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            Abstract
          
        

        
          Pure ZnFe2O4 and Fe2O3-ZnFe2O4 hetero-composite spheres were prepared by ultrasonic spray pyrolysis of a solution containing Zn- and Fe-nitrates. Additionally, the sensing characteristics of these spheres in the presence of 5 ppm ethanol, benzene, p-xylene, toluene, and CO (within the temperature range of 275-350 oC) were investigated. The Fe2O3-ZnFe2O4 hetero-composite sensor with a cation ratio of [Zn]:[Fe]=1:3 exhibited a high response (resistance ratio = 140.2) and selectivity (response to p-xylene/response to ethanol = 3.4) to 5 ppm p-xylene at 300 oC, whereas the pure ZnFe2O4 sensor showed a comparatively lower gas response and selectivity. The reasons for the superior response and selectivity to p-xylene in Fe2O3-ZnFe2O4 hetero-composite sensor were discussed in relation to the electronic sensitization due to charge transfer at Fe2O3-ZnFe2O4 interface and Fe2O3-induced catalytic promotion of gas sensing reaction. The sensor can be used to monitor harmful volatile organic compounds and indoor air pollutants.
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      1. INTRODUCTION
      Metal oxide semiconductors with distinctive advantages such as high response, simple structure, and rapid response speed have been widely used to detect toxic, explosive, and harmful gases [1,2]. The gas sensing characteristics can be controlled by loading noble metal or oxide catalysts [3-5], designing nanostructures [6,7], controlling the composition of sensing materials [8], and establishing hetero-composites [9]. From the viewpoint of compositional control, multinary oxides such as spinels and perovskites are promising gas sensing materials [10] since various combinations between two cations with different catalytic activity and acid-base properties can be used to achieve new functionality of gas sensors [9]. In addition, the formation of hetero-composites between multinary oxide and other oxide provides further control of gas sensing characteristics [11].

      Ultrasonic spray pyrolysis is a process to convert the droplets of a precursor solution to oxides, which enables the facile preparation of oxide spheres with complex composition [12]. In the present contribution, pure and Fe2O3-loaded ZnFe2O4 spheres were prepared by ultrasonic spray pyrolysis of a solution containing Zn-nitrate and Fe-nitrate, and their gas sensing characteristics were investigated. The Fe2O3-loaded ZnFe2O4 spheres prepared from the precursor solutions with a cation ratio of [Zn]:[Fe]=1:3 exhibited a superior gas response and selectivity to p-xylene. The main focus of this study was understanding the key parameters to determine gas sensing characteristics and gas sensing mechanism.

    

    

  
    
      2. EXPERIMENTAL
      
        2.1 Synthesis of sensing materials
        ZnFe2O4 spheres were prepared by one-pot ultrasonic spray pyrolysis of an aqueous solution (200 mL) containing zinc nitrate hexahydrate (1.98 g, Zn(NO3)26·H2O, 99%, Sigma-Aldrich, USA), iron(III) nitrate nonahydrate (5.38 g, Fe(NO3)3·9H2O, 98%, Sigma-Aldrich, USA), and citric acid monohydrate (3.84 g, C6H8O7·H2O, 99.5%, Sigma-Aldrich, USA) (Fig. 1(a)). The molar ratio between Zn and Fe ([Zn]:[Fe]) was fixed to 1:2. The droplets generated by five ultrasonic transducers were transferred into a high-temperature (700 oC) tubular reactor (length: 1200 mm, inner diameter: 50 mm) by air at a flow rate of 10 L/min. The droplets were converted into precursor powders during spray pyrolysis and collected in a Teflon bag filter. The ZnFe2O4 spheres were prepared by annealing the precursor powders at 600 oC for 2 h in air. ZnFe2O4-Fe2O3 nanocomposite spheres with composition of [Zn]:[Fe] = 1:3, and 1:4 were prepared using the same method. However, different amounts of iron nitrate hexahydrate were used. For simplicity, the powders prepared from the solutions with [Zn]:[Fe] = 1:2, 1:3, and 1:4 will be referred to as Zn1Fe2, Zn1Fe3, and Zn1Fe4, respectively.

        
          
          

          Fig. 1. 
				
