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Abstract

:

Thousands of gas molecules are expelled in exhaled breath, and some of them can reveal diseases and metabolomic disorders. For that reason, the development of fast, inexpensive, and reliable sensing devices has been attracting growing interest. Here, we present the development of different chemoresistors based on multi-walled carbon nanotubes (MWCNTs) decorated with platinum (MWCNT/Pt) and palladium (MWCNT/Pt) nanoparticles and also functionalized with a self-assembled monolayer (SAM) of 11-amino-1-undecanethiol (Thiol-amine). The nanocomposites developed are a proof-of-concept to detect some biomarker molecules. Specifically, the capability to identify and measure different concentrations of volatile organic compounds (VOCs), either aromatic (toluene and benzene) and non-aromatic (ethanol and methanol) was assessed. As a result, this paper reports the significant differences in sensing performance achieved according to the metal nanoparticle used, and the high sensitivity obtained when SAMs are grown on the sensitive film, acting as a receptor for biomarker vapours.
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1. Introduction


Exhaled breath is a complex matrix in which many molecules can be present, constituting a “breath-print” that can provide information about health issues [1]. In consequence, many research efforts have been focused on the development of non-invasive sensing devices to detect the presence of biomarkers in exhaled breath [2]. Many techniques are available to analyse exhaled breath samples, such as gas chromatography, which consists of the vaporization of the collected sample and the separation (through a series of columns) of the different compounds present in the matrix for their identification [3]. This technique is extremely sensitive and accurate, but the main problems that are preventing its effective implementation are the high cost of analysis, poor miniaturization, and lack of portability [4,5,6]. Other alternative techniques are optical methods (e.g., fluorescence and surface enhanced Raman spectroscopy) that provide reliable and selective readouts, but their high cost, the need for skilled personnel, and limited portability are still an issue [7,8].



Nevertheless, during the last few years chemical resistive (chemoresistive) gas sensors have been researched as a feasible option to obtain breath-prints [9]. This type of device offers a straightforward working principle, in which the interaction of the gas compounds with the sensitive film is translated into a change in the electrical resistance [10]. Chemoresistors present some benefits over other alternatives, such as inexpensiveness, high portability, simple driving and readout circuitry, and are suitable for achieving real-time results [11]. However, some issues remain a challenge, such as poor standardization and selectivity [12,13]. For that reason, despite the great research efforts focused on the development of sensitive nanomaterials, a growing number of studies are trying to create multivariable sensing platforms [11]. With this approach, an array of different gas sensors can be developed for discriminating target gas molecules in a matrix, and therefore reducing cross-interferences [9]. Indeed, during the last few years, the use of electronic noses has become a thriving option [14]. These analytical devices comprise a sensor array with partially overlapping selectivity and have been reported to be useful for detecting some disease biomarkers in breath samples for diagnosing the early stages of lung cancer [15,16], chronic obstructive pulmonary disease (COPD) [17], or cystic fibrosis [18]. Not limited to exhaled breath, electronic noses have also been employed for urine analysis and the detection of biomarkers that may reveal the presence of several health issues, such as prostatic cancer [19] or bile acid diarrhoea [20].



Nowadays, nanotechnology makes possible producing sensor devices based on nanomaterials such as carbon nanotubes, metal nanoparticles, and self-assembled monolayers. Carbon nanotubes, discovered in 1991 by Iijima [21], have a high potential to become used as gas sensitive materials since they can now be produced at low cost [22,23,24,25,26]. The physical and chemical modification of carbon nanotubes has become an important area of research in recent years, in order to increase their performance and applicability. These modifications of CNTs have made it possible to improve their solubility in aqueous media and in organic solvents [27], which has made it possible to use CNTs in different fields. Several methods of modifying CNTs have been used, particularly by substitutive doping [28,29,30], by grafting functional groups on the outer wall of the tubes by wet chemical or reactive plasma [31,32,33] and/or by decorating their surface using a wide range of materials such as metal oxide nanoparticles [34,35,36,37,38], polymers [39,40,41,42], non-polymeric organic materials [43,44,45] or nanoparticles (such as Rh, Pd, Pt or Au) [46,47,48,49,50]. All these modifications can be used for tuning sensitivity and selectivity, and thus, help meeting the requirements of different gas sensing applications [51,52,53]. In addition, gas sensing devices employing carbon nanotubes can be operated at room temperature [46,47,48], which makes them attractive for any application in which power consumption is an issue, such as in portable, battery operated devices or in wireless sensing networks.



