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Abstract

:

Herein, a carbon nanotubes-based sensor has been grown for the purpose of ethylene detection. The prepared CNTs had a crystalline structure with a smooth surface of 11.0 nm in diameter and 10.0 µm in length. The low-intensity graphite peak (G-band) as compared to the peak of the defect (D-band) characterizes the defects in the CNTs. An MWNTs-gas sensor was fabricated for monitoring the ethylene gas. The highest response was recorded at a low operating temperature of 30 °C. The sensor was also examined at 300 ppb up to 10 ppm and it showed a response of 2% up to 28%. The sensor response and recovery time constants were varied from 60 to 300 s, depending on the gas concentration. The results that were obtained for the synthetic ethylene gas were also compared with the real measurements for banana ripening. The results confirmed that the sensor is appropriate for the monitoring of fruit ripening.
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1. Introduction


Avoiding food spoilage, such as that seen in fruits and vegetables, is the strategy of the commercial market. The fruits and vegetables are running quickly toward ripeness if they are exposed to more ethylene gas. Thus, the people responsible for transporting the product want to know how the product situation is going, and whether they need to take any action to keep it in a safe condition. For example, the condition of the fruit in various distribution chains is controlled by monitoring the ethylene level at every stage of the journey. The level of ethylene gas that is emitted from the products should be controlled when managing long-term storage.



Ethylene gas is an unsaturated hydrocarbon and a very important plant hormone. Ethylene gas emissions from the fruits during ripeness are sweet-smelling and colorless [1]. The emission of ethylene affects the aging and ripeness of adjacent fruits [2,3]. Although ethylene is useful in accelerating the ripening of fruits, it is harmful and causes food spoilage in some cases [4,5].



Few reports are available for the gas adsorption of ethylene as a detector for fruit ripening [6,7,8,9,10,11,12,13]. However, reaching cost-effective, simple, and good performance remains challenging. Gas-chromatographs [7], optical [10,11], and acoustic waves [12], which are expensive techniques, are currently used to detect ethylene gas. The electrochemical [13] and chemo-resistive [14,15] sensors are also studied. The conductometric/chemical-resistor sensors are simple, and they have the advantage of integrating into the micro-sensing device.



CNTs chemiresistor sensors have been widely studied due to their sensitivity to many gases, operation at room temperature, and extremely low detection advantage [8,16,17,18,19]. So far, there are open questions regarding the basic mechanism of CNTs sensing. It is known that the main gas sensing mechanism for a sensor that is composed of carbon nanotubes depends on the change in the concentration of the charge carriers in the nanotubes. There are two possible mechanisms: the variations of Schottky barriers at the contact points between the carbon nanotubes and metal electrodes, and the charge transfer due to the adsorption of gas molecules onto the carbon nanotubes surface.



A study was carried out for a device that was made of a single carbon nanotube connected by metal electrodes. The electrodes were covered with a protective layer, where most of the surface of the carbon nanotube was exposed. This study has provided evidence that the Schottky barrier variation is the main detection mechanism for gas sensing [20,21]. However, when experiments were performed on carbon nanotube networks, the situation became less clear, which suggests that the adsorption of gas molecules onto carbon nanotubes was primarily responsible for the conductivity change [22]. Additionally, there has been a theoretical study done on NO2 through the density functional theory (DFT). This study demonstrated that NO2 is absorbed on the tube surfaces within the network. However, subsequent work concluded that NO2 binds more strongly to the interstitial regions between tubes. Thus, the molecules preferentially interact with more carbon nanotubes [23,24]. Moreover, the gas adsorption can be affected by the defects in the tubes or local functionalization of the CNT wall, where these defects sites can provide additional places for molecular bonding [25]. Therefore, the MWNTs are a promising candidate for obtaining more induced defects and additional interstitial regions. Hence, they are suitable for obtaining a good sensitivity and better performance towards gas molecules.



