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Abstract:

 Different grades of chemically functionalized carbon nanotubes (CNT) have been processed by spraying layer-by-layer (sLbL) to obtain an array of chemoresistive transducers for volatile organic compound (VOC) detection. The sLbL process led to random networks of CNT less conductive, but more sensitive to vapors than filtration under vacuum (bucky papers). Shorter CNT were also found to be more sensitive due to the less entangled and more easily disconnectable conducting networks they are making. Chemical functionalization of the CNT’ surface is changing their selectivity towards VOC, which makes it possible to easily discriminate methanol, chloroform and tetrahydrofuran (THF) from toluene vapors after the assembly of CNT transducers into an array to make an e-nose. Interestingly, the amplitude of the CNT transducers’ responses can be enhanced by a factor of five (methanol) to 100 (chloroform) by dispersing them into a polymer matrix, such as poly(styrene) (PS), poly(carbonate) (PC) or poly(methyl methacrylate) (PMMA). COOH functionalization of CNT was found to penalize their dispersion in polymers and to decrease the sensors’ sensitivity. The resulting conductive polymer nanocomposites (CPCs) not only allow for a more easy tuning of the sensors’ selectivity by changing the chemical nature of the matrix, but they also allow them to adjust their sensitivity by changing the average gap between CNT (acting on quantum tunneling in the CNT network). Quantum resistive sensors (QRSs) appear promising for environmental monitoring and anticipated disease diagnostics that are both based on VOC analysis.
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1. Introduction

Carbon nanotubes (CNT), which were discovered by Lukyanovich et al. [1] and further popularized by Iijima [2], have initially attracted a considerable amount of attention, due to their capability to adsorb/desorb small gas molecules, such as hydrogen [3,4,5,6] or oxygen [7]. Later on, this interesting feature had been studied for larger molecules, such as volatile organic compounds (VOC) at room temperature [8,9,10,11,12]. Moreover, their unique combination of exceptional electrical conductivity (possibly ballistic) and very high specific surface (resulting from a hollow core and a very large shape factor (L/D)) has made carbon nanotubes one of the most attractive nanomaterials for sensor design [13,14,15,16,17,18,19]. This trend is of great interest, as most metal oxide-based sensors operate at several hundred degrees Celsius [20,21,22,23,24]. Carbon nanotube chemoresistive sensors offer significant advantages over conventional metal oxide chemoresistive sensors in terms of the versatility of fabrication (no need for a clean room and low cost), low sensitivity to moisture (no need to operate at a high temperature to get rid of water), high selectivity (several kinds of chemical functionalizations are available, covalent grafting [25,26,27,28] or non-covalent bonding [25,29,30,31,32,33]), high sensitivity (due to quantum tunneling conduction [34,35,36,37,38,39]) and low energy consumption (allowing portability). Charge transfer between nanotubes and adsorbed molecules could also cause drastic changes in the nanotubes’ conductance, providing a chemical gating effect that could be utilized for molecular sensing [15]. However, most of these studies have focused on single-walled carbon nanotubes (SWNT), whereas on the other hand, multi-walled carbon nanotubes (MWNT) can be produced with relatively high purity (90%), are not subject to chirality restrictions on electrical properties, are less sensitive to damages resulting from chemical grafting, are generally amenable to more aggressive processing and can be produced with a lower price at a larger scale. This is why we have reported in this paper different ways to optimize the sensitivity and the selectivity of CNT-based quantum resistive sensors (QRS) for VOC analysis at room temperature, by controlling their conducting architecture’s structure and chemical nature.