The main novelty of this work lies on the functionalization of oxygen plasma treated MWCNTs with self-assembled monolayers (SAM) of 11-amino-1-undecanethiol and the study of their gas sensing properties. Several chemoresistors are developed employing multiwalled carbon nanotube films decorated with platinum (MWCNT/Pt) and palladium (MWCNT/Pd) nanoparticles, functionalized with a thiol-amine SAM, designated as MWCNT/Pt/thiol-amine and MWCNT/Pd/thiol-amine. The effect of having amine functional groups on the detection of vapours from aromatic and non-aromatic volatile organic compounds is studied. In addition, it is known that the hydrophobic nature of the amine functional would help to reduce moisture cross-sensitivity in these hybrid nanomaterials. The SAM technique has been used regularly for many years in biosensor applications [54,55]. This technique relies on the good affinity existing between the reactive sulphur group present at one end of the thiol-amine molecule and metal nanoparticles (Pt and Pd), which decorate the outer wall of carbon nanotubes. Transmission electron microscopy (TEM) and the Fourier-transform infrared spectroscopy (FTIR) characterizations were carried out to analyse the chemical and structural composition of the sensitive films and to check the feasibility of the functionalization. Then, the different gas sensors were employed to detect either aromatic and non-aromatic VOCs.



It is well-known that hundreds of different VOCs can be present in human breath [56], indicating the state of health and the possible presence of some diseases or metabolomic disorders [57]. For that reason, the sensing performance of the different sensitive films developed was assessed towards four VOCs that are considered biomarkers. Specifically, two aromatic compounds (benzene and toluene) and other two non-aromatic (ethanol and methanol) were selected as target gas molecules. All of them are associated with several health issues. For instance, the presence of benzene and toluene in exhaled breath (at hundreds of ppb levels) derived from the exposure to tobacco smoke (even second-hand exposure) is associated with a greater risk of lung cancer and other pulmonary pathologies [58]. Meanwhile, ethanol is linked to bacterial metabolism and obesity-related fatty liver [59]. Therefore, high levels of ethanol in human breath (at units of ppm levels) may reveal a higher risk of obesity and non-alcoholic steatohepatitis (NASH) [59]. Regarding methanol detection, this is a usual compound present in exhaled breath due to the colonic microbial production derived from unabsorbed complex carbohydrates [60]. However, the increase in methanol concentration in breath may indicate other health issues. For instance, aspartame is widely used as a sweetener in foods and beverages, and methanol is one of the resulting compounds derived from aspartame hydrolysis in the gastrointestinal tract. Then, a high concentration of methanol in the exhaled breath (at ppm levels) may indicate a high-aspartame diet, which may cause several health problems like a higher risk for diabetes or obesity [61].



Nonetheless, if the ultimate goal was the effective detection of specific diseases such as lung cancer, instead of merely identifying patients at higher risk of suffering health issues, this would require the simultaneous detection and quantification of several biomarkers (i.e., fingerprint analysis). By performing such an analysis, correlation coefficients and their corresponding p-values can be calculated for diagnosing a specific disease [62]. For instance, the exhaled breath of lung cancer (LC) patients tends to show a lower relative concentration of methanol than that of healthy volunteers [63]. Conversely, benzene and toluene show higher relative abundance in LC patients [64,65].




2. Materials and Methods


2.1. Synthesis and Decoration of Carbon Nanotubes


The multi-walled carbon nanotubes (MWCNT) were purchased from Nanocyl S.A. (Belgium). These nanotubes were synthesized by chemical vapour deposition (CVD method) [66] and purity greater than 95%. The length of the nanotubes is approximately 50 μm and their inner and outer diameters are 3 to 15 nm, respectively. Since the dispersion and reactivity of the surface of the nanotubes are relatively low, homogeneous oxygen functionalization has been carried out to the MWCNTs. During this step, reactive sites (i.e., oxygen vacancies) appear on the outer walls of MWCNTs, in which metal nanoparticles can be nucleated during the sputtering process. The method of functionalization of MWCNTs which has been applied is based on plasma treatment of oxygen [67]. To perform this, the MWCNTs were placed in a glass vessel located in the plasma chamber. Then, the MWCNT powder underwent stirring through the effect of a magnet located outside to ensure homogeneous functionalization. As soon as the powder of the MWCNTs was placed inside the chamber, a controlled flow of a mixture of oxygen and argon was introduced to promote the attachment of the functional oxygenated groups to the MWCNTs surface [68]. The treatment was performed by an inductively coupled plasma at an RF frequency of 13.56 MHz, at low pressure (0.1 Torr), and using a power of 15 W. The processing time was optimized at 1 min [47].