In this work, a sensing device was designed based on defect-induced CNTs that were synthesized by the PE-CVD technique for ethylene detection at low operating temperatures and very low gas concentrations. Raman spectroscopy and FESEM microscopy characterized the CNTs. The effect of working temperature on the sensor response under exposure to synthetic ethylene gas was also presented. The sensor was also tested at different ethylene concentrations to demonstrate the calibration curve and sensor ability in detecting a wide range of gas concentrations (300 ppb to 10 ppm). The sensor was investigated under a real condition for monitoring ethylene gas, which banana fruits produce during natural ripening.




2. Materials and Methods


Figure 1 illustrates the steps for the synthesis of the CNTs and the gas sensing device. The CNTs were grown on the Si/SiO2 substrate. At first, the substrate was cleaned by deionized water, followed by ethanol, and drying in air. The substrate was coated with a Cr layer of ~5 nm and followed by a Ni catalyst layer of 18 nm, which was deposited using DC-sputtering. The substrate was then processed to grow CNTs by the PECVD method. The growth of CNTs was carried out using the system of the first-nano PECVD (3000-EasyTube-model). The carbon product obtained was carefully scratched for application in the characterization and sensing investigation.



The CNTs morphology was analyzed by using FE-SEM of Model JEOL JMS-7600F with low and high magnifications. The structure of CNTs was analyzed by confocal Raman microscope (LabRAM HR800) at room temperature and an ambient atmosphere with a He-Ne wavelength laser of 633 nm and power of 20 mW.



For fabricating the sensing device, two gold electrodes of ~200 µm were deposited on a glass substrate using DC sputtering, which was followed by scratched CNTs deposition (suspension in ethanol). Before the measurement, the sensor was dried at 60 °C for 30 min. in ambient air. The sensor was then tested using the gas sensing measurements system of model GSM-6000A. The system contains MFCs and a temperature-controlled Linkam chamber of model Linkam HFS600E-PB4 probe with a thermal stage of temperature accuracy of 0.1 °C, as shown in Figure 2. For examining the sensing performance, the sensor resistance was attained for the baseline in the airflow. The ethylene was passing in the sensing chamber with dry air at a flow rate of 200 mL/min. with a pressure of 1.0 atom. To keep the signal style, the sensor was exposed to the gas for ~200 s and then left to recover to the baseline for ~ 200 s. However, in some cases, the sensor may need more time to reach equilibrium. The measurements were performed using data acquisition (Keithley-2010, SweepMe 1.5.5 software). The sensing measurements were then carried out at various working temperatures that started from 30 °C up to 100 °C.




3. Results and Discussions


3.1. Morphology and Structure of CNTs


The morphology and structure of CNTs were expressed through scanning electron microscopy (SEM) and transmission electron microscopy (TEM), as shown in Figure 3. The FESEM images were observed for two high magnifications of 80,000 and 220,000, where CNTs morphology was described as a porous-like structure, as shown in Figure 3a,b. These porous CNTs are curvy, lengthy, and present interstitial contacts. The observed length and diameter of CNTs were about ~10 µm and ~11.0 nm, respectively. The diameter of the CNTs demonstrated that the CNT is combined with multilayers (MWNTS). The microstructure and materials morphology has numerous effects on the gas adsorption/desorption process onto the surface of the sensing layer. Thus, the curvy, lengthy, and porous structure is the most suitable for sensing performance. This type of structure has more surface defects, which work as active sites for gas molecules. Figure 3c,d present the relevant TEM images, which show that CNTs are multi-walled nanotubes and the diameter of the synthesized MWCNT was about 10–12 nm.



