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Abstract:

 A composite metal oxide semiconductor (MOS) sensor array based on tin dioxide (SNO2) and zinc oxide (ZnO) has been fabricated using a straight forward mechanical mixing method. The array was characterized using X-ray photoelectron spectroscopy, scanning electron microscopy, Raman spectroscopy and X-ray diffraction. The array was evaluated against a number of environmentally important reducing and oxidizing gases across a range of operating temperatures (300–500 °C). The highest response achieved was against 100 ppm ethanol by the 50 wt% ZnO–50 wt% SnO2 device, which exhibited a response of 109.1, a 4.5-fold increase with respect to the pure SnO2 counterpart (which displayed a response of 24.4) and a 12.3-fold enhancement with respect to the pure ZnO counterpart (which was associated with a response of 8.9), towards the same concentration of the analyte. Cross sensitivity studies were also carried out against a variety of reducing gases at an operating temperature of 300 °C. The sensors array showed selectivity towards ethanol. The enhanced behaviour of the mixed oxide materials was influenced by junction effects, composition, the packing structure and the device microstructure. The results show that it is possible to tune the sensitivity and selectivity of a composite sensor, through a simple change in the composition of the composite.
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1. Introduction


The use of mixtures of semiconducting metal oxide gas-sensitive materials based on semiconducting metal oxides is a relatively recent field of research within chemical sensors [1]. Such research is inspired by the fact that these materials display various desirable traits, such as improved sensitivity, enhanced adsorption ability, extensive catalytic activity, and high thermodynamic stability; however, finding all of these benefits in a single oxide material has proved to be difficult [2]. The use of metal oxide composites or mixtures of metal oxides can however, lead to novel materials that display many of these highly desirable properties [1,3,4,5,6,7,8].



The use of such composite material systems in gas sensing has been reported in a number of papers in the literature [2,7,9,10,11,12], suggesting that enhanced gas response behaviour is promoted as a result of synergistic effects between the two different composite components. Zakrzewska [12] pursued a theoretical approach and reported that the formation of such composite oxides modifies the system’s electronic structure through changes in its associated bulk and surface components. The surface component of such systems is affected in all types of composite oxide systems, and new grain boundaries that are formed between different materials are expected to be highly directing regards the gas sensing properties of the system [12]. Indeed, it has been reported that it is such grain boundaries between the different semiconducting oxide materials of the composites, or the hetero-junctions, that are the main driver of the enhancement effects observed in many composite gas sensor systems [13,14,15,16].



In the work reported in this paper, we investigate isotype hetero-junctions [17], as both materials of the composite are n-type semiconducting oxides. When two solids that have different work functions are brought into contact, then the Fermi level must come to be in an electrostatic equilibrium [18]. This equilibrium state is reached because the electrons from the component with the lower work function flow to the higher work function component until such an equilibrium is established [19]. The concept of Fermi level equilibration has been widely reported from a number of different papers [17,18]. For example, Zeng et al. [20] recently reported the enhanced gas sensing properties of TiO2 nanobelts functionalized with SnO2 nanospheres towards a variety of gases including formaldehyde, ethanol, methanol, and acetone. They report that the contact regions between both semiconducting oxide components plays a fundamental role in inducing more active gas reactions and increased gas sensitivity of the system. Yamazoe et al. [18,21] complemented this work introducing the concept of contact potential, qδp, defined in Equation (1) [18,21]:


qδp = (E F2(f) − E F1(f)) = qɸ1(f) − qɸ2(f)



(1)




where qɸ1(f) and qɸ2(f) or E F1(f) and E F2(f) are work function or conduction band energies of Grain 1 and Grain 2 at the free state, respectively. They suggest that this potential is always generated in the presence of a hetero-contact or actually where a contact between grains where non-uniformity exists either sides of the junction. This electrostatic equilibrium causes a difference in the conduction band edge (δEC), between the contacting grains that allows for an exchange of the flow of current across the contact. Yamazoe et al. have further shown that this contact potential acts to attenuate the drift mobility, µ, of electrons that travel in the direction against it. As such it influences the resistance (increasing the resistance) of the associated contact [18,21]. The electrical properties of the contact are thus sensitive to the local environment in two distinct ways: first of all, through a change in the electron density at the surface of the grains and secondly through a change in the drift mobility of the electron flow. It has been suggested that such hetero-contact resistance is more sensitive than homo-contact resistance. Therefore, exploitation of hetero-contact systems ought to lead to a new generation of highly gas responsive devices [18,21].



In this paper, we report a study on the gas sensing properties of an isotype hetero-junction gas sensor array based on composite mixtures of SnO2 and ZnO. We discuss the influence of various chemical and physical properties, such as sensor operating temperature, analyte gas concentration, sensor device composition and microstructure, as well as infering hetero-junction and packing structure effects on the gas response characteristics.