Once the functionalizing step was properly performed, a 0.1 mg/mL MWCNT solution was prepared in dimethylformamide (DMF). Thereafter, the solution was placed in an ultrasonic bath for 20 min at room temperature to achieve a suitable dispersion of the carbon nanotubes in the solvent. Subsequently, the dispersed MWCNTs were deposited on the interdigitated electrode area of the sensor substrates by airbrushing, which is a mechanical deposition process using nitrogen as a carrier gas. Commercially available alumina substrates from Ceram Tech GmbH (Plochingen, Germany) were used. These comprise screen-printed, interdigitated platinum electrodes (300 μm gap) on their front side and an 8 Ω screen-printed Pt heater on their backside. During airbrushing, the sensor substrate was kept at 100 °C for achieving fast evaporation of the solvent. In addition, the resistance of the device was monitored during the process, which was conducted until sensor resistance reached 5 kΩ. This enables us to control both the density of the CNT coating and the amount of MWCNTs deposited, ameliorating device to device reproducibility. After the deposition phase, the MWCNTs were decorated with metal nanoparticles by sputtering (ATC Orion 8-HV-AJA International, North Scituate, MA, USA). This technique consists of bombarding the surface of a metallic disc with a plasma beam. Therefore, nanoparticles cling to the walls of MWCNTs under the effect of nucleation, achieving the MWCNTs’ decoration. Besides, the presence of defects and oxygenated functional groups grafted at the outer walls facilitates the immobilization of the nanoparticles, avoiding some well-known problems such as coalescence [11]. The power and time required for the plasma beam aperture within the cell were optimized and are shown in Table 1 for both types of metal nanoparticles. The optimization of these sputtering parameter values was conducted for achieving a similar, homogeneous loading of the surface of MWCNTs with either Pt or Pd nanoparticles of similar size. According to previous results, the loading of MWCNTs with either Pd or Pt is near 2% in weight [46,49]. In total four sensors loaded with Pt and another four loaded with Pt were prepared. Two sensors of each type were further functionalised with thiol-amine.




2.2. Deposition of Self-Assembled Monolayers (SAMs)


SAM functionalization was carried out on the surface of Pt and Pd nanoparticles by using monolayers of 11-amino-1-undecanethiol (Thiol-amine). The MWCNTs decorated with nanoparticles were immersed in 1 mM of thiol amine diluted in ethanol for 24 h at 4 °C. Then, the sensors were rinsed with ethanol and dried under a nitrogen stream. This procedure was repeated 3 times to remove thiol residues not attached to metal nanoparticles [69]. Figure 1 depicts the synoptic structure of the sensor before and after the thiol amine deposition.




2.3. Characterization Techniques


Morphological characterization of the MWCNTs decorated by Pt and Pd nanoparticles was conducted by using a transmission electron microscope (TEM model JEOL 1011, Akishima, Japan) operated at 100 kV. This technique enables the assessment of the quantity and distribution of the metallic nanoparticles attached to the MWCNTs.



Atomic force microscope (AFM) images were obtained by using our MFP-3D Origin type from Oxford Instruments (Abingdon-on-Thames, UK). These images were recorded in tapping mode [70]. This technique allows the direct visualization of the sensor surface and evaluates the quality of the sensitive layer deposited on the substrates.



Finally, an Alpha FTIR spectrometer (Bruker, Billerica, MA, US) equipped with an ATR Platinum crystal diamond module was employed to obtain information about the structure and growth of SAMs. These infrared spectra were obtained in absorbance mode.