Raman analysis provides important information regarding the structure throughout the degree of crystallinity and disordering of the fabricated materials. The Raman spectrum qualitatively observed the defects inside the CNTs. The Raman spectrum of the fabricated CNTs was measured in the wavenumber range of 100–2800 cm−1 through a He-Ne laser of 633 nm, as shown in Figure 4. Three modes were detected in the Raman spectrum, in which the peaks were assigned to D-, G-, and G’-bands corresponding to 1330, 1595, and 1645 cm−1, respectively [26]. The intensity of the D-band was ascribed to the high defective points, where the ratio in the intensity of D/G peaks is approximately 2.1, which refers to defect-induced CNTs [27]. The observed bands describe the stretching vibrations of C-C bonds. The G-band is ascribed to the in-plane bond of stretching motion of Sp2 pairs hybridized carbons and assigned to the symmetry of E2g. The D-band describes the breathing mode of A1g symmetry due to the disordering [28]. The G’-band provides information regarding the different interactions of the graphite interlayers in the depth of CNTs. The intensity ratio of G’- to G-band (G’/G = 0.17) indicates the multilayer formation of CNTs [29,30,31].




3.2. Sensor Response towards Ethylene Gas at Various Temperatures


The fabricated sensor was tested on 500-ppb-ethylene gas at various operating temperatures to define the most sensitive temperature. The operation/working temperature was varied from 30 °C up to 100 °C. Figure 5 shows the one-cycle signal of the sensor at various operating temperatures. The signal exhibited the effect of the gas on the electrical resistance of the sensor. The resistance increased upon exposure to the gas and then decreased when the gas flow was switched off. The signal is strong at a low temperature of 30 °C; however, it is weak at a high temperature of 80 °C, indicating the influence of the operating temperature on the sensor outputs. The electrical resistance decreased due to the increase in the operating temperature, showing semiconductor-like behavior. The selectivity of operation temperature confirmed the ability of the sensor to work at a low temperature of 30 °C.



Figure 6 calculates and depicts the sensor response based on the sensor outputs presented above. The sensor response (sensitivity, S) is defined as:


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



(1)




where Ra and Rg are the sensor resistances in air and air including gas, respectively. The response/sensitivity calculated at 30 °C is about 3%, corresponding to a low gas concentration of 500 ppb. This response gradually decreased to 2.8, 1.5, 1.0, 0.7, and 0.0% with increasing the working temperature to 40, 50, 60, 70, 80, and 100 °C, respectively. The empirical equation (S% = 4.88 − 0.062 T, where T in Celsius (°C)) formulated this decrease in the sensor response. The reduction in the sensor response at high temperatures may be explained in light of the results that were observed by Albesa et al. for the adsorption isothermal for ethylene on the CNTs [32]. In their study, the adsorption isotherms for ethylene on homogeneous nanotube were studied at 153, 273, and 343 K. They observed that the initial adsorption started at very low pressures and occurred on the interior sites of the CNTs. They found that, at 153 K, the adsorption curve displayed a sub-step at an average number of adsorbed molecules of 200. It was ascribed to the achievement of the first layer of ethylene molecules on the outer surface of CNTs. They also studied the effect of temperature on the simulated isotherms for ethylene that corresponds to the subsequent filling of the adsorption sites. The results concluded that, for all three temperatures, the density of the adsorbed phase in the internal sites of CNTs remained the same, while it was not the situation for the external sites. A disorder was observed for a gas molecule layer at the exterior surface of CNTs and it increased at high temperatures. Thus, their results are in agreement with the present sensing data, where it is expected that the adsorption of ethylene molecules will be much less at high temperatures.




3.3. Sensor Response towards Ethylene Gas at Various Concentrations


The sensor was also investigated at various gas concentrations to understand its performance and demonstrate the calibration curve. This study was carried out at the most sensitive temperature of 30 °C. Figure 7 shows the resistance change (ΔR) of the device versus time as a function of gas concentration. The signal was recorded at the various gas concentrations of 300, 500, 1000, and 2000 ppb in sequence. The sensor signals increased with an increase of the gas concentration and exhibited a quick response/recovery towards the gas on/off.



