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Abstract

:

In this paper, ZnO-TiO2-rGO nanocomposites were successfully synthesized by the hydrothermal method. The morphology and structure of the synthesized nanomaterials were characterized by SEM, XRD, HRTEM, and XPS. Butanone is a typical ketone product. The vapors are extremely harmful once exposed, triggering skin irritation in mild cases and affecting our breathing in severe cases. In this paper, the gas-sensing properties of TiO2, ZnO, ZnO-TiO2, and ZnO-TiO2-rGO nanomaterials to butanone vapor were studied. The optimum operating temperature of the ZnO-TiO2-rGO sensor is 145 °C, which is substantially lower than the other three sensors. The selectivity for butanone vapor is greatly improved, and the response is 5.6 times higher than that of other organic gases. The lower detection limit to butanone can reach 63 ppb. Therefore, the ZnO-TiO2-rGO sensor demonstrates excellent gas-sensing performance to butanone. Meanwhile, the gas-sensing mechanism of the ZnO-TiO2-rGO sensor to butanone vapor was also analyzed.
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1. Introduction


Butanone is a colorless and transparent liquid with a slight odor and volatility [1], which is widely used in industrial production [2]. The exposure of butanone vapor to open flame or high temperature can cause combustion and explosion, resulting in accidental injury or death [3]. Without direct contact with butanone vapor, it will also bring certain stimulation and harm to our body. It is even genotoxic and carcinogenic, which seriously endangers human health [4,5]. Therefore, it is very important for butanone sensor to achieve early warning detection. In recent years, there has been an increasing interest in VOC sensors with selectivity, high sensitivity, and low cost [6]. However, fewer studies have been reported on the use of gas sensors for butanone measurement [7,8,9,10]. These sensors operate at high temperatures, have poor selectivity, and cannot detect lower concentrations. Therefore, it is necessary to develop better sensors to detect the performance of butanone.



Zinc oxide (ZnO) is an n-type semiconductor oxide with a wide band gap (3.37 eV) [11]. It can detect gases under different environmental conditions and has high sensitivity. So, it is widely used in semiconductor oxide-type gas sensors. ZnO nanomaterials have various morphologies, such as rods, spheres, and flowers [12,13,14]. However, studies have shown that the prepared ZnO-sensing materials still have disadvantages such as high operating temperature and poor target gas selectivity [15,16,17], which hinder their practical application in the field of gas sensors. So, we searched for other metal oxides for compounding [18,19,20]. Semiconductor materials such as titanium dioxide (TiO2) have a wide band gap of about 3.0 eV. It is widely used in energy utilization and catalytic research because of its high catalytic activity, non-toxic, good chemical stability, and low price [21,22,23,24]. With the increasing level of scientific research, the properties of pure ZnO and TiO2 can no longer meet the required requirements. After continuous exploration, the related properties can be improved through the doping mechanism [25]. Park et al. prepared TiO2-ZnO core–shell nanofibers as sensing materials for the dynamic detection of oxygen [26]. It is found that it has good sensitivity and reproducibility.



Graphene is a two-dimensional honeycomb carbon material composed of single-layer carbon atoms. It has good conductivity [27], rich sources [28], and high thermal conductivity [29]. Graphene has large specific surface area [30] and good adsorption activity [31] due to its single-layer folded structure [32]. As a result of its unique properties, it has a wide range of applications in the field of electronic sensing. Metal oxides generally face problems such as high working temperature and poor selectivity to organic gases. To avoid defects, we intended to introduce the two-dimensional material graphene, forming the ternary nanomaterial ZnO-TiO2-rGO. Johra et al. in 2015 have prepared RGO-TiO2-ZnO nanocomposites by the hydrothermal reduction method as a photocatalytic application [33].