2.4. Gas Sensing Measurements


The different sensors developed were tested for the detection of aromatic VOCs (toluene and benzene, 99.8% pure, purchased from Sigma Aldrich, St. Louis, MO, USA) and non-aromatic gases (ethanol and methanol, 99.5% pure, purchased from Sigma Aldrich). These species are susceptible to be biomarkers of several diseases as was mentioned before.



The vapours were generated by a dilution bench consisting of a chemical vaporization cell of the solvents and two flowmeters (Brook Instruments, Hatfield, PA, USA) to generate reproducible concentrations of the different vapours tested. Zero grade dry air was used for dilution and as carrier gas (Air Liquide, ZI Charguia, Tunisia). These were coupled to a sensor cell (35 cm3 volume) which can hold up to 6 sensors at the same time. Sensor resistance was measured by using an Agilent HP 34972A multimeter. Figure 2 illustrates the experimental set-up used. All measurements were carried out in pure dry air, at ambient temperature, under a constant flow of 100 cm3/min. Under these conditions, relative humidity inside the test chamber was 5% at 24 °C. The response of the sensors was defined as the normalized resistance variation, summarized in the following equation:


ΔR/R0 (%) = [(Rg − R0)/R0)] × 100








where Rg and R0 are the resistance under the VOCs compounds and dry air, respectively.





3. Results


3.1. Material Characterization


3.1.1. Transmission Electron Microscopy (TEM)


In order to carry out the TEM characterization, MWCNTs were suspended in ethanol and then deposited on a copper grid. Figure 3 shows that the Pd and Pt nanoparticles were successfully and homogeneously grafted onto the sidewalls of the MWCNTs. Figure 3a shows the TEM analysis performed on the MWCNTs/Pd sensor film with an average nanoparticle size of about 1.5 ± 0.1 nm. The analyses on the film MWCNTs/Pt (Figure 3b) show that the average size of the nanoparticles is 1.0 ± 0.1 nm. The size of Pt and Pd nanoparticles was estimated by taking TEM micrographs of the Pt and Pd loaded MWCNT samples and averaging the size of 50 nanoparticles.




3.1.2. Atomic Force Microscopy (AFM)


Figure 4 shows a typical AFM image of a MWCNT/Pd film, already deposited on the alumina substrate. This analysis was carried out in order to verify the success of the deposition of the MWCNTs on the substrate. The AFM analyses performed on decorated carbon nanotube film (MWCNTs/Pt or Pd) did not show the presence of Pt nor Pd nanoparticles. This is because the resolution of the AFM instrument used is not enough for observing nanoparticles under 3 nm in size, which is the case here, as revealed by TEM. What the AFM analysis shows is the elongated structure of MWCNTs and that airbrushed films on the alumina sensor substrates consist of homogeneous and porous mats of MWCNTs. The dark sections in the micrograph correspond to voids into which vapours will easily diffuse.




3.1.3. Fourier-Transform Infrared Spectroscopy (FTIR)


FTIR characterization was used to study/confirm the formation and immobilization of thiol-amine monolayers on the MWCNTs/Pd and MWCNTs/Pt films. Figure 5 shows the infrared spectra in absorbance mode, in which the wavenumbers range from 500 cm−1 to 4000 cm−1. Specifically, Figure 5a compares the MWCNTs/Pd/Thiol-amine and MWCNTs/Pd spectra, while Figure 5b compares the MWCNTs/Pt/Thiol-amine and MWCNTs/Pt spectra.



The FTIR analyses show five bands in both spectra, whose wavenumbers are 3745, 2910, 1720, 1508, and 1286 cm−1. According to the vibration modes, these values are attributed to O-H elongation, C-H elongation, C=O elongation, C-H deformation, and C-O elongation, respectively [48,71]. Moreover, the absorption bands between 663 cm−1 and 811 cm−1 (Figure 5a) and between 650 cm−1 and 814 cm−1 (Figure 5b), correspond to the chemical bonds C-H and C-O, respectively. Therefore, the analysis of these bands confirms the presence of the oxygenated vacant positions and functional groups grafted on the surface of MWCNTs [72]. The appearance of two bands (2800–3000 cm−1) in both figures is due to the presence of C-H groups in the alkyl chain of the thiol-amine monolayer, and to the CH (sp2) hybridization groups present in the MWCNTs [73].



