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Abstract

:

Solid-state chemiresistive gas sensors have attracted a lot of researchers’ attention during the last half-century thanks to their ability to detect different gases with high sensitivity, low power consumption, low cost, and high portability. Among the most promising sensitive materials, carbon nanotubes (CNTs) have attracted a lot of interest due to their large active surface area (in the range of 50–1400 m2/g, depending on their composition) and the fact that they can operate at room temperature. In this study, single-walled carbon nanotube (SWCNT)-based sensing films were prepared and deposited by spray deposition for the fabrication of gas sensors. For the deposition, various SWCNTs were prepared in deionized water with the addition of specific surfactants, i.e., carboxymethyl cellulose (CMC) and sodium dodecyl sulfate (SDS), which act as dispersing agents to create a suitable ink for deposition. This study aims to elucidate the possible differences in the sensing performance of the fabricated devices due to the use of the two different surfactants. To achieve this goal, all the devices were tested versus ethanol (C2H5OH), carbon monoxide (CO), nitrogen dioxide (NO2), and ammonia (NH3). The produced devices demonstrated high selectivity towards NH3 and NO2. The different sensors, prepared with different deposition thicknesses (from 0.51 nm to 18.41 nm), were tested in dry and wet conditions (40% humidity), highlighting an enhanced response as a function of relative humidity. In addition, sensor performance was evaluated at different working temperatures, showing the best performance when heated up to 150 °C. The best sensing conditions we found were against NO2, sensors with 10 layers of deposition and an operating temperature of 150 °C; in this condition, sensors showed high responses compared those found in the literature (62.5%—SDS-based and 78.6%—CMC-based). Finally, cross-sensitivity measurements showed how the produced sensors are good candidates for the practical and selective detection of NO2, even in the presence of the most important interfering gases identified, i.e., NH3.
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1. Introduction


The existence of various harmful and polluting gases, including carbon monoxide (CO), carbon dioxide (CO2), ammonia (NH3), nitrogen oxide (NOx), sulfur oxide (SO2), and hydrogen (H2), has led to the development of advanced systems of gasses detection. Gas molecules are traditionally detected using gas chromatography (GC) [1] coupled to mass spectrometry (GC-MS) [2], atomic emission detection (AED) [3], and Fourier transmission infrared spectroscopy (FTIR) [4] methods, which provide accuracy, reliability, and high sensitivity [1]. However, these instruments are typically bulky, consume high power, and generally require time-consuming analyses and qualified experts for their operation and maintenance. To overcome these limitations, high-performance gas sensors are emerging as valuable alternatives to these techniques, especially in terms of the so-called “4S” rule, referring to sensitivity, selectivity to target gases, the speed of response/recovery, as well as chemical and signal stability [5]. In general, gas sensors can be classified into several main categories based on their transduction mechanisms, with some examples including surface acoustic wave (SAW) [6], electrochemical [7], catalytic [8], optical [9], quartz microbalance (QMB) [10], and chemiresistive gas sensors [11,12]. The latter group is considered an extremely attractive candidate, especially thanks to its fast response, low production cost, portability, and ease of use. In fact, chemiresistive gas sensors are employed in many fields of applications, including precision farming, the quality control of foods and beverages, the screening of clinical pathologies, and environmental protection for public safety [13,14]. The detection mechanism of chemiresistive gas sensors is based on the different interactions between a target gas (adsorbate) and the sensor surface (adsorbent), resulting in a change in the physical and/or chemical properties of the sensing layer [15,16]. In particular, the change in resistance, in the presence of different gases, is an intrinsic property of the sensing material [17].



Among the different types of sensing layers, nanostructured materials including nanowires, nanobelts, nanotubes, nanorods, and nanofibers have shown superior features such as a high surface area and stability, leading to improved sensing quality in relation to bulk materials [18,19,20,21].



An extremely promising category of nanomaterials is constituted by carbon nanotubes (CNTs), which are a graphene derivatives employed in many research fields since their discovery [22,23]. To date, different approaches can be utilized to produce CNTs, such as chemical vapor deposition (CVD), plasma-enhanced chemical vapor deposition (PECVD), laser ablation plasma-based synthesis, arc discharge evaporation, and thermal synthesis process [24]. Additionally, different types of CNTs can be synthesized i.e., single-walled carbon nanotubes (SWCNTs), double-walled carbon nanotubes (DWCNTs), and multi-walled carbon nanotubes (MWCNTs) [25,26].



SWCNTs, in particular, possess numerous attractive characteristics such as a large active surface area (range of 50–1400 m2/g depending on their composition), excellent mechanical properties, high thermal and electrical conductivities (typically 2000–6000 W/m K and 104–105 S/cm), good heat conductance, and exceptional thermal and chemical stability with appealing functionalization capability [27,28,29,30]. According to the chirality, SWCNTs can present metallic or semiconducting behaviors [31]. SWCNTs have been widely investigated for gas sensing because of their sensitivity, room temperature (RT) operation, and low limit of detection (LOD), within the ppb range (e.g., Li et al. showed a LOD of 44 ppb for NO2 [32]). Under ambient conditions, SWCNTs can be used to identify small concentrations of target molecules, resulting in high sensitivity. With regards to the sensing mechanism of SWCNT-based chemiresistive sensors, the main operating principle relies on the charge transfer that takes place between the SWCNTs and the target molecules that accept (e.g., NO2 and O2) or donate (e.g., NH3) electrons when adsorbed to the active material [33,34]. To improve the desorption process and therefore the dynamism of revelation, the thermo-activation of the sensing material is typically performed [35]. SWCNT-based chemiresistive gas sensors have shown good sensitivity to NH3, NO2, volatile organic compounds (VOCs), and humidity [36,37,38].