2. Experimental


2.1. Materials

All grades of MWNT were kindly provided by Nanocyl® (Sambreville, Belgium). These carbon nanotubes (CNT) are produced via a catalytic carbon vapor deposition (CCVD) process and according to thermogravimetric analysis TGA measurements from the producer. Carbon purity is 90% (10% catalyst) for CNT 7000 and short CNT, and higher than 95% (5% metal oxide) for NH2, OH and COOH functionalized CNT. According to X-ray photoemission spectrometry (XPS) measurements from the producer, the functionalizations of CNT are respectively less than 0.5%, 6% and 4% for NH2, OH and COOH functionalized CNT. CNT were used without any further purification and dried under vacuum at 60 °C temperature for 24 h prior to solution preparation. Chloroform, methanol, tetrahydrofuran (THF) and toluene were obtained from Aldrich (Saint-Quentin Fallavier, France). All solvents were of analytical grades and used without any further purification. A description of the CNT characteristics is given in Table 1. Conductive polymer nanocomposite (CPC) solutions were obtained by dispersing CNT in the following polymer matrices: LEXAN141R poly(carbonate) (PC) purchased from GE Plastics (Belfort, France), poly(methyl methacrylate) (PMMA) VQ 101S purchased from Rohm (Emmerich am Rhein, Germany) and flakes of atactic poly(styrene) (aPS) purchased from Polyscience (Paris, France) with an average molar mass of Mn = 50,000 g·mol−1.


Table 1. Carbon nanotube (CNT) characteristics. XPS, X-ray photoemission spectrometry.



	
Property

	
Value

	
Technique






	

	
7000

	
short

	
NH2

	
OH

	
COOH

	




	
Average Diameter

	
9.5 nm

	
9.5 nm

	
9.5 nm

	
9.5 nm

	
9.5 nm

	
TEM




	
Average Length

	
1.5 µm

	
<1 µm

	
<1 µm

	
<1 µm

	
<1 µm

	
TEM




	
Carbon Purity

	
90%

	
90%

	
>95%

	
>5%

	
>95%

	
TGA




	
Metal Oxide (impurity)

	
10%

	
10%

	
<5%

	
<5%

	
<5%

	
TGA




	
Functionalization

	

	

	
<0.5%

	
<6%

	
<4%

	
XPS













2.2. Techniques


2.2.1. Fabrication of CNT Transducers by Spraying Layer-by-Layer (sLbL)

To obtain a good dispersion and homogeneous solutions, CNT were introduced into chloroform and dispersed under sonication with a Branson 3510 device (100 W, 40 kHz) for 6 h at 60 °C (in a temperature controlled bath). Typically, 6 mg of CNT were dispersed in 20 cm3 of liquid chloroform. In the second step, the spray deposition was done layer-by-layer [40] to form a thin CNT random network onto homemade interdigitated microelectrodes (IDE). IDE were prepared by a cross-section cut of commercial 22 nF ceramic capacitors, which leads to interdigitated metal lines (25% Ag/75% Pd), separated by 15 µm. After cutting, electrodes were polished unidirectionally and washed with ethanol to remove any remaining particles. After being sprayed, samples were dried at 30 °C for one night. Spraying was done using a homemade device, allowing for the precise control of the spraying conditions, such as the nozzle flow rate, the air pressure, the sweep speed and the target to nozzle distance. In order to have transducers whose sensitivity will not change due to variations in their thickness, the previous parameters and the number of sprayed layers were kept constant for all the samples during the sensing experiments (Figure 1).

Figure 1. Comparison of the CNT random network transducers’ response to methanol vapor depending on their form, i.e., 5-layer film sprayed layer-by-layer (top) or bucky paper made under vacuum (bottom). sLbL, sprayed layer-by-layer.
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2.2.2. Fabrication of CPC Transducers by sLbL

The same kind of procedure as for neat CNT transducers was used to fabricate conductive polymer nanocomposite (CPC) transducers. Only the following conditions of fabrication of the solution by spraying were changed. Polymers were first dissolved in chloroform, and then, 1% of CNT (percentage relatively to the polymer mass) was added. The concentration of polymer-CNT in the solution was 10 g·dm−3. CPC solutions were homogenized by sonication for 90 min at 25 °C and further degassed for 5 min. Optimal spray conditions were obtained with a nozzle scanning speed of Vs = 10 cm·s−1, a solution flow rate on index 2, a stream pressure of ps = 0.20 MPa and a target to nozzle distance of dtn = 8 cm. After solvent evaporation, the welding of CPC microdroplets of 15 to 60 μm forms a hierarchical 3D percolated network [41]. Each sprayed layer is about 35 to 40 nm-thick. In this study, all CPC transducers were composed of 5 sprayed layers.