The two peaks located, respectively, at 1515 cm−1 and 1106 cm−1 in Figure 5a and similarly at 1510 cm−1 and 1098 cm−1 in Figure 5b (this area is enlarged in the insets) are attributed to the chemical bonds N-H and C-N. This confirms the nature of the SAM layer achieved during the functionalization of Pd and Pt loaded MWCNTs.



Finally, another band appears centred at 2344 cm−1 (Figure 5a) and at 2350 cm−1 (Figure 5b) only in the MWCNTs/Pd/Thiol-amine and MWCNTs/Pt/Thiol-amine. This band corresponds to the vibration mode of the S-H bond [73,74]. This indicates that a small amount of thiol-amine chains remains unbound to the nanoparticles even after the cleaning procedure. Indeed, the results of FTIR confirm the covalent functionalization of MWCNTs/Pd and MWCNTs/Pt by thiol-amine monolayers.





3.2. Detection of Volatile Organic Compounds (VOCs)


The sensing performances at room temperature of the four nanocomposites developed were assessed towards the VOCs gases susceptible to be biomarkers of several diseases in exhaled breath. Specifically, three of these molecules (ethanol, methanol, and benzene) were tested in the 1–13 ppm range, while toluene detection was evaluated from 0.5 to 8.5 ppm.



Figure 6 and Figure 7 show the responses of the MWCNTs/Pd and MWCNTs/Pt sensors, respectively. It is well-known that carbon nanotube mats behave as mild p-type semiconductors, therefore, the interaction with reducing gases such as the VOCs detected here, results in an increase in their resistance. Despite the fact that the adsorption of these vapours on the metal-decorated MWCNTs films leads to a reduction in the electrical conductivity of the sensor, the dynamic responses show weak interactions between the vapour molecules and the sensitive films. On the one hand, the exposure to VOCs vapours induces slight resistance chances, revealing a limited interaction and thus, a poor energy transfer between the electron-donor molecules and the metal decorated carbon nanotubes. On the other hand, relatively fast recovery of the baseline after the gas injection is observed. This weak interaction can be explained by the appearance of a phenomenon of physisorption between the sensitive layer and the target vapours. Nevertheless, comparing the sensing performance towards the four VOCs tested, it appears that methanol detection is the most stable since lower baseline drift is experienced. This is true both for Pd and Pt decorated MWCNT sensors.



Similarly, Pd and Pt decorated MWCNTs functionalised with thiol-amine were tested under the same experimental conditions than those applied for MWCNTs decorated with Pd and Pt nanoparticles only.



Figure 8 and Figure 9 show the results obtained for VOCs detection by using MWCNTs/Pd/Thiol-amine and MWCNTs/Pt/Thiol-amine sensors, respectively. Comparing the thiol-amine functionalized sensors with their bare metal decorated CNTs counterparts, it can be observed that Pd decorated and thiol-amine functionalised MWCNTs show significantly higher sensing responses (Figure 8), especially for toluene vapours.



Conversely, MWCNTs/Pt/Thiol-amine (Figure 9) show changes in the electrical conductivity that are only slightly higher than those registered for the bare metal decorated nanotubes. In addition, these signals are noisier in MWCNTs/Pt/Thiol-amine sensors. Considering the fast and straightforward baseline recovery for all vapours detected, it can be assumed that there is a low energy interaction between the vapour molecules and sensitive films, even when they are functionalized with thiol-amines. These weak interactions can be explained by the appearance physisorption between the sensitive layer of the sensors functionalized by a monolayer of the thiol-amine and the molecules of the vapours to be detected. Therefore, the interactions registered here could involve electrostatic interactions such as hydrogen bonds, resulting in a weak energy binding between the gas molecules and the sensor surface.



The different sensors tested show good dynamic characteristics. Thiol-amine functionalised sensors show slightly faster response dynamics in comparison to Pt or Pd loaded MWCNT sensors. Table 2 and Table 3 combine the response time measurements (rise time and fall time in seconds) for each sensor for the detection of aromatic and non-aromatic VOCs. Response and recovery times are defined as the time needed for reaching 90% of the maximum response value during an exposure and the time needed for reaching 10% of the maximum response value during a baseline recovery, respectively. The average values were calculated (together with standard errors) over the response and recovery times for the different concentrations tested over five replicate measurement cycles. These values of a few ten seconds are often observed for room-temperature operated sensors employing mats of carbon nanotubes [23,28,30,31,36,46]. While the sensors show clearly that they can regain their baseline at room temperature (no baseline correction has been implemented for the sensor responses shown in any of the figures above), it can be seen as well that some baseline instability and drift exists. This drift is more evident when a small concentration of a target vapour is measured after having recovered from an exposure to a high concentration. In a practical application, this issue could be addressed by applying mild heating regularly to the sensors (i.e., introducing a short heating period to promote a more effective cleaning of the sensor surface and then sensing again at room temperature) or by applying a baseline correction algorithm.