In this paper, a simple hydrothermal method was used to prepare the ternary nanomaterial ZnO-TiO2-rGO for gas sensor applications. The ZnO-TiO2-rGO sensor has good stability, reproducibility, and selectivity for butanone vapor at low temperatures. The sensor is also capable of detecting lower butanone vapors and has good selectivity to butanone vapors. The ternary composite nanomaterial ZnO-TiO2-rGO significantly improved its gas-sensitive performance.




2. Materials and Characterization Instruments


2.1. Reagents and Instruments


C12H28O4Ti (AR) and CH3COOH (AR) were both purchased from Shanghai Macklin Biochemical Co., Ltd. NaOH (AR) and (CH3COO)2Zn (AR) were both purchased from Sinopharm Group Chemical Reagent Co., Ltd. C2H5OH (AR) was purchased from Tianjin Fuyu Fine Chemical Co., Ltd. AR is analytical pure reagent. The microscopic morphology and crystal structure of the nanomaterials were characterized and imaged using the instruments such as high-resolution transmission electron microscopy (HRTEM, JEOLJEM-2010, Beijing, China), X-ray photoelectron spectrometry (XPS, Thermo ScientificTM K-AlphaTM+ spectrometer, Beijing, China), field-emission scanning electron microscopy (SEM, Hitachi, Tokyo, Japan), and X-ray diffraction (XRD, SmartLab SE, Tokyo, Japan).




2.2. Materials Preparation


First, 1.5 mL of C12H28O4Ti, 50 mL of C2H5OH, and 1 mL of CH3COOH were mixed in the same beaker and sonicated for 20 min. The mixed solution was loaded into the reactor and reacted at 200 ℃ for 1 h. The product obtained was dried at 60 °C by centrifuging twice with water and ethanol, respectively. This process yielded the nanomaterial TiO2.



Then, 270 mg (CH3COO)2Zn was stirred well with 50 mL of deionized water, and 1 M NaOH solution was added dropwise to pH = 12. The mixed solution was poured into a suitable capacity reactor and reacted at 200 °C for 1 h. The same was centrifuged and dried at 60 °C. This process yields the product ZnO.



Then, 1.5 mL of C12H28O4Ti, 50 mL of C2H5OH, and 1 mL of CH3COOH were mixed in the same beaker and sonicated for 20 min. The mixed solution was loaded into the reaction kettle and reacted at 200 ℃ for 1 h. After centrifuging twice with water and ethanol respectively, 100 mL of deionized water was added and stirred well. Then, we added 270 mg of (CH3COO)2Zn and 1 M NaOH solution drop by drop to pH = 12. Afterwards, we poured the mixed solution into a suitable capacity reaction kettle, let it react for 1 h at 200 °C, performed centrifugation, and let it dry at 60 °C. This experimental procedure yielded the product ZnO-TiO2.



Graphene oxide was prepared by a modified Hummers method. First, 4 g of graphite raw material was placed in a 500 mL beaker. Then, 70 mL of concentrated sulfuric acid was added to the beaker, and the mouth of the beaker was sealed with plastic wrap. The beaker was placed on a magnetic mixer and stirred vigorously for 1 h to fully react the graphite with the concentrated sulfuric acid. Then, 12 g of KMnO4 was slowly added to the mixed solution. The beaker was placed in a warm water bath at 35 ℃ for 6 h. Afterwards, 100 mL of deionized water was added to the beaker and stirred for 30 min. Then, 40 mL of 30% hydrogen peroxide was added, and the solution turned golden yellow. Then, 30 mL of 1 mol/L HCl and 200 mL of deionized water were added and stirred for 30 min. Finally, the solution was washed by centrifugation with deionized water to neutral [34,35]. In addition, 6.5 mg/mL of graphene oxide was prepared for use. First, 1.5 mL of C12H28O4Ti, 50 mL of C2H5OH, and 1 mL of CH3COOH were mixed in a beaker and sonicated for 20 min. Then, 1.5 mL of 6.5 mg/mL GO was added and stirred evenly. The solution was put into the reactor and reacted at 200 °C for 1 h. After centrifuging twice with water and ethanol, 100 mL of deionized water and 270 mg of (CH3COO)2Zn were added. Then, 1 M NaOH was added dropwise to the solution until pH = 12. The mixed solution was put into the reactor and reacted at 200 °C for 1 h. Finally, the sample was dried at 60 °C and collected. The ideal ternary nanomaterial ZnO-TiO2-rGO was obtained [36]. The experimental procedure is illustrated in Figure 1.