2. Experimental Section


An array of SnO2 and ZnO (both Sigma Aldrich), pure and mixed-oxide MOS sensors was fabricated as shown in Table 1. This involved mixing various quantities of each component metal oxide powder. Inks of the pure and mixed-oxide materials were subsequently prepared via mechanical mixing of the powders in an organic vehicle - ESL 400 (Agmet. Ltd) in an agate pestle and mortar. The inks were then screen-printed using a DEK 1202 screen-printer onto individual strips of gas sensor substrates. Gas sensor substrates (Capteur Sensors) were 2 mm × 2 mm wide-gap alumina chips with inter-digitated gold electrodes, with an electrode gap of ~155 μm between the electrodes. 4 layers of each ink were screen-printed (each separate print was dried under an infra-red lamp for 10 min, before printing the next layer) onto individual strips. The strips were fired in a furnace (Elite Thermal Systems Limited) at 600 °C for 1 h, to burn off the organic vehicle. Spot welding was then performed on each individual chip, which required platinum wires (50.8-µm in diameter, 99.95% metal basis, Alfa Aesar) to be spot welded to the platinum heater track at the bottom and the gold electrodes on the top of the gas sensor chips, using a Macgregor DC601 parallel gap resistance welder. The chips were then further welded onto individual sensor device housings.


Table 1. MOS sensor devices fabricated for this work. Those sensor devices with an asterisk (*) are single-component metal oxide MOS sensor devices; all others are dual component metal oxide MOS sensor devices.


	Sensor Device
	Metal Oxide Powder(s) and Mass (g)
	Metal Oxide Powder(s) and Moles (mol)
	Mass of ESL 400 (g)





	*100 wt% SnO2
	SnO2−2.10
	SnO2−0.014
	1.61



	90 wt% SnO2 –

10 wt% ZnO
	SnO2−1.83

ZnO−0.21
	SnO2−0.012

ZnO−0.003
	1.24



	70 wt% SnO2 –

30 wt% ZnO
	SnO2−1.42

ZnO−0.62
	SnO2−0.009

ZnO−0.008
	0.74



	50 wt% SnO2 –

50 wt% ZnO
	SnO2−1.51

ZnO−1.52
	SnO2−0.010

ZnO−0.019
	1.08



	30 wt% SnO2 –

70 wt% ZnO
	SnO2−0.60

ZnO−1.41
	SnO2−0.004

ZnO−0.017
	0.85



	10 wt% SnO2 –

90 wt% ZnO
	SnO2−0.21

ZnO−1.80
	SnO2−0.001

ZnO−0.022
	1.06



	*100 wt% ZnO
	ZnO−2.00
	ZnO−0.025
	1.18











2.1. Materials Characterisation


Scanning electron microscopy (SEM) images were acquired using a Jeol JSM-6301F field emission scanning microscope. X-ray diffraction (XRD) was carried out on the sensor chips using a micro focus Bruker Discover D8 diffractometer with a wide angle Gadds detector utilising Cu Kα1+2 radiation (λ = 1.546 Å) in reflection mode with an incident angle of 5°. Raman spectroscopy was carried out using a Renishaw inVia Raman (Renishaw Raman System 1000) microscope using an argon-ion laser with a wavelength of 514.5 nm. X-ray photoelectron spectroscopy (XPS) was carried out with a Thermo K-Alpha spectrometer utilising monochromated Al Kα radiation. Survey scans were collected over the 0–1400 eV binding energy range with a 1 eV step size and a pass energy of 200 eV. Higher resolution scans (0.1 eV step size) were carried out around the principle peaks for each element and were collected at a pass energy of 50 eV.




2.2. Gas Sensing Characterisation


Gas sensing experiments were carried out using an automated test rig that was designed and built at UCL that has been reported previously [22]. The sensors were held at constant operating temperatures via a Whetstone bridge circuit connected to each sensors’ platinum heater track. The heater circuits were used to set the sensors at a range of operating temperatures between 300 °C and 500 °C, in 50 °C increments. Sensor conductance and resistance measurements were obtained using potentiostat circuits and tested against a range of environmentally important gases: NO2 (100–800 ppb), ethanol (5–100 ppm), acetone (1–10 ppm), CO (100–1000 ppm) and NH3 (5–20 ppm). In all cases the dilution gas was compressed air. All gases were obtained from the British Oxygen Company and used without further treatment. Gas response was defined as either R/R0 (resistive response) or R0/R (conductive response), where R0 is the sensor baseline resistance in air and R is the sensor resistance when exposed to test gas.





3. Results and Discussion


3.1. Scanning Electron Microscopy


SEM imaging characterisation of all seven sensors in the SnO2-ZnO composite array was carried out to gauge the microstructure of each material.