3.3. Comparative Analysis


Figure 10 summarizes the calibration curves obtained for the four sensitive layers developed towards the different VOCs tested. The calibration curves were obtained via a statistic study on the same sample for each configuration using five replicate measurement cycles. Comparing the bare metal decorated carbon nanotubes, enhanced sensing performance was revealed when the nanotubes are decorated with palladium instead of platinum nanoparticles. Indeed, MWCNTs/Pd show higher resistance changes towards the four VOCs injected, revealing an overall improvement when it is compared with the MWCNTs/Pt sample.



Besides, Figure 10 includes the calibration curves registered for the gas sensors decorated by metallic nanoparticles and functionalized by the thiol-amine monolayer. Specifically, MWCNT decorated with platinum nanoparticles show slightly higher responses when they are functionalized by the thiol-amine monolayer. Nevertheless, it is worth noting that MWCNT/Pd/Thiol-amine sensors show greater sensor responses to the four VOCs tested than the other sensitive films. In particular, MWCNT/Pd/Thiol-amine shows higher resistance changes (up to 4-fold) to ethanol, methanol and benzene than their Pt counterpart. For toluene, a 10-fold increase in response is observed for the MWCNTs/Pd/Thiol-amine sensor. In fact, this sensor is about 15 times more responsive to toluene than to any other VOC tested, which confers some selectivity towards this aromatic VOC.





4. Discussion


The detection results achieved at room temperature (especially the good recovery) support the physisorption of the different vapour molecules tested on the sensor surface. Indeed, the gas molecule adsorption on the films of our sensors leads to a considerable increase in resistivity in all cases. This phenomenon is due to the nature of the injected vapours, which behave as reducing gases. In fact, carbon nanotubes are well-known p-type semiconductors, and in consequence, the adsorption of the reducing vapour molecules leads to a decrease in the majority carriers (holes) in the sensitive film. As a result, when the sensors are exposed to these electron-donor VOCs molecules, a decrease in the conductivity is induced, which translates into an increase in the electrical resistance measured. Besides, according to Hiroki et al., the work function of oxygen-treated MWCNT varies from 4.9 to 5.1 eV [75]; these values are very close to those of metals such as Pt, which is 4.8 eV and Pd, which is 4.95 eV [49]. This facilitates the movement of electrons between metallic nanoparticles and MWCNTs, with the direction of charge transfer as a function of the gaseous environment. Indeed, the electronegativity values of Pt and Pd are very similar, and therefore the weight is relative as a percentage of the metallic dopants in the sensors.



Comparing the sensing performance of bare metal NP decorated MWCNTs in Figure 10, it can be appreciated that there are higher responses when the carbon nanotubes are decorated with palladium NPs rather than platinum. Since the interaction between both metal nanoparticles and the different VOCs tested cannot be completely ruled out, no significant interactions can be expected. This is due to the room temperature working conditions because it is well-known that metal nanoparticles need higher temperatures to activate their catalytic properties. Additionally, both nanoparticles almost show the same size distribution. Therefore, the differences that appear in their responses are probably derived from the sputtering decoration conditions. This means that the power and plasma exposure time used for the decoration of MWCNT/Pt was significantly higher than those used for the MWCNT/Pd sensor. In consequence, this may lead to a more defective surface for the sensor decorated by the Pt and lead to a degradation of the electronic properties of the MWCNTs. This could explain the higher levels of noise experienced with MWCNT/Pt and MWCNT/Pt/Thiol-amine sensors.



Regarding the results obtained with thiol-amine functionalized carbon nanotubes, they always show better sensing responses than the bare metal NP decorated nanotubes. The reason could be explained by the concentration of surface species able to interact with the gases. In other words, metal NPs decorated MWCNTs show low sensitivities due to the limited interaction between gases and few oxygen functional groups grafted at the walls of the nanotubes. However, once the decorated nanotubes are functionalized with thiols, there is a large increment in the available species able to interact with the gases. In particular, amine functional groups can act as recognition elements; meanwhile, nanotubes will act as transducers.