          

          
            Schematic of (a) material synthesis by ultrasonic spray pyrolysis and (b) fabrication of Zn1Fe2, Zn1Fe3, and Zn1Fe4 sensors.
          
          

          

        

      

      
        2.2 Sensor fabrication
        The sensors were fabricated by screen printing of the slurries on alumina substrates (size: 1.5 × 1.5 mm2) with two Au electrodes on the top surface and a micro-heater on the bottom surface (Fig. 1(b)). The slurries were prepared by dispersing the oxide powders in a terpineol-based ink vehicle (FCM, U.S.A). After screen printing, the sensors were annealed at 500 oC for 2 h to remove organic contents and to stabilize the sensors. For the measurement, the sensor was located into a small quartz tube (volume: 1.5 cm3), and the atmosphere was controlled using a four-way valve to ensure a constant flow rate of 200 cm3/min. The two-probe direct-current resistance of the sensors was measured using an electrometer (6487 Picoammeter, Keithley, USA) with a computer interface.

      

      
        2.3 Characterization of sensing materials
        The phase and crystallinity of the materials were analyzed using X-ray diffraction (XRD, D/MAX-2500 V/PC, Rigaku, Japan) with a Cu Ka radiation source (λ = 1.5418 Å). The micro/nanostructures and morphology of the materials and sensing films were observed using field-emission scanning electron microscopy (FE-SEM, S-4700, Hitachi Co. Ltd., Japan).

      

    

    

  
    
      3. RESULTS AND DISCUSSIONS
      The SEM images of Zn1Fe2, Zn1Fe3, and Zn1Fe4 powders are shown in Fig. 2. The powders exhibited spherical morphology and porous hollow structures. The mean diameters of Zn1Fe2, ZnFe3, and ZnFe4 spheres were 0.65 ± 0.20, 0.77 ± 0.23, and 0.85 ± 0.23 mm, respectively.

      
        
        

        Fig. 2. 
				
        

        
          SEM images of (a) Zn1Fe2 sensor, (b) Zn1Fe3 sensor, and (c) Zn1Fe4 sensor.
        
        

        

      

      The phases of the samples were analyzed using X-ray diffraction (Fig. 3). Zn1Fe2 sample was identified as pure ZnFe2O4 spinel phase (ICDD# 89-1010) (Fig. 3(a)). The Zn1Fe3 and Zn1Fe4 samples were mixtures between a-Fe2O3 (ICDD # 84-0311) and ZnFe2O4 (Fig. 3(b,c)). From Scherrer’s equation, the crystallite sizes of ZnFe2O4 in Zn1Fe2, Zn1Fe3, and Zn1Fe4 samples were calculated to be 21.1 ± 1.3, 20.2 3.2, and 19.8 ± 1.0 nm, respectively. Additionally, the crystallite sizes of a-Fe2O3 of Zn1Fe3, and Zn1Fe4 samples were 32.9 ± 4.6, and 34.4 ± 4.1 nm.

      
        
        

        Fig. 3. 
				
        

        
          X-ray diffraction patterns of (a) Zn1Fe2, (b) Zn1Fe3, and (c) Zn1Fe4 samples.
        
        

        

      

      The gas sensing characteristics of Zn1Fe2, Zn1Fe3, and Zn1Fe4 sensors in the presence of 5 ppm ethanol, benzene, p-xylene, toluene, and CO within the temperature range of 275-350 oC were measured. All the sensors exhibited n-type gas sensing characteristics: the decrease in sensor resistance upon exposure to reducing gases and return of sensor resistance in air (Fig. 4). This is feasible considering the reports that ZnFe2O4 and Fe2O3 show n-type gas sensing characteristics [13,14]. Therefore, the gas response (S) was defined as Ra/Rg (Ra and Rg: resistance in air and gas).

      
        
        

        Fig. 4. 
				
        

        
          Dynamic sensing transients of (a) Zn1Fe2, (b) Zn1Fe3, and (c) Zn1Fe4 sensors to 5 ppm p-xylene at 300 oC.
        