SEM imaging of the sensor devices showed that the ZnO sample observed in Figure 1a,b consisted of three-dimensional cuboid-shaped particles with curved edges, with a broad particle size distribution ranging between 0.1 and 1 µm. The morphology of the SnO2 material observed in Figure 1m,n was attributed to smooth and jagged rock-like clumps ranging from a size of 0.25 µm to as large as 1.75 µm. The image of the 10 wt% ZnO–90 wt% SnO2 in Figure 1l showed that some of the SnO2 clumps were as large as 4 µm. Careful inspection of the SEM indicates that the SnO2 shows that the rock-like clumps were actually agglomerates made up of spherical nano-SnO2 particles of a sizes less than 100 nm. Despite the effective inter-grain agglomeration between the SnO2 nanograins, the agglomerates themselves were seen to be loosely held together within the sensor matrix, as observed in Figure 1m,n, suggesting the provision of diffusion pathways between the agglomerates [23] for the gaseous molecules to travel into and out of the body of the sensor matrix. The pure ZnO sensor sample in Figure 1a,b showed that the ZnO grains were loosely held within the matrix of the material.


Figure 1. SEM images of (a) 100 wt% ZnO × 10,000 magnification, (b) 100 wt% ZnO × 20,000 magnification, (c) 90 wt% ZnO−10 wt% SnO2 × 10,000 magnification, (d) 90 wt% ZnO−10 wt% SnO2 × 20,000 magnification, (e) 70 wt% ZnO−30 wt% SnO2 × 10,000 magnification, (f) 70 wt% ZnO−30 wt% SnO2 × 20,000 magnification, (g) 50 wt% ZnO−50 wt% SnO2 x 10,000 magnification, (h) 50 wt% ZnO−50 wt% SnO2 × 20,000 magnification, (i) 30 wt% ZnO−70 wt% SnO2 × 10,000 magnification, (j) 30 wt% ZnO−70 wt% SnO2 × 20,000 magnification, (k) 10 wt% ZnO−90 wt% SnO2 × 10,000 magnification, (l) 10 wt% ZnO−90 wt% SnO2 × 20,000 magnification, (m) 100 wt% SnO2 × 10,000 magnification and (n) 100 wt% SnO2 × 20,000 magnification. All materials were screen-printed and heat-treated at 600 °C before imaging.
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The stark contrast in the particle sizes of both metal oxides also suggested that within the composite, not only were hetero-junction effects introduced by the presence of grains of differing chemical natures, but also they were present due to the difference in grain size. Yamazoe et al. [18,21] has reported hetero-junction effects within devices incorporating grains, which were non-uniform. They had reported that the simplest factor in hetero-junction devices that contributed to the non-uniformity between the grains was the differences in grain sizes between the grains. This suggests that even in a sample that consists of particles of the same chemical nature, i.e., a pure SnO2 sample for example, differences in the grains sizes between the SnO2 particles can induce contact potential enhancement effects, within the matrix of the sensing material. In the case of the SnO2–ZnO composite array examined here, multiple inhomogeneities existed to exert hetero-junction enhancement effects, which are expected to play a positive role in the overall gas-sensing properties of the materials.



As the concentrations of ZnO and SnO2 were varied, SEM imaging showed a variation in the microstructure of the sensor devices; however, microstructures of the 90 wt% ZnO–10 wt% SnO2 and the 10 wt. ZnO−90 wt% SnO2 composite devices were seen to be dominated by the dominant metal oxide, i.e., ZnO and SnO2, respectively, as observed in Figure 1c,d and Figure 1k,l, respectively, and as such, the microstructures of these composites resembled those of the corresponding pure metal oxides. This suggested homo-contact-dominated percolation paths within the sensor matrix of each composite device and a homo-contact-dominated packing structure. The 70 wt% ZnO−30 wt% SnO2, 50 wt% ZnO−50 wt% SnO2 and 30 wt% ZnO−70 wt% SnO2 composite devices observed in Figure 1e,f, Figure 1g,h and Figure 1i,j were seen to be associated with a dispersion of both metal oxide materials, suggestive of a hetero-contact-dominated packing structure in these devices. SEM imaging did not show evidence of significant fusing between the ZnO and SnO2 grains in the composite materials.




3.2. X-Ray Diffraction


The glancing angle XRD patterns of the devices are presented in Figure 2. The crystalline nature of both metal oxide compounds was confirmed through the observation of sharp defined peaks of both metal oxides. The XRD pattern of the SnO2 sample confirmed that the metal oxide crystallised in a tetragonal rutile structure, matching the reference pattern (JCPDS No. 41-1445) [24,25,26]. The XRD pattern of ZnO showed that the metal oxide adopted a wurtzite hexagonal crystal structure (JCPDS No. 36-1451) [27,28,29].