However, it is interesting to point out that thiol-functionalized nanotubes with Pd nanoparticles show significantly higher sensitivities than those decorated with Pt. According to Figure 5, the relative intensity of the N-H peak is higher in MWCNT/Pd/Thiol-amine than in MWCNT/Pt/Thiol amine samples. This probably indicates a higher concentration of thiol-amines functionalizing Pd than Pt. Thus, this can explain the higher sensitivities registered when nanotubes are decorated with Pd, due to the larger concentration of recognition elements (thiols). In other words, a large number of amine groups are able to interact with the gas molecules. Then, MWCNT/Pt/Thiol-amine show slightly enhanced responses compared to the nanotubes decorated only with platinum due to the lower presence of thiols. Nevertheless, some reasons should be beyond the poor thiol functionalization of Pt nanoparticles in comparison to the more effective functionalization of Pd NPs. There are two main reasons to explain this. The first one is related to the nanoparticle size, due to Pd nanoparticles presenting slightly higher diameters. In consequence, Pd NPs lead to a higher and more efficient thiol-functionalization due to their large surface area to volume ratio. The second reason could be based on the interaction between thiol-amine groups and metallic nanoparticles. Some works report the opposite behaviour between thiol and amine groups regarding the Pt NP size [76]. This means that higher Pt size induces a higher thiol binding, whereas an opposite trend is observed for amine groups. This means that the reduced diameter of the Pt NPs used could promote the binding with amine groups instead of the thiols. Therefore, if amine groups interact with Pt NPs, a reduced number of functional groups are available to interact with gases. Conversely, small Pd NPs have been demonstrated as a great nanomaterial to be functionalized with thiols [77]. Additionally, apart from this better thiol functionalization of palladium nanoparticles, the work function of Pd is better aligned to the one of carbon nanotubes than the one of Pt. Therefore, the sensing layer with Pd NPs will lead to a more efficient charge transfer, enhancing the sensing performance even more.



In addition, the superior response of the MWCNTs/Pd/Thiol-amine sensor to the different vapours (and, particularly, toluene) is directly related to the self-assembled monolayers used. Indeed, the monolayers which have a hydrophobic functional group, such as -NH2 and long carbon chains (11 carbon atoms in our case), show improved sensitivity to all the vapours tested, as the amine group can act as donor or acceptor in hydrogen bond formation. This could explain why there is a significant improvement in the response achieved for all the volatiles tested. The higher improvement in responsiveness and selectivity achieved for toluene could be due to the higher performance of Pd NPs (as compared to Pt NPs) for the adsorption and catalytic oxidation of toluene [78], but this deserves further research. Breath samples contain high levels of moisture. While breath samples can be treated to remove moisture, the complete removal of moisture is not desirable, as this process can alter volatile composition within a breath sample. The functionalization of MWCNTs with SAMs of highly hydrophobic thiols, such as the one employed here, has been found to result in a gas-sensitive material highly resilient to ambient moisture. Casanova and co-workers reported in [79] that the gas sensing properties of MWCNT mats functionalized with hydrophobic thiols via the SAM technique were barely affected by strong humidity changes. Therefore, we can expect the results discussed here to remain valid under conditions similar to the ones of a real breath sample analysis.