All these properties make SWCNTs good candidates as sensing materials and have already found potential use in many applications [39,40].



To perform a good deposition, SWCNTs are usually dispersed in a solvent (e.g., water and organic solvents). The SWCNT dispersion is commonly deposited by dip coating, spraying, and spinning on the active area [41,42,43].



However, when dispersed in a solvent, SWCNTs typically tend to bundle because of the strong π–π bonding and van der Waals forces. This is a drawback in the process of the fabrication of SWCNT-based film since, in water, they form agglomerates, leading to the deposition of non-homogeneous films. Different techniques are employed to de-bundle the aqueous dispersion of SWCNTs. One of the main techniques used for this purpose is the use of surfactants. Sodium dodecyl sulfate (SDS), sodium dodecylbenzene sulfate (SDBS), sodium cholate (SC), and dimethylformamide (DMF) are examples of various surfactants and organic solvents that can be employed to de-bundle SWCNT aggregates. In this framework, carboxymethyl cellulose (CMC) is a common cellulose derivative that is employed in a variety of applications since it is safe, biodegradable, biocompatible, and hydrosoluble. As a result, CMC stands out as an excellent candidate for SWCNT suspension [44]. On the other hand, SDS is an optimal competitor for the suspension of SWCNTs. Indeed, the presence of SDS reduces the tension surface of the water solution, and the electrostatic repulsion between SWCNTs and the hydrophilic sulfate group of SDS makes it a strong stabilizing agent for the suspension of SWCNT [45].



In this study, we focused our efforts on the detection of NH3 and NO2 gas molecules with SWCNT-based chemiresistive gas sensors. SWCNT dispersions were developed by using either CMC or SDS as dispersing agents in order to study the influence of surfactants on the SWCNT sensing performance. After spray deposition, the gas sensing properties of the devices towards different gases were investigated. First, the devices were tested in dry and wet air and different concentrations of target gases were used to identify the best possible working environment. Then, the sensors were tested on the target gases (NO2 and NH3) at different operating temperatures. The concentration of the target gas was set according to the corresponding threshold limit value (TLV), i.e., 0.2 ppm for NO2 and 25 ppm for NH3. Finally, the cross-sensitivity test was conducted to investigate the behavior of SWCNTs in complex mixtures. In the optimal-testing conditions, we recorded response values of 62.5% (SDS-based sensors) and 78.6% (CMC-based sensors) for exposure to 2 ppm NO2 (40 RH% and 150 °C). Several studies were focused on the detection of NH3 and NO2 molecules using the SWCNTs as the sensing material [38,46]. To the best of our knowledge, this is the first comparison that investigates the role of surfactants in the detection of NH3 and NO2 molecules using an MEMS-fabricated gas sensor platform and that takes into account the cross-sensitivity between the two target gas.




2. Materials and Methods


2.1. Fabrication of Microheater Chemiresistive Gas Sensing Platform


In this study, a micro-heater platform was used for gas measurement purposes. Details on the microfabrication process were previously reported [11,47]. The device includes a low-stress suspended membrane on a silicon substrate, composed of a stack of SiO2/Si3N4/SiO2 (silicon dioxide–silicon nitride–silicon dioxide), which enables low power consumption during the device heating. On the membrane, two interdigitated electrodes and a heater, separated by a layer of dielectric material, were present. Both the electrodes and the heater were made of titanium (Ti) and platinum (Pt), with thicknesses of 10 nm and 120 nm, respectively. The size of the final gas sensor substrate was   3 × 3     mm  2    and it was connected to a TO-39 (a holder enabling integration with electronics) through ball bonding (Figure 1).




2.2. Preparation of SWCNT Dispersions


To disperse the SWCNTs (P3-SWCNT, Carbon Solutions, Inc., Riverside, CA, USA) in water, two different surfactants were used, i.e., CMC and SDS. They were used to disperse and untangle the SWCNT bundles. An already published procedure was used for the dispersions of SWCNTs with the two different surfactants [48].



For the CMC-SWCNT dispersions, as a first step, 0.5% wt of CMC was added to deionized (DI) water, as reported in [49,50]. A 0.05% wt concentration of SWCNTs was then mixed with the already prepared CMC stock solution. Using a horn sonicator probe (Fisherbrand FB-505), the CMC-SWCNT-based dispersion was homogenized for 25 min, alternating 50% and 30% of the power in 5 min cycles.



The resulting dispersion was centrifuged (Thermo Scientific SL 16, equipped with an F15-6 rotor, Waltham, MA, USA) for 100 min at a rotation speed of 13,000 rpm. The same procedure reported for CMC-SWCNT dispersion was used also for the dispersion of SDS-SWCNTs.




2.3. SWCNT Spray Deposition on Chemiresistive Gas Sensing Platform


SWCNTs were deposited on the microheater-based chemiresistive platform by spray deposition. For the deposition, an automated spray system (Nordson E4 EFD, UK) was used. The spray system was composed of an industrial air atomizing spray valve connected to an automated motion platform and a hot plate. For all the deposition procedures, the sample-to-nozzle distance was kept constant, whereas the hot plate temperature was kept at 70 °C to evaporate the solvent [51,52]. The previously prepared SWCNT dispersions were diluted in ratio of 1:15 in water and spray-deposited on top of the   3 × 3     mm  2    micro-heater-based silicon substrates in an intermediate spraying regime. To confine the spray deposition in the area on the interdigitated electrodes, a shadow mask was used.