Figure 2. XRD patterns of pure and composite sensors based on SnO2 and ZnO metal oxides, in the SnO2-ZnO composite array. All materials were screen-printed and heat-treated at 600 °C, prior to XRD measurements.
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The patterns showed the variation in the concentration of the SnO2 and ZnO components through the gradual change in intensity of the associated peaks in the expected order. The observation of the peaks of the individual metal oxide crystal phases indicated that all materials existed in composite form. No reflections from ternary phases were observed, although some reflections attributed to the alumina substrate were observed.




3.3. Raman Spectroscopy


Raman spectra of the sensors devices within the SnO2-ZnO array, have been presented in Figure 3. The results corroborated the XRD showing that the Raman bands of SnO2 matched those of a tetragonal rutile phase [26]. The three bands of SnO2 observed in the Raman data are associated with the Eg (476 cm−1), A1g (633 cm−1) and B2g (774 cm−1) vibrational modes. The Raman bands of the ZnO sample were in agreement with a wurtzite hexagonal structure [30,31,32].


Figure 3. Raman spectra of all sensor devices within the SnO2-ZnO sensor array. All sensors were heat-treated at 600 °C, prior to Raman spectroscopy measurements.
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The Raman data showed the presence of both metal oxides within the mixed metal oxide materials, giving evidence of the composite nature of the mixtures. No peaks for any tertiary phases were observed in the Raman spectra, corroborating the XRD data, of the presence of only the two metal oxide phases in the materials.




3.4. X-Ray Photoelectron Spectroscopy


XPS measurements (Figure 4) were conducted on all sensors within the SnO2−ZnO array, with two binding energy peaks of each metal observed for the corresponding metal oxide. All spectra (with a ±0.1 eV experimental measurement error) were standardized against the C1s binding energy of 284.6 eV obtained from the reference database [33] and from the literature [34,35]. For all ZnO-containing samples, a Zn 2p3/2 peak occurred in the range of 1021−1023 eV (Figure 4A), and for all SnO2-containing samples, an Sn 3d5/2 peak in the range of 486−487 eV was observed (Figure 4C). All samples gave an O1s peak in the region of 531.5–532.0 eV (Figure 4B) [33]. All of the observed peaks were experimentally in agreement with the reference database [33] and accompanied by spin-orbit doublets. For the Sn species, 3d5/2 and 3d3/2 splitting values in the range of 8.4−8.7 eV were in close agreement with the literature values [36] and for Zn species, Zn2p3/2 and Zn2p½ splitting values in the range of 23.0−23.1 eV, which were also in close agreement with the literature values [37]. Figure 4D shows the relative binding energies of the Zn 2p3/2 and Sn 3d5/2 peaks; the lack of significant variance in the value suggests that no significant band bending is likely to be occurring.


Figure 4. High resolution XPS scans of the 50 wt% ZnO:50 wt% SnO2 sample for (A) the Zn2p3/2 peak, (B) the O1s peak, (C) the Sn3d peaks and (D) the XPS data of the relative binding energies (calculated by taking the difference between the B.E. of the Zn 2p3/2 peak and the B.E. of the Sn 3d5/2 peak) for all of the associated composites as a function of wt% SnO2 in each composite.
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3.5. Gas Sensing Characterisation


3.5.1. Ethanol Sensing


The conductive response traces of the array against increasing concentrations of ethanol at an operating temperature of 300 °C are presented in Figure 5. This was the temperature at which the sensors within the array exhibited the optimal response, except for the 100 wt% ZnO and 90 wt% ZnO−10 wt% SnO2 sensor devices, both of which exhibited optimal performance at a higher temperature of 350 °C. The observed increase in conductive response of all devices against the reducing analyte is inherent to the nature of the n-type conductivity of both SnO2 and ZnO metal oxides, whose conductive response is seen to increase upon exposure to ethanol [38]. The response behaviour therefore gave evidence that the conductivity within the pure and composite materials occurred via the n-type percolation paths that existed between the ZnO-ZnO and SnO2-SnO2 homo-contacts and the ZnO-SnO2 hetero-contacts (the latter of which is only attributed to the composite materials).


Figure 5. Conductive response traces of the SnO2-ZnO array towards 10, 20, 40, 80 and 100 ppm ethanol gas, at an operating temperature of 300 °C. The inset zooms into the conductive response traces of the array against 10 ppm of the analyte. The best response of 110 is observed for the 50 wt% ZnO:50 wt% SnO2 device.
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The response traces in Figure 5 indicated an enhanced response of the composite devices compared to both the 100 wt% SnO2 and 100 wt% ZnO pure counterpart devices. The highest response achieved was against 100 ppm ethanol by the 50 wt% ZnO–50 wt% SnO2 device, which exhibited a response of 109.1, a 4.5-fold increase with respect to the pure SnO2 counterpart (which displayed a response of 24.4) and a 12.3-fold enhancement with respect to the pure ZnO counterpart (which was associated with a response of 8.9), towards the same concentration of the analyte.