2.3. Fabrication and Testing of Sensors


For gas testing, the entire system consists of a synthetic dry air unit, a programmable DC power supply (RIGOL DP832A), a digital source meter (Keysight B2902A), and a 1 L gas chamber. The synthetic dry air consists of 21% oxygen and 79% nitrogen. The programmable DC power supply controls and regulates the temperature to which the sensor is adapted by connecting a resistive wire through an electrode. A digital source meter displays the current and voltage of the sensor during operation, and the change in resistance of the sensor during operation is displayed and recorded by the Labview software in the computer. The sensor is affected by the entry and exit of air and target gas in the confined chamber, and its resistance magnitude varies with some regularity. The target gas is the vapor pressure of different substances at different temperatures calculated using Antoine’s formula, as shown in Equation (1).


    log   10   P = A − B /  (  T + C  )   



(1)




where P is the vapor pressure of the substance in mmHg. T is the temperature in °C. B and C are the corresponding constant coefficients. By calculation, the saturation vapor pressure of some organic gases will have a corresponding volume, and experiments will be performed with different sizes of syringes.



The sensor is shown in Figure 2 and consists of a ceramic tube, Ni-Cr heater, a gold electrode, and a platinum wire. The prepared nanomaterials were mixed well with a small amount of ethanol and applied to the surface of the ceramic tube to measure the gas-sensitive properties of the gas. The response of the gas sensor to the target gas is defined by Equation (2):


  S =    R g  −  R a     R a    × 100 %  



(2)




where  S  is the sensitivity of the gas sensor and also the response value of the gas sensor.    R g    is the resistance value displayed by the gas sensor in the test gas.    R a    is the resistance value displayed by the gas sensor in air.





3. Results and Discussion


3.1. Characterization


The SEM image of Figure 3a shows that ZnO-TiO2 is composed of ZnO nanorods and TiO2 nanoparticles. ZnO nanorods are dispersed in the surrounding environment. TiO2 nanoparticles are small in size and randomly stacked together. Figure 3b shows the SEM image of graphene oxide. It can be seen that graphene oxide is layered, similar to a thin film. It has very obvious folds. The SEM image in Figure 3c is ZnO-TiO2-rGO ternary nano material. ZnO nanorods and TiO2 nanoparticles are wrapped by graphene film. In addition, it can be seen that the size of TiO2 nanoparticles gradually increases and becomes obviously spherical. It indicated that in the composite process of ZnO-TiO2-rGO ternary nanomaterials, the formation of ZnO nanorods and TiO2 nanoparticles gradually changes due to the existence of graphene. Figure 3d shows the elemental contents corresponding to the EDS plots. It demonstrates that the ternary nanomaterial ZnO-TiO2-rGO adequately contains elements C, O, Ti, and Zn without the interference of other clutter elements. The percentages of elemental C, O, Ti, and Zn contents are listed in Table 1.



Figure 4 shows the elemental mapping part of ZnO-TiO2-rGO. Figure 4a mainly shows the elemental mapping of the ZnO rod range. Figure 4b mainly shows the elemental mapping of the TiO2 sphere range. It is more accurate to see that the previous SEM of ZnO-TiO2-rGO has ZnO in the rod range and TiO2 in the sphere range. For ZnO, the rod elements are basically Zn and O. For TiO2 spherical particles, the O, Ti, and Zn contents are more, indicating that for the most spherical TiO2, ZnO rods are more exposed. It can be clearly seen that the background element is C for both ZnO rods and TiO2 spheres, indicating that ZnO rods and TiO2 spheres are grown on the graphene oxide film. It is also proved that the elemental composition of ZnO-TiO2-rGO ternary nanomaterials is Zn, Ti, O, and C.