For further investigations, the sensor was tested towards higher gas concentrations of 5.0 and 10.0 ppm at 30 °C. The signal was repeated five times to achieve the reversibility and repeatability of the sensor signals. The cycle time of the signal at these two concentrations is approximately 500 s (we give more time for the recovery time), as shown in Figure 8. The sensor outputs confirmed the repeatability and reversibility of the sensor signals. Based on the results that are observed in Figure 7 and Figure 8, the calibration curve was demonstrated, as shown in Figure 9. The calibration curve showed the ability of the sensor to respond and distinguish the change in gas concentration. However, two regions were observed for this curve; the first region is from 0.3 ppm up to 2.0 ppm, and the second is from 2.0 ppm up to 10 ppm. Both of the regions were proposed by a straight line with slopes of ~5.18 and ~2.17, respectively. The first region was ascribed to the high response towards the low gas concentrations. It may be due to the limitation of the active sites. The surface-active sites play an important role in sensor response.



The response and recovery time constants are very important parameters for describing the features of the sensor. These constants are defined as the time taken for resistance to reach 90% of its equilibrium (response/recovery), as demonstrated in the inset of Figure 10. The response and recovery times are calculated as a function of the gas concentration for the signal that is reported in Figure 7 and Figure 8. The response time constant (black mark) is about 60 s at a gas concentration of 0.3 ppm and it increased up to ~110 s at 10 ppm, as plotted in Figure 10. The recovery time constant (red mark) is ~120 s at a low concertation of 0.3 ppm and it increased linearly with an increasing the gas concentration. The response and recovery of the sensor are fast and reasonable.



The uncertainty/accuracy in the sensor response was calculated from the cyclic signals. The sensor response was measured at various cycles at gas concentrations of 5 and 10 ppm, as shown in Figure 8. Figure 11b clarifies the repeated signal at a low gas concentration of 300 ppb and the sensor response as a function of cycle number (inset) at this concentration. The sensor response is calculated as a function of the cycle number for 0.3, 5.0, and 10.0 ppm, as shown in Figure 11. Because there is no standard to measure uncertainty, we consider the first value of the response as the reference value, and then the change in the sensor response was calibrated to this value. We found that the uncertainty depends on the gas concentration. The best values of the sensor responses that were considered for 0.3, 5.0, and 10.0 ppm were 2.0, 15.3, and 27.9, respectively. The uncertainty was ±0.15, ±1.0, and ±0.2 for gas concentrations of 0.3, 5.0, and 10.0 ppm, which corresponded to exact percentage errors of 7.5, 6.5, and 0.7%, respectively. It seems that, at low concentrations, the uncertainty or error percentage, as compared to the sensor response, is higher than that of high concentrations. The reason is not well understood. However, we can assume that, at low gas concentrations, the gas molecules may not fill all active sites of the surface and they may adsorb on different sites at every cycle. Therefore, the response is not coming from the same active sites for every cycle. At high gas concentrations, the ethylene molecules might achieve a complete layer on the surface and the gas molecules fill most of the active sites, which results in a more stable sensor signal for every cycle.




3.4. Sensor Performance toward Various Gases and Humidity Conditions


Various gases, such as NO2, NO, ethanol, acetone, and ethylene, were tested at the same working temperature of 30 °C to facilitate the comparison, and even the concentration was higher than ethylene concentration. The histogram of Figure 12 and its inset show the sensor signal and sensor response toward these gases. The sensor responds to these target gases, but with a different level of performance. The sensor signal shown in the inset exhibited that the sensor response and recovery of ethanol and acetone gases are faster than that of NO2 and NO gases. The response to these gases has been calculated and compared, showing that the CNTs sensor is more sensitive for ethylene gas. It can be concluded that the CNTs-based sensor has good selectivity toward ethylene gas. The highest responses are found for ethylene, while the other gases show lower response values, as shown in Figure 12.



The effect of humidity on the performance of the fabricated gas sensor is applied by subjecting it to different humidity levels using a controlled humidity chamber (Humidity Series, Sheldon Manufacturing, Inc.). Figure 13 presents the effect of humidity conditions on the resistance of the fabricated sensor. Upon exposure to the humidity, the sensor resistance did not change until 50% humidity; however, it slightly increased with higher humidity. It was found that the maximum relative resistance change at 80% RH is about 0.02, which can be neglected. The results confirm that the present sensor can work well at various levels of humidity conditions.