Hetero-junction enhancement effects have been postulated in the literature as a key influential factor in the enhancement effects observed in SnO2-ZnO mixed oxide systems. Haeng Yu et al. [39] for example, reported on the CO gas sensing properties of ZnO–SnO2 composites, finding that 20–60 mol% of ZnO in SnO2 led to an enhanced gas response towards 200 ppm of the analyte. Song et al. [40] also investigated the gas response towards ethanol of mesoporous ZnO-SnO2 nanofibres and observed an increase in gas response [41].





The percolation pathways of devices where the homo-contacts are more dominant than the hetero-contacts are practically non-resistive. This implies that the electrons need to surmount a lower energy barrier to move through the same individual grains in the body of the material. This reasoning may aid in justifying the lower response of the 10 wt% ZnO–90 wt% SnO2 and 70 wt% ZnO–30 wt% SnO2 composites compared to the 50 wt% ZnO–50 wt% SnO2 and the 30 wt% ZnO–70 wt% SnO2 composite devices. The significant response however of both the 10 wt% ZnO–90 wt% SnO2 and 70 wt% ZnO–30 wt% SnO2 devices with respect to the pure SnO2 and ZnO counterparts suggested that packing structures contained localized contact potentials that played a role in enhancing the response function of the devices.



The 90 wt% ZnO–10 wt% SnO2 composite device was the only mixed metal oxide sensor that displayed a response behaviour that was slightly better than the ZnO counterpart, but worse than the pure SnO2 counterpart. The device exhibited a response of 19.8 towards 100 ppm ethanol, which was a two-fold enhanced response compared to the unmodified ZnO sensor, but a 1.2-fold times poorer response compared to the unmodified SnO2 sensor, both against 100 ppm ethanol. The composition of this particular device, as given in Table 1, showed that its matrix was dominated almost totally by the ZnO grains with very little contribution of the SnO2 material. This suggested that the fraction of the SnO2 grains that were present within the sea of ZnO grains was limited. As such, the percolation pathways were mainly dominated by the ZnO-ZnO homo-contacts, with hardly any percolation paths between the SnO2-ZnO hetero-contacts, which did not influence the performance of the device with respect to the unmodified ZnO counterpart.



Apart from the hetero-junction enhancement effects associated with the SnO2 and ZnO binary system, the synergy of the combination of both metal oxides can be postulated as playing a key role in influencing the enhanced response behaviour observed. De Lacy Costello et al. [9] have reported that both SnO2 and ZnO are well-known dehydrogenation catalysts for VOCs, such as methanol and 2-butanol and ethanol [42,43]. The group itself had reported on the catalytic and vapour-sensing properties of various SnO2−ZnO composite devices, (1) 25 mass%:75 mass%, (2) 50 mass%:50 mass% and (3) 75 mass%:25 mass% SnO2–ZnO, at 350 °C towards 1-butanol. They reported that composites of both metal oxides were more responsive to butanol than the pure metal oxide counterparts and had attributed this behaviour to the synergistic action of both metal oxide towards the catalytic breakdown of butanol via a dehydrogenation route (as opposed to a dehydration route). The dehydrogenation has been observed to be the more dominant pathway of the catalytic breakdown of ethanol on the surface of metal oxides [44,45,46]. Specifically, they had reported that the SnO2 was very effective in the dehydrogenation of butanol to butanal and the ZnO was particularly effective not only at the dehydrogenation of the butanol to butanal, but further for the breakdown of butanal. As such, they reported that combining both metal oxides was attributed to enhanced responsivity towards the analyte, due to the independent, but synergistic catalytic breakdown mechanisms of each metal oxide of butanol. In a similar way, the catalytic dehydrogenation of ethanol may also have been influenced by the synergistic combination of both SnO2 and ZnO metal oxides.



In comparison to the observed responses to ethanol exhibited by the SnO2-ZnO composite system presented in this work, de Lacy Costello et al. [4] had reported a very similar study on SnO2 and ZnO composite sensors for the detection of ethanol. At an operating of 350 °C, the 25 mass%:75 mass% SnO2:ZnO sensor device was the most responsive and exhibited a maximum response of 86% change in conductivity, compared to 22% exhibited by the pure SnO2 sensor device and 60% exhibited by the pure ZnO sensor device, all against 100 ppb ethanol. Although a direct comparison cannot be made between the literature study and that being reported here, the sensor devices reported by de Lacy Costello et al. [4] are seen to be very responsive, with the ability to detect ppb levels of ethanol 100-times less concentrated than the concentrations studied experimentally in this thesis. However, both studies do establish the enhancement effects achieved through a combination of SnO2 and ZnO metal oxides. Song et al. [47] also reported further work on the use of ZnO–SnO2 nanofibres prepared by electrospinning for ethanol sensing. At an operating temperature of 300 °C, against increasing concentrations of ethanol, the ratio of 2:1 Zn:Sn sol prepared nanofibres performed with a response of 10 for 50 ppm ethanol and a response of 19 towards 100 ppm ethanol.