        

        

      

      The Zn1Fe2 sensor with pure ZnFe2O4 phase exhibited relatively low gas responses at 275 oC (Fig. 5(a)). Although the response to ethanol was the highest, the ethanol selectivity over other gases was insubstantial. In contrast, the Zn1Fe3 sensor composed of Fe2O3 and ZnFe2O4 showed significantly different gas sensing characteristics (Fig. 5(b)). The gas responses significantly increased and the gas selectivity was changed. For instance, the response to p-xylene at 275 oC (S = 220.6) is higher than that of ethanol (S = 152.1). The ethanol response decreased rapidly with an increase in sensing temperature to 300 oC, whereas the response to p-xylene gradually decreased, leading to the selective and sensitive detection of p-xylene at 300 oC. The higher responses to p-xylene over ethanol response were maintained at 325 oC. This suggests that the Zn1Fe3 sensor in the present study can be used to monitor ppm- and sub-ppm-level p-xylene, which is the most representative indoor/outdoor air pollutant emitted from varnishes, paint, rubber, ink, adhesives, and cleaning agents. The gas sensing characteristics of Zn1Fe4 sensor were measured at 300-350 oC since the sensor resistance at 275 oC was significantly high to measure (Fig. 5(c)). The sensor showed the highest response to p-xylene.

      
        
        

        Fig. 5. 
				
        

        
          Gas sensing characteristics of (a) Zn1Fe2 sensor, (b) Zn1Fe3 sensor, and (c) Zn1Fe4 sensor in the presence of 5 ppm of various gases (ethanol, benzene, p-xylene, toluene, and CO).
        
        

        

      

      In all the sensing materials, the diameters of spheres and crystallite sizes of ZnFe2O4 are similar. Therefore, the increase in gas response and the variation of selectivity should be discussed in association with the formation of α-Fe2O3 second phase. The high gas responses of Zn1Fe3 sensor can be explained partially by electronic sensitization. The work function of Fe2O3 is 5.88 eV [15], which is higher than that of ZnFe2O4 (4.56 eV) [16]. At the interface between ZnFe2O4 and α-Fe2O3, the electrons flow from ZnFe2O4 to Fe2O3, resulting in a lower charge carrier concentration in ZnFe2O4. This is supported by the higher Ra value in Zn1Fe3 than that in Zn1Fe2 (Fig. 4(a,b)). The sensor with lower background charge concentration exhibits a higher gas response when the same number of charges is provided from the sensing reaction. Considering the phase composition in Zn1Fe3 sensor, conduction is likely to occur along the larger amount of ZnFe2O4 phase. In this perspective, electronic sensitization, the decrease in charge carrier concentration in ZnFe2O4 due to the adjacent Fe2O3, can be a reason for the increase in gas response of Zn1Fe3 sensor. In the literature, the gas responses of ZnFe2O4-Fe2O3 heterostructures were higher than those of pure Fe2O3[17,18]. Therefore, the decrease in gas response at 300 oC in Zn1Fe4 sensor might be explained by the formation of α-Fe2O3 phase.

      The variation of gas selectivity is also associated with the formation of α-Fe2O3. α-Fe2O3 is known as a good catalyst to oxidize toluene and methylbenzene [19,20]. Furthermore, there have been reports on the enhancement of toluene selectivity either by doping Fe into NiO [21] or by decorating Fe2O3 nanorods on NiO nanotubes [22]. Accordingly, the different gas selectivity between Zn1Fe2 and Zn1Fe3 sensors can be attributed to the catalytic role of Fe2O3.

      In ultrasonic spray pyrolysis, the droplets play the role of reaction containers. Therefore, well-defined hetero-composites with spherical morphology can be prepared, which provides a promising method to design high-performance gas sensors.

    

    

  
    
      4. CONCLUSIONS
      Highly sensitive and selective p-xylene sensors were fabricated using Fe2O3-ZnFe2O4 hetero-composite spheres prepared by ultrasonic spray pyrolysis. The pure ZnFe2O4 sensor exhibited neither high gas response nor selectivity towards a specific gas. In contrast, the Fe2O3-ZnFe2O4 hetero-composite sensor showed high gas response and selectivity to ppm-level p-xylene. The enhanced gas response was explained by the electronic sensitization of Fe2O3-ZnFe2O4 hetero-composite sensor due to the charge transfer from ZnFe2O4 to Fe2O3. The catalytic promotion of sensing reaction by Fe2O3 was suggested as the reason for the selectivity toward p-xylene.
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