3.5. Sensor Response in a Real Condition


The device was tested to monitor the natural ripening of banana fruits in order to investigate the ability of the present sensor for monitoring the fruit quality. Xiao et al. reported a considerable study of ripeness controls by the ethylene production of natural ripeness of banana, 1-MCP-delayed, and ethylene-induced ripening [1]. They observed that the produced ethylene in natural ripening increased significantly after the 15th day of banana storage, attained the maximum level on day 18, and it then gradually reduced. Based on Xiao’s study, we have used a similar strategy as a guide for testing our device with banana natural ripening with ethylene production. Thus, a green-yellowish banana was brought as fresh fruit from the market. The ripeness of the banana over five days was detected by monitoring its produced ethylene. The measurements were carried out by placing the banana inside the glass jar, and then the synthetic air was flow at 200 SCCM through the jar to the sensing measurement chamber. The elapsed time from placing the banana to flow the air through the jar was approximately 5 min. to collect more gas from the banana. Figure 14 shows the estimated sensor response of the present device as a function of the ripening days at a working temperature of 30 °C. The sensor response of the green banana is about 2.8% on the first day of measurement. This response increased up to 7% on the third day, where the banana becomes mostly yellowish, and the ethylene emits at its highest level. With continued measurement for the fourth and fifth day, the dark spots started to cover the banana, and the sensor response decreases to the level of the first day. According to the data that were obtained in Figure 9, the equivalent ethylene concentration that is deduced from the sensor response during the banana ripening measurement can be estimated by the equation obtained from the first fitting line (S% = 5.18% C, where C is the gas concentration in ppm). The estimated ethylene concentration is presented as a histogram of the right side of Figure 14. These results are in agreement with the results presented by Xiao, confirming the ability of the present sensor to be integrated as a device for monitoring food quality.



We also performed cycling on a CNTs-based sensor to investigate the repeatability of the fabricated sensor, as shown in Figure 15. Figure 15a shows the response changes of the CNTs-based sensor as a function of time when the sensor was exposed to five cycles of a sequence of air, including produced ethylene (response for 180 s) and dry air (recovery for 300 s), according to three bananas with a different level of ripening, as shown in Figure 15b. It was found that the sensor has a good sensing performance during the sensing cycles without sensing decay, which suggests that the sensing characteristics were repeatable. Moreover, it is sensitive to various levels of banana ripening.




3.6. Sensing Mechanism toward Ethylene


The elucidation of the sensing mechanism of gas sensors based on CNTs remains challenging. In the present study, we attempt to propose a sensing mechanism that considers the intra-CNT mechanisms, which are modes of interaction between the analyte and CNTs. They include changes in the number or mobility of charge carriers and the generation of defects on the walls of CNTs. Charge transfer that is directly or indirectly induced by gas interactions will modulate the conductance of the CNTs by changing the concentration of the majority charge carriers. Because CNTs are p-doped, the exposure to further oxidizing gas will increase the hole conduction and cause a decrease in the resistance, while reducing gas will induce the reverse effect. The resistance increased when the ethylene molecules were introduced to the CNTs sensing layer, which suggested that more electrons are injected into the CNTs, where ethylene is bound with the CNTs at the interstitial or defect points, as shown in Figure 16. The direct charge transfer between the analyte and CNTs has been identified as a major sensing mechanism [33].



In the contact mechanism, the electrons are transferred between the Au electrode terminals to the CNT. The Fermi level of both materials reaches equilibrium where the Au Fermi level approaches the lowest unoccupied molecular orbital (LUMO) of the CNT [17,18]. The ethylene molecules that accessed the sensor may bind with the electrode contacts, which decreases the carriers transport between the CNTs and Au electrode. However, we expect that the possibility of this mechanism contributing to the sensor conductivity is low when compared to the direct reaction with CNTs due to the large surface of CNTs, which are linked in a gap of 200 µm between electrodes. It is expected that there are large interstitials and defective sites in the sensing layer when compared to the electrode area. In other words, the mechanism of the Schottky barrier at the Au-contacts might be ignored here.