The apparent kinetic behaviour observed from the response traces of the array in Figure 5 showed that the response of the composite materials was significantly slower than that of the pure metal oxide materials. The shark-fin behaviour of the response traces of both composites was suggestive of unsaturated sensor surfaces, with 10 minutes of ethanol exposure proving to be insufficient time to attain steady-state saturation (indeed testing with two hour-long pulses failed to induce saturated gas responses). This unsaturated behaviour was suggestive of a large number of reaction sites, with adsorbed oxygen anions readily available to react in both composite materials for the given concentration of ethanol exposure, or alternatively, too large concentrations of ethanol for the given number of reaction sites. The shark-fin behaviour was very gradual for these two best performing composites, indicating a relatively slow response behaviour. In stark contrast, the pure metal oxide materials exhibited saturated behaviour within the 10 minutes of exposure to ethanol, suggesting the presence of a limited number of reaction sites or a limited number of adsorbed oxygen anions available, for the given concentration of ethanol exposure.



An enhanced number of reaction sites in a mixed oxide system has previously been reported by Zeng et al. [41], who had reported on the enhanced gas-sensing properties of SnO2 nanosphere functionalised TiO2 nanobelts toward various VOCs. The main finding was that the nanoparticle decoration increased the number of local depleted regions. Thus, the enhanced number of the reaction sites promoted by the significant dispersion of hetero-contacts within the packing structures of both the 50 wt% ZnO−50 wt% SnO2 and 30 wt% ZnO−70 wt% SnO2 composites can explain the unsaturated shark-fin nature of their response traces and suggests a larger number of reaction sites available for the given number of ethanol molecules in the exposure. As such, the reaction sites of the composite materials are unsaturated and therefore associated with slower response times. In contrast, a limited number of reaction sites in the pure metal oxide materials suggests faster saturation of the surfaces, accounting for the faster response times.



The shark-fin behaviour for the 10 wt% ZnO–90 wt% SnO2 and 70 wt% ZnO–30 wt% SnO2 composites was less pronounced (Figure 5). This faster behaviour of both of these composites suggested a reduced number of reaction sites of interaction for the given number of ethanol molecules that they were exposed to, justified by the homo-contact-dominated packing-structures of both composites.





Figure 6 presents the conductive response of the array of sensors towards 100 ppm ethanol as a function of increasing operating temperature. The figure illustrates that 300 °C was the optimal operating temperature for almost all sensor devices within the array, with the 90 wt% ZnO–10 wt% SnO2 and pure ZnO sensor devices performing optimally at a higher operating temperature of 350 °C. The operating temperature of 300 °C was the optimal temperature of operation for the array of sensor devices, with a large distribution of response magnitudes exhibited by the array of sensor devices against the range of concentrations of ethanol exposure.


Figure 6. Conductive response of the SnO2-ZnO array against 100 ppm ethanol gas, as a function of increasing operating temperature. The best response of 110 is observed for the 50 wt% ZnO:50 wt% SnO2 device at an operating temperature of 300 °C.
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As observed in Figure 6, at the lower operating temperature of 200 °C, the hetero-junction enhancement effects were still visible with enhanced response of the composite materials with respect to the pure counterparts, albeit at a lower response magnitude. The conductive response of the array of sensors at the highest operating temperature of 500 °C seen in Figure 7 showed that responses of all sensor devices significantly decreased in the comparison at the response magnitudes observed at the lower operating temperatures of 200 °C and 300 °C.


Figure 7. Resistive response traces of SnO2-ZnO array towards 100, 200, 400 and 800 ppb NO2 gas, at an operating temperature of 300 °C. The inset projects the resistive responses of the array towards 200 ppb NO2. The best response of 120 is observed for the 100 wt% ZnO device.
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3.5.2. NO2 Sensing


Figure 7 illustrates the resistive response traces of the array of sensors against increasing concentrations of NO2 at the optimal operating temperature of 300 °C. The figure indicates that the resistive response order of the array of devices increased as a function of increasing ZnO concentration or as a function of decreasing concentration of SnO2, when exposed to 800 ppb NO2. At this highest concentration of NO2 exposure, the results show that the array did not exhibit hetero-junction or synergistic enhancement effects when exposed to the oxidising gas, in stark contrast to what was observed for ethanol. Towards 800 ppb, the pure ZnO sensor device exhibited the strongest resistive response (of all sensor devices) of 121.6, and the pure SnO2 sensor in contrast exhibited the weakest resistive response (of all sensors devices) of 10.7. Figure 7 shows that as the concentration of NO2 was increased from 200 ppb to 800 ppb, an exponential increase in the response of the ZnO sensor device was observed, which suggested the lack of saturation of the surface sites, accounted for by the low concentration (ppb) regime of NO2 exposure and that higher concentrations of exposure were therefore required for the sensor surface to saturate.





