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Abstract:

 Al-doped ZnO (AZO) and In-doped ZnO (IZO) nanopowders were prepared by a sol-gel route and subsequent drying in ethanol under supercritical conditions. The morphological and microstructural properties were investigated by transmission electron microscopy (TEM) analysis and X-ray powder diffraction (XRD). The characterization study showed that the AZO and IZO nanoparticles were crystalline and exhibited the hexagonal wurtzite structure. Chemoresistive devices consisting of a thick layer of synthesized nanoparticles on interdigitated alumina substrates have been fabricated and their electrical and sensing characteristics were investigated. The sensor performances of the AZO and IZO nanoparticles for carbon monoxide (CO) were reported. The results indicated that both doped-sensors exhibited higher response and quick response/recovery dynamics compared to a ZnO-based sensor. These interesting sensing properties were discussed on the basis of the characterization data reported.
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1. Introduction

The development of gas sensors to monitor the toxic and combustible gases is imperative due to the concerns for environmental pollution and the safety requirements for the industry. In general, sensors provide an interface between the electronic equipment and the physical world typically by converting nonelectrical physical or chemical quantities into electrical signals. Recently, gas sensors based on the semiconducting metal-oxides such as SnO2 and ZnO [1,2,3,4,5] were found to be very useful for detecting the toxic gases. The fundamental sensing principle relies on the change of conductivity of the sensors when they are exposed to certain target gases at moderate temperatures.

The concept of gas sensors using ZnO thin films was first proposed by Seiyama et al. [6]. ZnO is sensitive to many gases of interest like hydrocarbons [4], H2 [7], oxygen [8,9], H2O [10], CO [11], NO2 [12], etc., and has satisfactory stability. Moreover, it is robust, has a rapid response with a possibility of miniaturization. However, it has some drawbacks, as high working temperature, normally between 400 and 500 °C, poor gas selectivity and comparatively low gas sensitivity [13].

The most popular strategies employed to enhance sensor performance are the control of material morphology in order to increase the effective area of adsorption and the use of additives which act as a catalyzer of the solid–gas reaction, by a chemical or electronic mechanism, thus promoting the improvement of the sensors properties [14].

Recent reports shown that some dopant species, such as Al3+ and In3+, improve the sensing properties of ZnO [15,16]. According to literature data, these group-III elements into the ZnO nanostructures act as singly charged donors and supply excess carriers to the conductance band, which will increase the conductance and provide a route to improve the sensing properties of ZnO [17].

In this study, AZO and IZO nanomaterials were synthesized, characterized and tested in the monitoring of low concentration of CO in air. The monitoring of CO is of utmost importance in the environmental control. CO is a gas produced during incomplete combustion and it is toxic at very low concentrations. In confined environments, such as automotive cabin, garage parking or tunnels, high concentrations of this pollutant can create serious hazard for the health and should be continuously monitored and controlled [18]. The concentrations of CO pollutant to be monitored in these ambient are very low, 5–50 ppm [19].

The responses of pure, Al- and In-doped ZnO sensing materials to CO were then examined and compared. Finally, the key factors affecting the sensing performances were studied and discussed here.



2. Experimental Section


2.1. Samples Preparation

AZO and IZO nanoparticles were prepared as previously reported by a sol-gel route using 16 g of zinc acetate dehydrate [Zn(CH3COO)2·2H2O; 99%] as a precursor in 112 mL of methanol [20,21,22]. After 10 min of magnetic stirring at room temperature, an adequate quantity of aluminum nitrate-9-hydrate corresponding to [Al]/[Zn] ratios of 0.03 were added to obtain AZO sample and an adequate quantity of indium chloride (InCl3) corresponding to [In]/[Zn] ratios of 0.02 were added to obtain IZO sample. XRF analysis of the samples showed a good agreement, within the experimental error, with the above nominal content. After 15 min under magnetic stirring, the solution was placed in an autoclave and dried in the supercritical conditions of ethyl alcohol (Tc = 243 °C; Pc = 63.6 bar) according to protocol reported in the reference [23]. The prepared samples have been then annealed at 400 °C in air for 2 h.



2.2. Characterization

The microstructure of the samples was investigated by XRD (Bruker AXS D8 Advance) using the Cu Kα1 wavelength of 1.5405 Å. The crystallite size, D, was calculated by using the Scherrer’s formula [24]:
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(1)




where λ is the X-ray wavelength, θB is Bragg diffraction angle and B is the full width at half maximum (FWHM) of the XRD peak.
The morphology of the sample particles was monitored by means of transmission electron microscopy (TEM) tests carried out with a JEM-200CX electron microscope.