A well-dispersed and high-quality residual-free SWCNT network was required for optimal charge conduction in gas sensors. To investigate the effect of different dispersants on the properties of SWCNT films and hence on their gas sensing performance, the same spray procedure was replicated for the dispersion of both CMC-SWCNTs and SDS-SWCNTs. Additionally, to obtain a better understanding of the sensing mechanism of ultra-thin SWCNT films, different film thicknesses were used, and then their sensing efficiencies were compared.



During the post-treatment, the surfactants which were used to prepare the SWCNT dispersions were removed from the deposited thin films, hence changing the film behavior from insulating to conductive.



For this purpose, as per the procedure reported by A. Abdellah et al. [53], CMC-SWCNT samples were placed in diluted nitric acid solution (HNO3—2.9 M) overnight (for ≥12 h) at room temperature. For the subsequent complete removal of the surfactant, the samples were placed in DI water for 10 min and were then annealed at 100 °C for 60 min [54]. The samples which were prepared with SDS-SWCNT dispersions were placed in DI water for 10 min under atmospheric conditions, and then annealed at 100 °C for 10 min [51]. With both surfactants, four different sensors were made with depositions of 10, 50, 100, and 150 layers, where a layer was defined as a single spray deposition.




2.4. SWCNT Material Characterization


Scanning electron microscopy (SEM) was carried out using a Jeol JSM-7401F equipped with a Bruker EDX detector to perform morphological analyses. In order to achieve the highest image quality, the working distance was changed within a range of 2–3 mm.



To analyze the morphology of the SWCNT thin films, a core atomic force microscope (AFM) from NanoSurf AG (Liestal, Switzerland) was used.



A four-point probe station was used for the characterization of the electrical proprieties of various SWCNT films.



More specifically, the characterization process was carried out using Karl Suss Manual probing station PM8 (SUSS MicroTec Semiconductor, Garching, Germany), equipped with a 4156C precision semiconductor parameter analyzer (Agilent Technologies, Santa Clara, CA, USA).



The Kratos AXIS UltraDLD instrument (Kratos Analytical, Manchester, UK) was used for the X-ray photoelectron spectroscopy (XPS) measurements. The instrument included a monochromatic Al Kα (1486.6 eV) X-ray source and a hemispherical analyzer. For the measurements, both the two surfactant-based SWCNT dispersions were spray-deposited on glass substrates with a different number of deposition layers. For all the samples, the survey and the high-resolution scans of the Na 1s, C 1s, and O 1s core levels were collected. XPS quantification was performed using the instrument sensitivity factors and the high-resolution scans. Charge compensation was achieved using a neutralizer and all the core levels were referenced to the C-C/C-H component in C 1s at 285.0 eV. All the XPS data were analyzed using the software described in [55].




2.5. Gas Measurement Setup


The as-prepared devices were then characterized in a customized gas chamber. A schematic diagram of the apparatus is depicted in Figure 2. In order to measure the sensor performances under different environmental conditions, the electrical measurements of the sensors were performed in a dedicated gas setup composed of gas cylinders, mass flow controllers, a sealed gas chamber where the devices were placed, and an electronic system for the signal read-out. With this setup, it was possible to flow a combination of carrier gases (synthetic air—80% N2; 20% O2) and target gases, which are useful in order to characterize the sensing performance of the devices in a controlled environment. For all the different tests, the total flux was kept constant at 200 sccm. Mass flow controllers were used to control the gas concentration in the gas chamber. The target gases used for this investigation were C2H5OH (ethanol), CO, NO2, and NH3. The sensor response was characterized by exposing the sample to various concentrations of the test gases, and the conductance of the films was constantly recorded through the electronic interface to the data acquisition system. The humidity level was controlled by passing an additional dry airline through a bubbler, filled with deionized water. The relative humidity in the gas chamber was measured by the SHTC3 (Sensirion) digital humidity sensor (1.0% accuracy) [47].





3. Results and Discussion


3.1. SWCNT Film Characterization


The morphology, composition, and electrical proprieties were characterized by SEM, AFM, XPS, and a four-point probe station.



The SEM was used to examine the morphology of the pristine SWCNT powder, as shown in Figure 3. The SEM images of SWCNTs were obtained at various magnifications. The individual tube lengths ranged from 0.5 to 3 µm and showed an average diameter of 1.4 nm. The SWCNTs tended to occur as bundles with lengths of 1–5 µm and average diameters of 2–10 nm.



The morphological characterization of the sprayed layers of CMC- and SDS-based dispersions over glass substrates was performed by AFM imaging, to evaluate the quality and homogeneity of the sprayed layers. As shown in Figure 4 and Figure 5, the concentration of the SWCNTs increased as a consequence of the number of layers increases. The bright dots visible in both figures could be surfactant residuals over the SWCNT surface. Homogeneity obtained in the deposition confirms that spray deposition was an ideal technique for obtaining the excellent deposition of SWCNTs, as also reported by Shkodra et al. [56].



To understand the chemical composition of spray-deposited films XPS analysis, which revealed the presence of sodium, oxygen, carbon, and silicon in both CMC-SWCNT and SDS-SWCNT samples (see Table 1) was performed. While the presence of Si was due to the use of quartz as a substrate for the characterization of SWCNT-based films, Na was a residue of the surfactants used to disperse the SWCNTs in water. Both CMC and SDS molecules contained Na, and its presence, albeit at a low atomic concentration (≤3%), showed that the washing step following the deposition of the SWCNT-based dispersions did not completely remove the surfactant used from the SWCNT sensing layers.