Figure 8 presents the resistive response of the array of sensors towards 800 ppb NO2, as a function of increasing operating temperature. The figure established that the pure ZnO sensor dominated the response at all operating temperatures and that the response magnitudes of the rest of the array decreased as a function of decreasing concentration of ZnO at all operational temperatures. Further, the figure illustrates that the response of the sensor devices decreases as a function of increasing operating temperature with the optimal response of the sensors at 300 °C.


Figure 8. Resistive responses of the SnO2-ZnO array towards 800 ppb NO2 gas as a function of increasing operating temperature. The best response of 120 is observed for the 100 wt% ZnO device at an operating temperature of 300 °C.
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Park et al. [48] reported a hybrid SnO2-ZnO electrospun nanofibre that is highly sensitive towards NO2. The sensor gave the highest resistive response of 100 at an operating temperature of 180 °C. Song et al. [47] also report that their nanofibre sensor prepared with a molar ratio of the precursor sols of Zn:Sn of 2:1 only showed a response of one towards 100 ppm NO2. In Song et al.’s work, the structure was of a true composite comparable to our work here, as opposed to Park et al., who report a core-shell type structure [48]. This suggests that the packing structure of the metal oxides with respect to each other can significantly influence the responsivity and selectivity towards particular analytes and that those packing structures containing composites of both SnO2 and ZnO are better suited for VOC detection.



Xu et al. [49] reported the NO2 gas sensing properties of SnO2–ZnO porous nano-solids produced via a solvothermal hot-press (SHP) method. When exposed to 35 ppm NO2, the composites were seen to exhibit enhanced responses compared to the pure SnO2 porous nanosolid counterpart. The best response of 75 was observed at an operating temperature of 225 °C by a composite sensor containing SnO2 loaded with 20 wt% ZnO. In contrast to the SnO2-ZnO composites reported in this work and in the literature by Song et al. [47], the composites prepared by Xu et al. [49] did exhibit a significant gas responses towards NO2, although at a much higher concentration than investigated here.




3.5.3. Cross Sensitivity Testing


A cross-sensitivity analysis of the SnO2–ZnO array was conducted towards a range of reducing gases, acetone, CO and NH3, at an operating temperature of 300 °C. This was the temperature at which most sensors in the array performed optimally against the key reducing gas, ethanol, as seen in Figure 5.



NH3 Sensing


The response results of the array against 20 ppm NH3, which was the largest concentration the array was exposed to, are presented in Figure 9. Most of the sensors in the array were attributed to responses close to the baseline response of one, with only the pure SnO2 showing a response of two. Interestingly, the SnO2, 90 wt% SnO2−10 wt% ZnO and 70 wt% SnO2−30 wt% ZnO sensor devices were seen to be attributed to conventional n-type response characteristics against the analyte; however, all other n-type devices, which had a significant contribution of ZnO, were attributed to unconventional p-type response behaviour. Such resistive response of n-type materials against NH3 has been observed previously in the literature due to the NH3 undergoing oxidation reactions on the surface of metal oxides [50,51]. The reaction process can follow one of many routes, allowing several possible competing processes to all take place at the same time. One of the reactions leads to the combustion of NH3 to NO, which is easily converted to NO2 in the presence of oxygen. NO2 is an oxidising gas, and therefore, the materials are likely to exhibit an increase in resistive response, upon contact with the n-type semiconducting oxides.


Figure 9. (a) Conductive responses and (b) resistive responses of the SnO2-ZnO array against 20 ppm NH3 at an operating temperature of 300 °C.
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Acetone Sensing