Figure 5a shows the XRD patterns of four nanomaterials, ZnO, TiO2, ZnO-TiO2, and ZnO-TiO2-rGO. ZnO displays characteristic diffraction peaks at 2θ = 31.25°, 34.72°, 36.36°, 47.83°, 54.55°, and 62.83°. They correspond to the crystal planes (100), (002), (101), (102), (110), and (103) of PDF#99-0111, respectively. TiO2 exhibits characteristic diffraction peaks at 2θ = 25.36°, 37.98°, 48.16°, 55.25°, and 62.96°, corresponding to the crystallographic planes (101), (004), (200), (211), and (204) of PDF#99-0008, respectively. The ZnO-TiO2 binary nanocomposites show diffraction peaks at 25.36°, 31.94°, 34.49°, 36.44°, 47.85°, 56.89°, and 63.05° [37]. The presence of ZnO with TiO2 is demonstrated. Figure 5b shows the ZnO-TiO2-rGO HRTEM image. After the experimental calculation by the software Gatan DigitalMicrograph, the lattice spacing of ZnO is 0.26 nm, which corresponds to the crystal plane of ZnO in XRD (100). The lattice spacing of TiO2 is 0.30 nm, which corresponds to the crystal plane of TiO2 in XRD (101) [38].



XPS can provide in-depth analysis of the surface composition and elemental composition of solid samples. Figure 6 shows the XPS spectrum of ZnO-TiO2-rGO. Figure 6a shows the full spectrum of ZnO-TiO2-rGO. It can be seen that Zn 2p, Ti 2p, C 1s, and O 1s show peaks at the binding of 1020.5 eV, 459.4 eV, 284.7 eV, and 530.3 eV, respectively [39]. Figure 6b shows the Zn 2p mapping of the nanocomposites. The binding energies of 1020.9 eV and 1043.8 eV correspond to Zn 2p3/2 and Zn 2p1/2, respectively. Figure 6c provides the Ti 2p mapping of the nanocomposite, showing two peaks centered at 457.6 eV and 463.4 eV for Ti 2p3/2 and Ti 2p1/2, respectively [40]. Figure 6d shows the C 1S diagram of the nanocomposite. The peak at the sp2 carbon atom belongs to graphene oxide, and the peak at 284.5 eV corresponds to C = C. The peak at the higher binding energy corresponds to C = O (287.8 eV) [41]. This result reinforces the successful composite of ZnO-TiO2-rGO nanocomposites.



Figure 7 shows the infrared spectra of ZnO-TiO2-rGO before and after comparison with the passage of butanone vapor. The wavelength is around 667 cm−1 for the Ti-O-Ti bond vibration absorption peak [42]. The C = C bond at a number of 1623 cm−1 and the C-O bond at a wavelength of 1048 cm−1 can be seen in the figure [43]. By comparing the two figures, it can be observed that the intensity of the peaks in the other ranges gradually decreases, but the peak at 1048 cm−1 is enhanced for the C-O bond, where O is the element in butanone and C is the element in GO. It is equivalent to the C = O bond breaking and changing to a C-O bond in this process. It indicates that the ZnO-TiO2-rGO ternary nanomaterial sensor is in contact with the GO phase when it is in contact with the butanone vapor.



Figure 7 shows the infrared spectra of ZnO-TiO2-rGO before and after comparison with the passage of butanone vapor. The wavelength is around 667 cm−1 for the Ti-O-Ti bond vibration absorption peak [42]. The C = C bond at 1623 cm−1 and the C-O bond at a wavelength of 1048 cm−1 can be seen in the figure [43]. By comparing the two figures, it can be observed that the intensity of the peaks in the other ranges gradually decreases, but the peak at 1048 cm−1 is enhanced for the C-O bond, where O is the element in butanone and C is the element in GO. It is equivalent to the C = O bond breaking and changing to a C-O bond in this process. It indicates that the ZnO-TiO2-rGO ternary nanomaterial sensor is in contact with the GO phase when it is in contact with the butanone vapor.