XPS analysis showed that the elemental composition of the samples did not change significantly by changing the type of surfactant (Figure 6 and Table 1). Figure 6a,b also show the presence of specific functional groups (i.e., -C-OH, -C-O-O-, and -C=O) for both the CMC- and SDS-based films. This can be partially justified by the datasheet of the commercial SWCNTs (P3-SWCNTs) [57]; the powder was indeed purified with HNO3 and contained 1.0–3.0 % atomic% carboxylic acid. However, an increase in the -C-OH, -C-O-O-, and -C=O components for the SWCNT-CMC films compared to the SDS-SWCNT ones is shown (Figure 6a,b) [58]. The oxidation state of the SWCNTs with CMC probably increased due to the use of HNO3 during the washing treatment of the deposited layers, which allowed the surfactant to be coarsely removed from the sensing material, but at the same time, it acted as an oxidizing agent towards the SWCNTs [59].



XPS analysis was also used to calculate the average deposition thickness of the sprayed films by analyzing the attenuation of the photoemission intensity of the Si 2p peak relative to the quartz substrate, due to the presence of the SWCNT overlayer [60,61,62]. More specifically, we used the following equation to calculate the thicknesses of the films [60]:


  d =  λ  SWCNTs   ∗ ln  (     I 0   I   )   



(1)




where d is the thickness of the SWCNT layer; λSWCNTs is the effective attenuation length (EAL) of electrons for the SWCNT layer; I0 is the Si 2p emission intensity related to the blank quartz, not covered by the SWCNT layer; and I is the intensity of Si 2p photoelectron emission of quartz for CMC-SWCNT and SDS-SWCNT samples [60]. Since a λ value for SWCNT layers was not available in the literature, the EAL of graphene was taken into account, which could be assumed, with a good approximation, to be similar to SWCNTs [62]. As a matter of fact, in both CMC-SWCNT and SDS-SWCNT layers, the higher number of layers deposited through spray deposition resulted in a higher film thickness (Table 2). Considering the same number of layers deposited, CMC-SWCNTs were thicker than SDS-SWCNT films. This meant that during the SDS-based dispersion, more bundles of materials remained undispersed by the horn sonicator. As a result, there were more nanotubes that were not separated during the centrifugation step, leading to a lower concentration of CNTs in the dispersion. Therefore, we can assume better dispersive capabilities of CMC than SDS, which results in a faster deposition rate of CMC-SWCNT dispersions than SDS-SWCNT dispersions [51].



Electrical conductivity measurements of the matrix were performed to evaluate the change in resistance according to the number of deposited layers, as shown in Figure 7. This trend highlights the typical trend of the different fillings of SWCNT films, which can be explained by the percolation theory. The percolation theory explains how the different charge transfer paths created within a non-continuous film of conducting or semiconducting materials (i.e., SWCNTs) are responsible for the final resistance of the film [63,64]. The theory is presented by:


  σ =  σ 0     (  p −  p c   )   t   



(2)




where σ is the electrical conductivity film, σ0 is the electrical conductivity of the filler, p is the weight percentage of the filler, pc is the critical percentage of the filler (defined as the percolation threshold), and t is the critical exponent.



Indeed, as shown in Figure 7, there was a decrease in the resistance when the number of layers and deposition layers increased (increased nest filling of nanotubes); when the concentration of the filling approached the percolation threshold, the differences in resistance between the different depositions were low.



Figure 7 shows the film resistance of the CMC-based sensors and the SDS-based sensors. CMC-based sensors show a lower resistance than SDS-based ones, a result that is in accordance with the differences in thickness identified by XPS analysis. Further, the oxidation state of the SWCNTs was higher on CMC-SWCNT than SDS-based films, due to the increased concentration of -COOH groups and the p-type nature of deposited SWCNT films, resulted in further motivations to lower the resistance for CMC-SWCNT devices. Indeed, the -COOH is an electron attractor group which increases the number of holes on the SWCNTs. Since holes are the charge carriers for p-type semiconductors, the film resistance decreased, as shown in Figure 7.




3.2. Gas Sensing Performance


Regarding chemiresistive gas sensor devices, one of the most important parameters to take into account is selectivity, i.e., the ability of a sensor to respond preferentially to one chemical specie in the presence of other species. In this study, the electrical activity of the devices was tested towards CO, C2H5OH, NO2, and NH3. However, all the sensors tested did not respond to the exposure of CO and C2H5OH. We supposed this was because the high response we found with NO2 and NH3 was due to the strong interaction between SWCNTs and nitrogen molecules.



A standard measurement cycle consisted of the sensor becoming exposed to the target gas (20 min) followed by a recovery cycle, during which the target gas was removed from the chamber using the carrier gas flux, and consequently the resistance of the sensor came back to the baseline.



Since the SWCNT films act as p-type semiconductors, the responses to reducing and oxidizing agents can be calculated as:


  R e s p o n s e   % =  {       [   (     R  air      R  gas        )  − 1  ]  ∗ 100 →   for oxidizing gases        [   (       R  gas      R  air        )  − 1  ]  ∗ 100 → for reducing gases        



(3)




where    R  air     is the resistance of the film in air and    R  gas     is the resistance of the film upon exposure to the target gas.



