the material by these adsorbed oxygen molecules to decomposed into
molecular or ionic species depending on the temperature. The formation of electron hole
accumulation layer near the surface is the final result of chemisorption of oxygen
molecules which decreases the sensor resistance. When ethanol gas enters into the
chamber, it is also adsorbed on the surface. The adsorbed ethanol gas reacts with
chemisorbed oxygen ions to produce H,O and CO, gases followed by reverting of
captured electrons to the material. This so called desorption process reduces the width of
hole accumulation layer resulting in the increase of sensor resistance.

When Pd is incorporated into CeSF sensor, the activation energy of surface
reactions is decreased because of the reaction paths provided by Pd. Further, additional
active surface sites are produced that boost the adsorption of ethanol gas. For palladium
noble metal, chemical sensitization and electronic sensitization were reported to be
impacting factors for boosting gas sensing performance [22-23]. Among them, chemical
sensitization arises due to spill-over effect. The Pd nanoparticles now serve as active
sites for adsorption and dissociation of oxygen molecules in ambient air. In ethanol gas
environment, gas molecules are dissociated into corresponding atoms through catalytic
activity of Pd. Then these dissociated atoms spill over from noble metal to the surface of
metal oxide. Thus the rate of surface reactions is improved due to subsequent spillover.
On the other hand, electronic sensitization originates due to the different fermi levels of
SMO and Pd nano material. Pd nanoparticles also absorb electrons from SMO and the
potential barrier is elevated [24].
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4. Conclusion

Palladium nanoparticles were incorporated to Ce modified SmFeO; films (dipping
time 5 min). As-prepared Pd-CeSF1, Pd-CeSF2 and Pd-CeSF3 films exhibited enhanced
response to 60 ppm ethanol. In particular, Pd-CeSFlbased sensor has maximum
response (37.2) at lower operating temperature 80°C. The enhanced ethanol gas sensing
characteristics of Pd decorated Ce modified SmFeO; films were the results of
sensitization mechanism of palladium.
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