2.3. Sensing Test

Sensors were made by printing films (1–10 μm thick) of the nano-powders dispersed in water on alumina substrates (6 mm × 3 mm) with Pt interdigitated electrodes and Pt heater located on the backside. The sensors were then introduced in a stainless steel test chamber for the sensing tests. Electrical measurements were carried out in the temperature range from RT to 400 °C, under a synthetic dry air total stream of 100 sccm, collecting the sensors resistance data in the four point mode. Gases coming from certified bottles can be further diluted in air at a given concentration by mass flow controllers. The concentration of CO target gas was varied from 5 to 50 ppm. A multimeter data acquisition unit Agilent 34970A was used for this purpose, while a dual-channel power supplier instrument Agilent E3632A was employed to bias the built-in heater of the sensor to perform measurements at super-ambient temperatures. The gas response, S, is defined as S = R0/R where R0 is the baseline resistance in dry synthetic air (20% O2 in nitrogen) and R is the electrical resistance of the sensor at different CO concentrations in dry synthetic air.




3. Results and Discussion


3.1. Samples Characterization

X-ray powder diffraction analysis was carried out to investigate the crystal structures of the pure and doped samples. Figure 1a shows the X-ray diffraction (XRD) pattern of as-prepared samples. Diffraction patterns show peaks corresponding to (002), (100), (102), (110) and (101) planes, which indicate that the samples are polycrystallines. All the diffraction peaks match the ZnO hexagonal wurtzite structure [25]. In IZO spectrum, peaks of other secondary phases (Zn2In2O3 and In2O3) are very weak [26]. XRD pattern of AZO nanoparticles shows the presence of a peak associated to a Zn spinel phase, that is ZnAl2O4 [27]. It appears that, for the Al-doped ZnO sample, the (100) peak position is shifted at higher 2θ-degree with respect to the (100) peak of pure ZnO and IZO sample. This is in according with the smaller ionic radius of Al3+ (0.057 nm) with respect that of Zn2+ ion (0.074 nm) that leads to a reduction in the interlayer spacing of ZnO along the c-axis. The ionic radius of In3+ (0.081 nm) is slightly larger than that of Zn2+, and seems do not modify substantially the ZnO lattice.

Figure 1. (a) X-ray diffraction spectra of as-prepared pure and doped ZnO aerogel nanoparticles. (b) Shift detail of (002) and (101) peaks of the samples treated at 400 °C.
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XRD on samples annealed at 400 °C confirms the presence of wurtzite structure. Interestingly, it can be seen in Figure 1b that the diffraction peaks of both annealed AZO and IZO samples are slightly shifted towards the lower Bragg angle as compared to pure ZnO sample. The peak shift may be attributed to the lattice expansion induced by annealing that leads to an increase in the interlayer spacing of doped-ZnO along the c-axis.



From the XRD measurements, the average crystallite size D, estimated by Scherrer’s formula, were 65 nm for pure ZnO, 88 nm for AZO and 58 nm for IZO. The theoretical surface area, SA, was calculated using the equation SA = 6/(D*ρ), where D is the particle size, ρ is the theoretical density of ZnO (5.606 g/cm3). Values of SA calculated are 16.5, 12.2 and 18.5 m2/g for ZnO, AZO and IZO, respectively.

Figure 2 reports a typical TEM image taken from the as-prepared samples by sol-gel method and subsequent drying in supercritical conditions. Very small particles having size in the nanometer range are observed. The crystallites present a prismatic-like shape with a narrow particle size distribution. The majority of ZnO particles have a size of about 25–30 nm (Figure 2a). Doped samples show a similar prismatic shape [28]. However, TEM measurements show that the size of the majority of IZO particles varies between 40 and 50 nm [28], whereas the size of AZO particles varies between 20 and 50 nm (Figure 2b). TEM analysis on samples annealed at 400 °C showed that the shape of particles was not modified with respect to as prepared samples, and only an increase of the particle size of ZnO has been noted, which confirms XRD data.

Figure 2. Typical TEM images showing the shape and size of as prepared aerogel nanoparticles. (a) ZnO, (b) AZO.



[image: Chemosensors 02 00121 g002 1024]









3.2. Sensing Tests

Sensing tests were carried out by means of a home-made sensing probe consisting of an alumina substrate with Pt interdigitated electrodes. On the back side of alumina substrate, a Pt heater provides to the heating of the sensing element. The active sensing layer was deposited on the Pt interdigitated electrodes area from an aqueous paste (in the weight ratio 1:1) of the samples by screen printing. No binder was necessary to enhance the adhesion of the sensing layer on the alumina substrate. After deposition the film was allowed to dry to room temperature and then annealed at 400 °C in air.

Figure 3 summarizes the data obtained, reporting the sensors response to 50 ppm of CO versus the operating temperature. The pure ZnO shows a maximum at 250 °C. For doped ZnO, it appears clear that doping favors strongly the sensitivity towards carbon monoxide.