The sensing material (i.e., SWCNT films) was found to be selective only toward NO2 and NH3. For this, the following analysis will be addressed to test the sensor’s performance with only NO2 and NH3.



Figure 8 shows the behavior of the SWCNT-based sensors when they were exposed to oxidizing (NO2) and reducing gases (NH3). In particular, the graphs show the change in the resistance when the sensors were exposed to 3 ppm of NO2 and 25 ppm of NH3. As expected, exposure to NO2 caused a decrease in the sensor resistance, while exposure to NH3 caused an increase in the resistance.



3.2.1. CMC-SWCNT and SDS-SWCNT Responses to NO2 and NH3 in Dry Conditions


To understand the different interactions of the CMC-based sensors and the SDS-based sensors with the two different gases, they were exposed to 1, 3, 5, and 10 ppm NO2 and 5, 15, 25, and 50 ppm NH3 at RT in dry conditions. This test was carried out with all the different depositions in order to understand the influence of deposition thickness on the sensing behavior.



Figure 9 clearly shows marked differences in the response of the various devices. As described above, considering the different deposition thicknesses, it is evident that sensors with 10 deposition layers have a greater response to the two different gases. This behavior is due to two main factors. The first is because the sensors with 10 layers of deposition are at the percolation threshold and, for this, the resistivity on the network significantly changes in response to any perturbation. The second is because a lower deposition thickness allows the exposure of a large surface area, therefore increasing the possible interactions with different gases [65]. For these reasons, the 10 layer-based gas sensors showed a high response compared to the others. Due to their high response, the subsequent analyses were only carried out on sensors with 10 layers of deposition. Figure 9 also shows some differences between the different surfactants used. In particular, SDS-based sensors showed a higher response vs. NO2 compared to CMC-based sensors (10 layers, 50 ppm NO2) (CMC sensor response: 14.1% and SDS sensor response: 19.5%), while an opposite trend is shown vs. NH3 (10 layers, 50 ppm NO2) (CMC sensor response: 13.1% and SDS sensor response: 7.8%). The differences found will be analyzed in Section 3.3.




3.2.2. Effect of the Relative Humidity (RH%) on the Sensor Response


In order to evaluate the effect of relative humidity on the SWCNT-based sensors, they were exposed to different concentrations of NO2 (1, 3, 5, and 10 ppm) and NH3 (5, 15, 25, and 50 ppm) at two different relative humidity (RH%) values. Humidity played an important role in sensing mechanisms because water molecules were adsorbed onto the sensing material and changed interactions with target gases.



The RH% was fixed at 0% in the first test and at 40% in the second test. As reported in Figure 10, all the sensors showed an increase in the response when the humidity increased.



The presence of water molecules improved the response of SWCNT-based sensors when they were exposed to NO2. The presence of water on the surface of SWCNTs may increase the interaction towards NO2 and NH3 due to the possible creation of hydrogen bonds with the gas target, resulting in an increase in the SWCNT sensing response. This was a very impressive achievement, owing to the fact that standard metal oxide semiconductor sensors usually show a dramatic decrease in the sensing response towards target gases in the presence of humidity, which strongly limits their sensitivity in real-life applications [66,67].



A higher increase in the response of CMC-based sensors towards NO2 in wet conditions may be attributed to the higher concentration of -COOH groups on the SWCNT surfaces of CMC-based samples than SDS ones. Indeed, a more oxidized surface strongly interacts with water molecules. As a consequence, the high charge separation between N and O atoms allowed NO2 to form hydrogen bonds with water.



Figure 10 also shows that there was a difference in the response between CMC-based sensors and SDS-based sensors when they were exposed to two different gases. CMC-based sensors showed a better response than SDS-based sensors when they were exposed to NH3. An inverse trend can be seen in the case of exposure to NO2. This behavior can be explained because the CMC-based sensors, inversely to others, due to the presence of -COOH groups, have a higher number of holes, thus promoting the reaction with a reducing gas such as NH3. In addition, at room temperature, there is a copresence of NO2 and its dimer (N2O4), which has a high solubility constant in water, further increasing the interaction between CMC-based sensors and NO2 [68]. Concerning NH3, a greater increase in response for the SDS-based sensors compared CMC-based ones is probably due to the lowest interaction of the SDS-based sensors with water molecules that might create a dynamic competitive reaction mechanism between H2O and NH3 on the surface of SWCNTs, increasing the response towards this target gas [69].




3.2.3. Effect of the Temperature on the Sensor Response


Despite the greatest response of SWCNT sensors at RT, the following section is focused on evaluating the effect of temperature on the SWCNT gas sensor performances. For this comparison, some tests were carried out both at room temperature and at a working temperature of 150 °C. The temperature of 150 °C was chosen according to Zhang et al. [35], where the best sensitivity of SWCNT-based gas sensors was obtained. However, the temperature used in the tests was lower considering the temperature typically used for metal oxide gas sensors (300–450 °C), i.e., the most used chemiresistive gas sensing material [70].



Figure 11 shows the response of CMC- and SDS-based sensors, with 10 layers of deposition, at two different temperatures. For these tests, the relative humidity was kept constant at 40% and the sensors were exposed to 2 ppm of NO2 and 25 ppm of NH3 for 20 min. As can be observed, all the sensors showed a better recovery to the baseline by increasing the working temperature (Figure 11 and Table 3). In particular, the recovery time values in Table 3 were calculated as the time needed by the sensors to reach a value of 1/e of the sensing response. A value of 1/e was chosen based on a first-order exponential decay, in which the mean lifetime ( τ ) is equal to the opposite of the decay rate (λ)    (  τ =  1 λ   )    [71].