5. Conclusions


The use of a self-assembled monolayer has been proved as an effective technique to grow ultrafine films over multi-walled carbon nanotubes decorated with metal nanoparticles. The reactive sulfur moiety is an excellent fixing group on the metal surface and the 11-amino-1-undecanethiol (Thiol-amine) SAM provides a convenient means of increasing the gas sensitivity of plasma treated carbon nanotubes. Besides, this functionalization opens up a straightforward strategy for increasing the reactivity of carbon nanotubes, since the length of the separation chain and/or the hydrophilic or hydrophobic nature of the terminal group of the molecule become parameters for increasing the sensitivity and the selectivity of the gas sensors. The results shown and discussed here indicate that the nanocomposites developed show potential for detecting biomarkers that appear at trace levels in exhaled breath samples, thus paving the way to their incorporation in gas sensor arrays for the analysis of complex volatile matrices in human breath applications. While our previous results indicate that moisture would not affect significantly the performance of MWCNTs functionalised with SAMs of highly hydrophobic thiols, the results are still somewhat preliminary as some major challenges are still an issue. For example, the selective detection of specific compounds (breath samples consist of a very complex mixture of volatiles) would require assessing sensor performance with volatile mixtures. In addition, while the sensors show enough responsiveness for detecting the non-aromatic biomarkers associated to NASH, the response towards aromatics should be enhanced further (e.g., by increasing the homogeneity and coverage of the SAMs on MWCNT mates). Finally, the unequivocal association of a certain compound with a certain disease or health disorder is still the subject of debate. For all these reasons, more research efforts are needed in the coming years to develop reliable, inexpensive, non-invasive, and portable sensing devices for biomarkers assessment.
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Figure 1. Synoptic structure of the sensor before and after thiol amine deposition. The image on the bottom right shows the front face of a sensor. The dark area over the interdigitated electrodes is the SAM-functionalised MWCNT film. 
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Figure 2. Sketch of the experimental set-up used to characterize gas sensing properties. 
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Figure 3. TEM images of MWCNTs decorated with palladium (a) and platinum (b) nanoparticles. 
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Figure 4. Typical AFM image for an airbrushed MWCNT/Pd film deposited on an alumina substrate. 
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Figure 5. Infrared spectra of (a) MWCNTs/Pd and (b) MWCNTs/Pd/Thiol-amine films. The insets show a close view of the spectra for the N-H/C-H peaks. 
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Figure 6. MWCNT/Pd sensor responses for different concentrations of the injected vapours of (a) ethanol, (b) methanol, (c) benzene, (d) toluene. 
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Figure 7. MWCNT/Pt sensor responses for different concentrations of the injected vapours of (a) ethanol, (b) methanol, (c) benzene, (d) toluene. 
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Figure 8. MWCNT/Pd/Thiol-amine sensor responses for different concentrations of the injected vapours of (a) ethanol, (b) methanol, (c) benzene, (d) toluene. 
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Figure 9. MWCNT/Pt/Thiol-amine sensor responses for different concentrations of the injected vapours of (a) ethanol, (b) methanol, (c) benzene, (d) toluene. 
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Figure 10. Calibration curves of the MWCNTs/Pd, MWCNTs/Pt, MWCNTs/Pd/Thiol-amine and MWCNTs/Pt/Thiol-amine sensors for different concentrations of injected vapours of (a) ethanol and (b) methanol and (c) benzene and (d) toluene. 
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Table 1. Sputtering experimental conditions applied for MWCNT decoration.
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	Material
	Power (W)
	Time (s)





	Platinum
	150
	14



	Palladium
	30
	8
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Table 2. The response time values (in seconds) for each sensor for the detection of aromatic and non-aromatic VOCs.
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	Values Time (s)
	Ethanol
	Methanol
	Benzene
	Toluene





	MWCNTs/Pd
	41 ± 4
	64 ± 5
	77 ± 5
	42 ± 4



	MWCNTs/Pd/Thiol-amine
	29 ± 3
	64 ± 5
	67 ± 5
	36 ± 4



	MWCNTs/Pt
	22 ± 3
	64 ± 5
	52 ± 4
	42 ± 4



	MWCNTs/Pt/Thiol-amine
	15 ± 2
	62 ± 5
	58 ± 4
	40 ± 4
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Table 3. The recovery time values (in seconds) for each sensor for the detection of aromatic and non-aromatic VOCs.






Table 3. The recovery time values (in seconds) for each sensor for the detection of aromatic and non-aromatic VOCs.





	Values Time (s)
	Ethanol
	Methanol
	Benzene
	Toluene





	MWCNTs/Pd
	129 ± 10
	294 ± 12
	223 ± 11
	162 ± 10



	MWCNTs/Pd/Thiol-amine
	122 ± 10
	281 ± 12
	123 ± 10
	127 ± 10



	MWCNTs/Pt
	118 ± 10
	269 ± 12
	129 ± 10
	183 ± 11



	MWCNTs/Pt/Thiol-amine
	71 ± 8
	192 ± 11
	83 ± 7
	123 ± 10
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