3.2. Gas-Sensing Properties


The sensitivity of the sensors is influenced by the operating temperature, because the change of temperature affects the response of the nanomaterials. We measured different sensors in roughly the same range of temperatures. The optimal operating temperatures of the different sensors are also shown in Figure 8a. The optimum operating temperatures of the ZnO sensor, TiO2 sensor, ZnO-TiO2 sensor, and ZnO-TiO2-rGO sensor are 336 °C, 323 °C, 390 °C, and 145 °C, respectively. It can be clearly seen that the optimal operating temperature of the ZnO-TiO2-rGO sensor is greatly reduced compared to the optimal operating temperature of the other three sensors. The lower energy consumption is more conducive to the development of practical applications. Gas sensors will respond to different organic gases to different degrees. The sensitivity of ZnO, TiO2, ZnO-TiO2, and ZnO-TiO2-rGO to eight different organic gases is shown in Figure 8b. Although the ZnO sensor has a high response to butanone vapor, it still has a high response to other organic gases, such as alcohols and ketones. This also indicates that the selectivity of the ZnO sensor is poor. The response of the TiO2 sensor to xylene and butanone is very high, and even the response to xylene has exceeded that of butanone. The response of the ZnO-TiO2 sensor to butanone is 1.93 times that of other organic gases. However, the response of the ZnO-TiO2-rGO sensor to butanone is the highest, which is 5.6 times that of other organic gases. Figure 8c shows the concentration gradient graph of the ZnO-TiO2-rGO sensor. There are corresponding 9.72%, 13%, 18.2%, 22.06%, and 38.69% values for butanone vapor concentrations of 10 ppm, 25 ppm, 50 ppm, 75 ppm, and 150 ppm, respectively. Figure 8d shows the recovery curve of the response of the ZnO-TiO2-rGO sensor to the lowest concentration of butanone vapor. A butanone vapor of 63 ppb can be detected with a response of 1.3%. Figure 8e shows more clearly the variation of the response values of the ZnO-TiO2-rGO sensor for different butanone vapor concentrations as well as the fitted curves for the responses of different butanone concentrations. The fitted curve is y = 6.43 + 0.21x, where x is the different concentrations of butanone vapor and y is the corresponding fitted response value. Figure 8f shows the test of the ZnO-TiO2-rGO sensor under different humidity environments. A certain humidity atmosphere is achieved by proportioning saturated salt solution. The response values of the ZnO-TiO2-rGO sensor corresponding to 27.5%, 25.3%, 24.3%, and 16.4% at 6.6%, 26%, 56%, and 95% humidity are demonstrated. It can be seen that the response value of the ZnO-TiO2-rGO sensor decreases slightly with the increase in humidity. Considered together, the ZnO-TiO2-rGO sensor exhibits good gas-sensitive performance for butanone vapor in terms of operating temperature, directional selectivity, and minimum detection line. Table 2 shows that the SiO2@CoO core–shell sensor has a high response to butanone, but the working temperature of the sensor is very high, which is 350 ℃. The 2% Pt/ZnO sensor also has a high response to butanone, but the working temperature of the sensor is very high, and the detection line is 5 ppm. Overall, the ZnO-TiO2-rGO sensor has a higher butanone-sensing performance.




3.3. Gas-Sensing Mechanism of the ZnO-TiO2-rGO


For ZnO-TiO2 binary metal oxides, filling with graphene oxide and its composite greatly improves the gas-sensitive performance of the sensor to butanone. Here, rGO enhances the adsorption for ZnO nanorods and TiO2 nanoparticles grow firmly on the film of rGO. Moreover, TiO2 transforms from nanoparticles to spheres, increasing the overall specific surface area. For the butanone vapor, it can contact with the rGO film and increase the contact sites. Meanwhile, rGO enhances the electrical conductivity and the transfer of electrons during gas transport. The results show that the presence of graphene reduces the detection limit of butanone vapor.