Both SDS- and CMC-based sensors showed a significant improvement, of about five-fold, in the response towards NO2. In contrast, there were no great variations in the responses to NH3 by increasing the working temperature. In particular, Figure 11 shows a small decrease in the response for the CMC-based sensor and a small increase for the SDS-based sensor. The different changes in sensor responses towards NO2 and NH3, at different working temperatures, could be explained by considering the reaction mechanism of NO2 and NH3 on the SWCNT surface (Section 3.3).



Moreover, at room temperature, NO2 coexisted with its dimer in a reversible equilibrium, which can be described through the following equation:   2 N  O 2    ↔    N 2   O 4   . The molecules of N2O4 had a lower electron transfer capacity to SWCNTs than NO2, so a low response was observed at room temperature. When the temperature increased, the equilibrium shifted towards NO2 (  2 N  O 2    ←    N 2   O 4   ), increasing the sensing response of the devices [68].



At the temperature of 150 °C with an exposure of 2 ppm of NO2 and 40 RH%, SWCNTs achieved the best sensing condition (response of 62.5% for SDS-based sensors with 10 layers and 78.6% for CMC-based sensors with 10 layers), i.e., much higher than those reported in the literature for similar sensors (Table 4).




3.2.4. Cross-Sensitivity Characterization


Figure 12 shows the cross-sensitivity test for the CMC-based sensor (10 layers), in the co-presence of NH3 (10 ppm) and NO2 (10 ppm) at 40% RH. We only reported the CMC-based sensor response, since the trend was similar to the SDS-based one. This test was carried out both at room temperature and at 150 °C. As mentioned above, the response of all the SWCNTs improved for the exposure to NO2 when the sensors were heated up. Conversely, there was an opposite trend when the sensor was exposed to NH3. This trend can also be seen in the measurements of cross-sensitivity. Figure 12 shows that when the sensor was exposed to the gas mixture (NO2 10 ppm and NH3 10 ppm) at RT, both gases influenced the sensor signal. On the other hand, when the sensor was thermally activated at 150 °C, the sensing response of the device only depended on NO2. This behavior shows that the selectivity of SWCNT-based sensors towards NO2 significantly improves when the sensors are heated, opening up a potential application of this device for the selective detection of this pollutant gas.





3.3. Sensing Mechanism


The several measurements carried out in the previous sections have shown the different sensor responses of CMC-SWCNT and SDS-SWCNT sensors towards NO2 and NH3. A possible performance interpretation of the electrical response of SWCNT films to NO2 and NH3 could be made in terms of molecular adsorption, considering the p-type character of the SWCNTs employed.



Concerning the NO2 response of all the SWCNTs tested sensors, we observed a decrease in the sensing film resistance. This behavior can be explained by the NO2 oxidizing character. Indeed, when the NO2 molecule was adsorbed on the surface of the SWCNT, a charge transfer took place from the SWCNTs to the NO2. The charge transfer is most likely a partial charge transfer from the SWCNT to NO2 of   − 0.012 ∗  | e |      for each gas molecule adsorbed, as reported in [77]. So, to be fair, the delocalized partial charge should be represented as δ+–δ−, as reported in Equation (4). Due to the p-type character of SWCNT films, the increase in the hole concentration caused a decrease in the sensing film resistance (Figure 8a).



Regarding the sensing mechanism between SWCNTs and NO2, we can summarize the main reactions as follows (Equation (4)):


   SWCNT +   NO  2     →  A d s o r p t i o n     SWCNT −   NO   2  (  ads  )       SWCNT −   NO   2  (  ads  )       →  C h a r g e   t r a n s f e r         SWCNT  ⏞    δ +   −       NO   2  (  ads  )     ⏞    δ −     



(4)







Figure 11a,c show that the sensing response of SWCNT-based sensors toward NO2 was strongly improved at the operating temperature of 150 °C, compared to measurements at room temperature (Table 3). We can describe this effect considering two different aspects. The former concerns the competitive adsorption of O2 and NO2. When the sensors are exposed to air, O2 is adsorbed on the surface of SWCNTs [78]:


   O  2  (  gas  )    + 2  e −   →  C h a r g e   t r a n s f e r     2  O   (  ads  )   −   



(5)







The adsorption of NO2 takes place on the same active sites of O2. When the working temperature is increased, there is a high decrease in the concentration of oxygen adsorbed on the sensing material surface [79]. Therefore, considering the lower activation energy of NO2 (18.6 Kcal/mol [80]) adsorption compared to O2 (19 Kcal/mol [81]), an increased NO2 response at 150 °C can be expected [82]. For the second aspect we should consider that, at room temperature, NO2 coexists with its dimer in a reversible equilibrium, as described in the following equation:   2 N  O 2    ↔    N 2   O 4   . The molecules of N2O4 have a lower electron transfer capacity to SWCNTs than NO2. When the temperature is increased, the equilibrium shifts towards NO2 (  2 N  O 2    ←    N 2   O 4   ), increasing the sensing response of the devices compared to the measurements at room temperature [68].