4. Conclusions


In summary, the CNTs were fabricated by plasma-enhanced chemical vapor deposition (PE-CVD), where the Si/SiO2 substrate was coated by the Cr layer, followed by the Ni layer as catalysts. CNTs were indexed as defect-induced MWNTs with a high intensity of D-band when compared to the graphitic G-band. The morphology of CNTs exhibited features, such as a length of 10 µm and diameter of 11.0 nm. CNTs fabricated the gas sensing device, and it was applied for investigating the detection of ethylene gas at various temperatures and gas concentrations. The sensor showed a high response towards the low concentrations of ethylene gas. The maximum response recorded is approximately 7% at a temperature of 30 °C and gas concentration of 500 ppb. This response considerably increased up to ~29% when the gas concentration increased to 10 ppm. However, the sensor becomes less sensitive at high temperatures and insensitive at 100 °C. The present results show the capability of the defect-induced CNTs sensor. The response and recovery time constants were found to increase with the gas concentration with the reasonable values of 60–300 s at 0.3–10 ppm. The uncertainty in the sensor response is approximately ±0.15, ±1.0, and ±0.2 for 0.3, 5.0, and 10 ppm, corresponding to exact percentage errors of 7.5, 6.5, and 0.7%, respectively. Moreover, the device was tested in real conditions. The ability of the present sensor to monitor the fruit quality was investigated for monitoring the natural ripening of banana fruits. The sensor showed a good sensing performance during the sensing cycles without sensing decay, which suggests that the sensing characteristics were repeatable. The sensor that has been presented here demonstrated its ability to work well in food quality monitoring.
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Figure 1. The steps for CNTs preparation and device fabrication. 
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Figure 2. Scheme of gas sensing instrument, including MFCs, Linkam chamber attached with the heating system, electrical measurement, and sensor design. 
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Figure 3. (a,b) Field emission scanning electron microscope images, (c,d) TEM and HRTEM images of the prepared CNTs. 
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Figure 4. Raman spectrum of the prepared CNTs demonstrated the D-, G-, and G’-bands. 
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Figure 5. The sensor signal at various working temperatures of 30–100 °C. 
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Figure 6. The sensor response toward 500-ppb ethylene gas at various working temperatures. 
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Figure 7. The sensor signal as a function of time at various gas concentrations. 
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Figure 8. Five cycles of sensor signal at a working temperature of 30 °C for 5 ppm and 10 ppm. 
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Figure 9. Sensor response as a function of gas concertation at a working temperature of 30 °C. 
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Figure 10. The response and recovery time constants as a function of gas concentration calculated from device signal measured at 30 °C. The inset shows the method for calculating the response and recovery time constants. 
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Figure 11. (a) The sensor response as a function of cycles number for a concentration of 5 and 10 ppm calculated from the device signal measured at 30 °C. (b) Cyclic sensor response for a gas concentration of 300 ppb at 30 °C, and the inset shows the sensor response as a function of cycle number. The error percentages for concentrations of 300 ppb, 5 ppm, and 10 ppm are 7.5%, 6.5%, and 0.7%, respectively. 
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Figure 12. Sensor response toward various gases, such as NO2, NO, ethanol, acetone, and ethylene. The inset shows the sensor signal toward these gases. 
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Figure 13. Relative resistance of the sensor at various humidity conditions for the fabricated sensor measured at 30 °C. 
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Figure 14. Sensor response of a single banana as a function of the ripening days, detecting the ripening of banana over five days. 
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Figure 15. (a) A repeated sensor signal (five cycles) for (b) different bananas at different ripening levels. 
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Figure 16. Sensing mechanism of defect-induced carbon nanotubes. 
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