4. Conclusions


In this paper, ZnO-TiO2-rGO ternary composites were prepared by the hydrothermal method. For experimental comparison, ZnO, TiO2, and ZnO-TiO2 nanomaterials were also prepared for gas-sensitive testing. The morphology and structure of the four synthesized nanomaterials were also characterized by XPS, HRTEM, SEM, and XRD. The results show that the ternary ZnO-TiO2-rGO nanomaterials have an optimal sensor operating temperature of 145 °C and a response of 28% to 100 ppm butanone vapor. Not only can butanone vapor be detected at 63 ppb but also the ternary ZnO-TiO2-rGO nanomaterials have better selectivity than ZnO, TiO2, and ZnO-TiO2 nanomaterials. Therefore, the experimental results show that the ZnO-TiO2-rGO sensor has better sensing performance to butanone vapor.
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Figure 1. Schematic diagram of the synthesis of ZnO-TiO2-rGO nanomaterials. 
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Figure 2. Schematic diagram of the gas sensor. 
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Figure 3. SEM images of (a) ZnO-TiO2, (b) GO, and (c) ZnO-TiO2-rGO. (d) Element content of ZnO-TiO2-rGO. 
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Figure 4. (a) ZnO-TiO2-rGO elemental mapping of rod-shaped ZnO. (b) ZnO-TiO2-rGO elemental mapping of spherical TiO2. 
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Figure 5. (a) XRD patterns of ZnO, TiO2, ZnO-TiO2, and ZnO-TiO2-rGO. (b) TEM high-resolution image of ZnO-TiO2-rGO. 
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Figure 6. (a) Measured spectrum of ZnO-TiO2-rGO. (b) XPS spectrum of Zn. (c) XPS spectrum of Ti. (d) XPS spectrum of C. 
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Figure 7. Infrared spectra of ZnO-TiO2-rGO before and after the passage of butanone vapor. 
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Figure 8. (a) Optimal operating temperatures for ZnO, TiO2, ZnO-TiO2, and ZnO-TiO2-rGO sensors. (b) Response of ZnO, TiO2, ZnO-TiO2, and ZnO-TiO2-rGO sensors to different gases at 100 ppm. (c) ZnO-TiO2-rGO sensor response versus butanone concentration. (d) Minimum lower limit of ZnO-TiO2-rGO sensor. (e) The sensitivity-fitting curves of ZnO-TiO2-rGO for different concentrations of butanone. (f) Humidity curve of the ZnO-TiO2-rGO sensor. 
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Table 1. Element content of ZnO-TiO2-rGO.
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	Element
	Weight %
	Atom %





	C
	20.97
	36.47



	O
	36.19
	47.26



	Ti
	22.17
	9.67



	Zn
	20.67
	6.60



	Totals
	100.00
	100.00
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Table 2. Comparison of the sensing performance toward the detection of butanone of different sensors.
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	Materials.
	Butanone Concentration (ppm)
	Response
	Operating Temperature (°C)
	Low Detection Limit
	Reference





	TiO2 nanoflowers
	700
	1.18(Ra/Rg)
	60
	Not mentioned
	6



	2% Pt/ZnO twin-rods
	100
	35.2(Ra/Rg)
	450
	5 ppm
	7



	ZnO bicone
	100
	29.4(Ra/Rg)
	400
	0.41 ppm
	8



	WO3-Cr2O3 nanorods
	100
	5.6(Ra/Rg)
	205
	5 ppm
	9



	SiO2@CoO core shell
	100
	44.7(Ra/Rg)
	350
	Not mentioned
	10



	ZnO-TiO2-rGO
	100
	28.9%(ΔR/Ra)
	145
	63 ppb
	This work
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