An opposite trend is shown by the exposure of SWCNTs to NH3. Indeed, NH3 behaves, in this case, as a reducing agent. Indeed, NH3 donates electrons to the SWCNT when adsorbed on its surface, resulting in an increase in the SWCNT film resistance (Figure 8b). Furthermore, in this case, the charge transfer concerns a partial charge, which is about   0.009 ∗    | e |    [77]. Unlike the case of NO2, the response to NH3 appears to be independent of working temperature (Figure 11b,d), which indicates that the detection mechanism might be the same at RT and at 150 °C. The possible sensing mechanism is reported in Equation (6):


   S W C N T + N  H  3      →  A d s o r p t i o n     S W C N T − N  H  3  (  ads  )       S W C N T − N  H  3  (  ads  )       →  C h a r g e   t r a n s f e r         S W C N T  ⏞    δ −   −     N  H  3  (  ads  )     ⏞    δ +     



(6)







All the sensors tested showed a better sensing performance toward NO2 vs. NH3 (Table 3). This is probably due to the adsorption energy of NO2 being greater than that of NH3 molecules on the surface of SWCNTs, owing to the different bond lengths between SWCNT-NO2 and SWCNT-NH3 [83]. In particular, in their first principle investigation, Tabtimsai et al. found a bond length of 2.804 Å between SWCNTs and NO2 and a bond length of 3.415 Å between SWCNTs and NH3 [83]. They also reported the adsorption energies between the two gases and the SWCNTs, calculated as Eads = Egas/SWCNTs − (Egas + ESWCNTs). The adsorption energy was −0.19 Kcal/mol and −3.21 Kcal/mol for SWCNT-NH3 and SWCNT-NO2, respectively. A shorter bond length and higher negative adsorption energy involve a greater interaction and charge transfer between SWCNTs and NO2 with respect to NH3. This behavior might explain the higher sensitivity and response of all the SWCNT sensors toward NO2 vs. NH3.





4. Conclusions


In this study, CMC and SDS surfactants were used as dispersing agents for the preparation of high-quality dispersions of SWCNTs. The dispersions were used as a sensing material for the fabricated gas sensors. We investigated the effect of the surfactants on the electrical response of gas sensors toward NO2 and NH3. All the steps involved in the SWCNT film fabrication were performed entirely in ambient conditions. Several techniques were used for morphological analysis including SEM, AFM, and XPS analysis, followed by electrical characterization. XPS analysis showed a higher oxidized surface for CMC-based sensors vs. SDS-based ones, due to the different washing treatments carried out to remove surfactant residuals from the devices. In particular, oxidation variations were attributable to the presence of a higher concentration of -COOH groups on the surface of CMC-SWCNTs vs. SDS-SWCNTs.



For the detection of oxidizing and reducing target gases, different types of sensors were tested according to the different deposition layers of SWCNTs. The sensors fabricated with the optimal number of layers were tested with exposure to NO2 and NH3.



SWCNT films are p-type materials, and, as can be expected, there was a decrease in the resistance of the sensors when they were exposed to NO2 (oxidizing gas) and an increase in the resistance with the exposure of the sensors to NH3 (reducing gas). Deposition thicknesses strongly influenced the sensing performance of SWCNT sensors with both surfactants tested, where the thinner the deposition the higher the sensing responses vs. the target gases. The results show different response intensities when the sensors were exposed to NH3 and NO2, probably due to the different adsorption energies between the SWCNTs and the two different gases. Indeed, SWCNT films showed higher responses vs. NO2 than NH3 for all the sensors in dry conditions. This trend reflected the same pattern of interactions that one would theoretically expect.



The most relevant differences between the two classes of sensors based on the two different surfactants were attributable to the different surface oxidation of the SWCNTs.



The effects of relative humidity and temperature on the behavior of the SWCNT-based sensors were also evaluated. Even if all the sensors also showed good performances at RT, they showed improved sensing performances at a working temperature of 150 °C, a temperature much lower compared with the temperature needed by metal oxide gas sensors. Humidity also played an important role in increasing the performances of the sensors; they also showed the highest responses by raising the relative humidity to 40%.



In the optimal-testing conditions (NO2 as the target gas, 10 layers of deposition, and an operating temperature of 150 °C), the sensors showed responses of 62.5% (SDS-based sensors) and 78.6% (CMC-based sensors) that were higher than those reported in the literature for similar SWCNT-based gas sensors (Table 4).



Eventually, cross-sensitivity characterization highlighted that, by working at a specific activation temperature in wet air, it is possible to strongly improve the selectivity of SWCNT sensors towards NO2, which opens up the potential use of this device for the detection of NO2 in real-life applications.
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Figure 1. Single-walled carbon nanotube (SWCNT)-based chemiresistive gas sensor. (a) Photograph image of the final device. (b) Device schematic showing the different layers composing the device: (1) electrical connections, (2) inter-metal dielectric, (3) SiO2/Si3N4/SiO2 (silicon dioxide–silicon nitride–silicon dioxide) membrane, (4) bulk silicon, (5) TO-39 holder, (6) Ti/Pt electrodes, (7) sensing material (SWCNT), and (8) Ti/Pt heater. 
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Figure 2. Schematic representation of the experimental gas sensor testing setup. 
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Figure 3. Scanning electron microscopy (SEM) images of the pristine single wallet carbon nanotubes (commercial powder) (a) overview of the bundles; (b) magnification of the single tube. 
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Figure 4. AFM micrograph of 1:15 diluted CMC-SWCNT-sprayed dispersions on glass substrates: (a) 10 layers; (b) 50 layers. 
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Figure 5. AFM micrograph of 1:15 diluted SDS-SWCNT-sprayed dispersions on glass substrates: (a) 10 layers; (b) 50 layers. 
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Figure 6. XPS analysis in high-resolution scan that shows the elemental composition of the samples. The analyses refer to (a) C 1s, (b) O 1s, and (c) Na 1s core levels for the CMC-SWCNT (150 layers) and SDS-SWCNT (150 layers) samples. 
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Figure 7. Resistance values versus numbers of layers of the sprayed SDS-SWCNT film and the CMC-SWCNT film. 
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Figure 8. Example of resistance change in CMC-SWCNT-based (p-type semiconductors) gas sensors to (a) 3 ppm NO2 and (b) 25 ppm NH3. 