Figure 10 presents the conductive responses of the array of sensor devices against increasing concentrations of acetone gas at an operating temperature of 300 °C. The graph shows that the sensors were responsive to a concentration as low as 1 ppm acetone. As the concentration of acetone exposure was increased, the graphs show that the response of the array randomises in terms of response order, with the composite materials exhibiting significantly enhanced responses compared to the pure counterparts. The 70 wt% ZnO−30 wt% SnO2 sensor was the best performing composite sensor device of the array, with the best response of 32.9 towards 10 ppm of the analyte. This was a 5.5-fold enhanced response with respect to the pure SnO2 counterpart (which exhibited a response of 6.4) and a 3.3-fold enhanced response compared the pure ZnO counterpart (which exhibited a response of 9.8) at the same analyte concentration of 10 ppm. The particularly enhanced response of this composite, against the poor response of both the individual metal oxides, is suggestive of synergistic and hetero-junction effects playing a role to enhance the response characteristics. A comparison of Figure 11 with respect to an exposure of 10 ppm of ethanol at the same operating temperature, observed in Figure 5, shows the array of SnO2-ZnO sensor devices were more selective towards 10 ppm acetone. The highest response observed against 10 ppm ethanol was 2.1 by the 10 wt% ZnO−90 wt% SnO2 sensor device. Thus, of the two VOCs, the array can be established as being selective towards acetone. In particular, the conductive response of the 70 wt% ZnO−30 wt% SnO2 composite is seen to increase exponentially as a function of increasing acetone concentration, which suggests that the surface of the composite remains unsaturated upon each exposure concentration introduced. In contrast, the conductive response magnitudes of the pure metal oxides, in particular the SnO2 material, are seen to increase gradually and slowly as a function of increasing acetone concentration, which indicates the saturation of the surfaces as a function of the increased concentration. A similar behaviour of the devices was observed as a function of increasing ethanol concentration and can be accounted for by the increased number of reaction sites in the composite materials, due to the presence of the hetero-contacts in the composite materials.


Figure 10. Conductive responses of SnO2-ZnO array towards 1, 2, 4, 6, 8 and 10 ppm acetone gas, at an operating temperature of 300 °C. The best response of 34 is observed for the 70 wt% ZnO:30 wt% SnO2 device on exposure to 10 ppm of acetone.
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Figure 11. Conductive responses of SnO2-ZnO array towards 100, 200, 400, 600, 800 and 1000 ppm CO gas, at an operating temperature of 300 °C. The best response of 5.9 is observed for the 100 wt% SnO2 device towards 1000 ppm of CO.
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CO Sensing


Figure 11 presents the conductive responses of the array of SnO2–ZnO sensor devices against increasing concentrations of CO at an operating temperature of 300 °C. The graph illustrates that the pure SnO2 sensor was associated with the most effective response behaviour of all sensor devices with a maximum response of 5.7 observed against 1000 ppm CO. The pure ZnO sensor in contrast was associated with a response of 1.6 towards the same concentration of CO. In general, the response graph shows that the response of the sensors increased as a function of increasing concentration of SnO2 and decreasing concentration of ZnO, which is analogous to the behaviour observed against NO2; however, for the oxidising gas, the trend was observed to be an increase in resistive response as a function of increasing concentration of ZnO and decreasing concentration of SnO2. Thus, the response trend observed against CO was observed to be dominated by the presence of SnO2.





With respect to ethanol and acetone response, Figure 11 confirms that the responses towards CO were poor and that the selectivity of the array is towards acetone. Further, a difference in the enhancement contributor was visible between all three reducing analytes, with greater synergistic catalysis and hetero-junction enhancement effects contributing to the extensive response of the composite materials towards both ethanol and acetone and, in contrast, dominance of the SnO2 metal oxide concentration contributing towards the responses observed against CO.







4. Conclusions


Results and analysis from this study showed that the array of SnO2–ZnO composite sensors were most effective for the detection of both ethanol and acetone. In particular, the composites materials were seen to exhibit significantly better response behaviours than the pure counterparts towards both analytes. The best performing composite towards ethanol was seen to be the 50 wt% ZnO−50 wt% SnO2 sensor device at 300 °C with a response of 109 towards 100 ppm of the analyte. The 70 wt% ZnO−30 wt% SnO2 sensor device was the prime candidate for acetone sensing, with the largest observed response of 33 towards 10 ppm of the analyte at 300 °C. The comparison of the response behaviour of the SnO2−ZnO array towards 10 ppm acetone and 10 ppm ethanol indicated that if the array were put in a mixed atmosphere of 10 ppm of both analytes, it could potentially discriminate between ethanol and acetone and exhibit selectivity towards acetone. These results thus showed that a simple change in the concentration of the individual metal oxides within the composites could tune the gas response and selectivity of the devices towards a particular analyte. The response behaviour towards both NO2 and CO was relatively poor, suggesting that operating in an environment where these gases were present would not cause a significant concern regarding cross sensitivity.



Our analysis suggests that the synergistic enhancement effects of both metal oxides weigh out the hetero-junction enhancement effects, and therefore, the extensive gas response of the hetero-junction system is likely due to the synergy of the combination of metal oxide components. The hetero-junction enhancement effects are thought to play a supporting role to influence the better performance of the composite materials. Further, the study has demonstrated that a simple change in the concentration of SnO2 and ZnO in composite form and random packing structures of SnO2 and ZnO grains in composite matrices are an effective way to achieve stark enhancements in the response behaviour.
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