Figure 3. CO response of pure and doped ZnO nanoparticles as a function of the temperature.
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It appears that the sensor response is much dependent on the operating temperatures and the presence of additives. At lower temperature, the increase of the temperature leads an enhancement of sensor response. The responses show a maximum around 300 °C and AZO response is higher than IZO response. At higher temperature, the sensor response gets decreases. Temperature dependence of the sensing properties could result from change of the adsorption and desorption rates of the oxygen ions on the metal-oxide surface. It is well accepted that the sensitivity of semiconductor gas sensors is attributed to the chemisorption of oxygen on the oxide surface and the subsequent reaction between adsorbed oxygen and tested gas, which causes the resistance change. The same mechanism may be applied for the CO sensing of the present AZO and IZO layers. Thus, more CO molecules can react with more oxygen species on the layer grain surface, and can cause the decrease of barrier height leading to the reduction of electrical resistance. Stable oxygen ions species were O2− below 100 °C, O− between 100 and 300 °C, and O2− above 300 °C [29].

The relevant reactions on the surface area could be as follows:
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(2)






CO + O− → CO2 + e−



(3)






CO + O2− → CO2 + 2e−



(4)




Reducing agents such as CO will react rapidly with O− presents on the surface, but very slowly with O2−. At temperature below 200 °C, only Equation (2) plays a major role. As a result, a low CO response was achieved at that temperature. At 300 °C, the dominant oxygen species adsorbed on the surface and grain boundaries of the AZO and IZO layers may be O− and O2− (Equations (3) and (4)). For the gas sensing test performed at temperatures higher than 300 °C, the surface reaction can be represented mainly by Equation (4).

Figure 4 shows the typical transient response of AZO and IZO layers at the operating temperature of 300 °C. It was found that the injection of 50 ppm CO induced a remarkable decrease in electrical resistance of the layer, leading to response magnitude of 4.80 and 5.2 for IZO and AZO sensors, respectively. A similar behavior but with low response is also observed for pure ZnO sample. It is also noted from this figure that the signal could return to its initial value after several cycles. This indicates that the adsorption of CO on the layer surface was reversible. The CO adsorbed on the surface was surely desorbed when CO gas was pumped out. Figure 4d shows transient response recovery for all samples at 5 ppm CO. The sensor responses and recovery time are about 20 s respectively.

Figure 4. Transient responses of the sensors tested to different CO concentrations in air at the operating temperature of 300 °C. (a) AZO; (b) IZO; (c) ZnO; (d) Dynamic response comparison.
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Figure 5 reports the response of the fabricated sensors, tested at different CO concentrations and at the operating temperature of 300 °C. Both Al and In dopants lead to an enhancement of the sensors’ response towards CO gas. Sensors response found to be obviously changed upon exposure to CO of as low as 5 ppm. At higher CO concentrations, the response was much increased.

Figure 5. CO response of pure and doped ZnO nanoparticles as a function of CO concentrations.
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From characterization data of annealed samples, only a little change in the particle size has been evidenced for the annealed doped samples in comparison to pure ZnO sample. Then, it can be excluded that the sensing performances are due to a higher surface area of the doped samples. Instead, the strong improvement in the response to CO by Al and In doping can be attributed to changes to the defect equilibrium in the ZnO crystals by the substitution of Al3+ and In3+ for Zn2+ ions in the ZnO lattice. Oxygen vacancies are the most common defects in semiconductor metal oxides. Zn2+ ions in the ZnO lattice are easily substituted by Al3+ ions because the ionic radius of Al3+ (0.057 nm) is smaller than that of Zn2+ ions (0.074 nm). However, to maintain electrical neutrality the positive valence charge of the substituted Zn site has to be compensated by releasing electrons. Thus, electrons are introduced into the doped ZnO samples, which increase the concentration of free electrons, resulting in the decrease in resistance of the oxide. Al doping can modify the surface state, such as by increasing the oxygen vacancies, leading to an enhancement of the gas sensing. Similar considerations can be made for indium doped Zinc oxide. Replacement of the Zn2+ cation by the In3+, which acts as donor, reduces the resistivity than pure zinc oxide. Further, indium doping leads to formation of active adsorption sites (indium atoms and oxygen vacancies) which favor the adsorption of oxygen species [30]. Thus, we can draw a conclusion that the defects play an important role in the sensing performance of AZO and IZO sensors.

However, in order to make any meaningful comparison between AZO and IZO and correlate the increase of sensor response to the presence of Al and In in the samples, a quantitative analysis of the surface dopant concentration should be made. As the surface composition could be different from bulk composition, a detailed XPS is planned, finalized to provide helpful indications about surface characteristics of the sensing layer films.




4. Conclusions

In summary, the morphological, microstructural and electrical properties of Al and In-doped ZnO particles prepared by a sol gel method were investigated. The sensing characteristics of chemoresistive sensors prepared were also investigated. The sensors fabricated based on Al-doped ZnO nanoparticles exhibited high sensitivity and very fast response and recovery times. Similar behavior was observed for In-doped ZnO. Our results indicate that the Al-doped ZnO and In-doped ZnO sensors have potential applications in fabricating practical gas sensor devices.
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