Figure 8. Example of resistance change in CMC-SWCNT-based (p-type semiconductors) gas sensors to (a) 3 ppm NO2 and (b) 25 ppm NH3.



[image: Chemosensors 11 00127 g008]







[image: Chemosensors 11 00127 g009 550] 





Figure 9. Response to 1, 3, 5, and 10 ppm NO2 of: (a) CMC-based sensors with 10, 50, 100, 150 layers; (b) SDS-based sensors with 10, 50, 100, and 150 layers. Response to 5, 15, 25, and 50 ppm NH3 of: (c) CMC-based sensors with 10, 50, 100, and 150 layers; (d) SDS-based sensors with 10, 50, 100, and 150 layers. 
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Figure 10. Response of 10 layers of CMC- and SDS-based sensors to the exposure of (a) 1, 3, 5, and 50 ppm NO2; (b) 5, 15, 25, and 50 ppm NH3, both in dry conditions and at 40% RH. 






Figure 10. Response of 10 layers of CMC- and SDS-based sensors to the exposure of (a) 1, 3, 5, and 50 ppm NO2; (b) 5, 15, 25, and 50 ppm NH3, both in dry conditions and at 40% RH.



[image: Chemosensors 11 00127 g010]







[image: Chemosensors 11 00127 g011 550] 





Figure 11. (a) SDS-SWCNT response at RT and 150 °C to 2 ppm NO2; (b) SDS-SWCNT response at RT and 150 °C to 25 ppm NO2; (c) CMC-SWCNT response at RT and 150 °C to 2 ppm NO2; (d) CMC-SWCNT response at RT and 150 °C to 25 ppm NO2. 
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Figure 12. (a) Cross-sensitivity of 10 layers CMC-based sensor with 10 ppm NO2 and 10 ppm NH3 at RT (yellow curve) and 150 °C (blue curve); (b) magnification that shows the increase in selectivity of SWCNT-based gas sensors vs. NO2 at 150 °C. 
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Table 1. Quantitative elemental composition (at%) of the CMC-SWCNT (150 layers) and CMC-SDS (150 layers) films, obtained from XPS characterization.
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	Sample
	Na (at%)
	C (at%)
	O (at%)





	CMC-SWCNT (150 layers)
	2.3
	69.4
	28.3



	SDS-SWCNT (150 layers)
	3.0
	72.2
	24.9
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Table 2. Estimated average thicknesses of the CMC-SWCNT and SDS-SWCNT films in relation to the number of layers deposited, calculated using the effective attenuation length (EAL) method on the XPS data collected.
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Sample

	
Layer Numbers

	
Deposition Thickness (nm)






	
CMC-SWCNT

	
10

	
1.91




	
50

	
5.28




	
100

	
13.68




	
150

	
18.41




	
SDS-SWCNT

	
10

	
0.51




	
50

	
4.65




	
100

	
6.88




	
150

	
9.54
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Table 3. Time of recovery needed to reach the value of 1/e of the maximum response of 10 layers of CMC- and SDS-based sensors to the exposure of 2 ppm of NO2 and 25 ppm of NH3 at RT and at 150 °C.
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Sensor

	
Target Gas

	
Concentration (ppm)

	
Temperature

	
Max

Response

	
Recovery Time (Min)






	
SDS-SWCNTs

	
NO2

	
2

	
RT

	
12.7%

	
65.1




	
150 °C

	
62.5%

	
23.1




	
NH3

	
25

	
RT

	
12.2%

	
>80




	
150 °C

	
19.6%

	
22.8




	
CMC-SWCNTs

	
NO2

	
2

	
RT

	
12.4

	
25.8




	
150 °C

	
78.6%

	
14.8




	
NH3

	
25

	
RT

	
14.0%

	
28.2




	
150 °C

	
11.6%

	
23.8











[image: Table] 





Table 4. Overview of sensing performance of SWCNT-based gas sensors towards different target gasses.
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Sensing Material

	
Target Gas

	
Deposition System

	
Concentration

	
Working Temperature

	
Response

	
Ref.






	
SWCNTs-COOH

	
NH3

	
Drop casting

	
50 ppm

	
RT

	
20.2%

	
[72]




	
SWCNTs

	
NH3

	
Drop casting

	
500 ppm

	
RT

	
27.3%

	
[73]




	
Polyethylenimine (PEI)—SWCNT

	
NO2

	
Chemical vapor deposition (CVD)

	
50 ppm

	
RT

	
37%

	
[74]




	
SWCNTs

	
NO–NO2

	
Chemical vapor deposition (CVD)

	
50 ppm

	
150 °C

	
3.2–5%

	
[75]




	
Oxydized SWCNTs

	
NO2

	
Spray deposition

	
50 ppm

	
N.A.

	
19.3 %

	
[76]




	
CMC-SWCNTs

	
NO2

	
Spray deposition

	
2 ppm

	
150 °C

	
78.6%

	
This study




	
SDS-SWCNTs

	
NH3

	
25 ppm

	
19.6%
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