2.2.3. Fabrication of CNT Transducers by Filtration on a PTFE Membrane under Vacuum to Make Bucky Papers (BP)

For the fabrication of bucky paper (BP) transducers [42], the first step of the dispersion of CNT in solution under sonication was analogous to that previously described for sLbL processing. Typically, 1 mg of CNT was introduced in 10 cm3 of liquid chloroform. Then, the solution was poured onto a 0.22 µm porous diameter, poly(tetrafluoroethelene) PTFE filtration membrane and filtrated under vacuum. The BP transducer was then dried at 30 °C for one night. The freestanding BP transducer was peeled off the membrane after the drying process was complete and deposited on IDE for further vapor sensing experiments (Figure 1).



2.2.4. Atomic Force Microscopy Characterization (AFM)

The nanoscale morphology of CNT sensors was investigated by atomic force microscopy in ambient conditions using the light tapping mode (TM-AFM) on a Nanoscope IIIa multimode scanning probe microscope from Digital Instruments-Veeco (Paris, France). The ratio of the set point amplitude to the free amplitude was maintained at 0.9 and RTESP tips from Veeco, with typical resonance frequency between 300 and 400 kHz, and a radius between 5 and 15 nm was used. CNT solution was sprayed on mica instead of microelectrodes to decrease the surface roughness below the micron and to obtain nice AFM pictures. The conditions of spraying were the same as for CNT sensor fabrication.



2.2.5. Dynamical Vapor Sensing Measurement

Gas sensing properties were investigated by recording the CNT electrical responses upon exposure to alternative 10-min cycles of nitrogen (N2) and solvent vapors. The dynamic system consisting of mass flow controllers, solvent bubblers and electrical valves is controlled by LabView software. Bubbling N2 gas in liquid solvent provides a saturated vapor stream, which was, in turn, diluted by a second N2 flow to the desired concentration at room temperature. The design of the device allows one to keep constant the total flow rate at Qv = 100 cm3·min−1, while the analytic flow rate is set to Qv = 10 cm3·min−1, 50 cm3·min−1 or 100 cm3·min−1 to investigate the effect of the analytic flow rate. The mass flow controllers used were EL-FLOW from Bronkhorst. The electrical characteristics of the CNT transducer were recorded with a Keithley 6517A multimeter [43]. Samples were placed in a 9 × 3 × 3.5 cm3 chamber with 6 slots. A description of the experimental device is given in Figure 2.

Figure 2. Scheme of the dynamic vapor sensing device, transducers and typical responses of CNT 7000 (left) and functionalized CNT (right) to chloroform vapor pulses.
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2.2.6. Data Analysis Using Principal Component Analysis (PCA)

There are several algorithms available for chemical sensing data analysis, but one of the most popular is Principal Component Analysis (PCA) [44,45,46]. PCA is a powerful tool for pattern recognition, by which the multivariate datasets have been transformed into a coordinate space. The vectors in this new coordinate set are the principal components (PC) of the data stream; accordingly, the VOC can be separated and projected onto this map. In fact, the dataset obtained from e-noses is mostly processed by the PCA method, which is frequently used for the anticipated diagnosis of diseases [47,48,49,50]. In this study, the data from four sensors (CNT short, functionalized by COOC, OH and NH2), assembled into an array constituting an e-nose, were analyzed by using the PCA treatment implemented in the TANAGRA software [51].





3. Results and Discussion


3.1. Selection of Transducers’ Optimal Process

Figure 1 summarizes different elements useful for comparing the two processes selected for the fabrication of CNT transducers already presented in the technical part: spraying layer-by-layer and filtration under vacuum. Firstly, it is obvious that the BP technique is the simplest, as it requires a limited amount of equipment. However, in practice, this technique leads to CNT random networks, whose density and thickness are generally too high to really benefit from tunneling conduction, operating in more easily disconnectable networks. Moreover, the decrease of conductivity of such transducers will yield thin films that are very difficult to handle without breakage. On the contrary, the sLbL process is found to be much more versatile for the preparation of CNT transducers for VOC sensing, as it allows one to adjust the random network density by acting on both the formulation of the spray solution and on the number of sprayed layers. Consequently, sLbL of only five layers provides transducers with larger chemoresistive responses than BP, whatever the CNT shape (long or short) and functionality (NH2, OH or COOH), as evidenced in Figure 1 (inset). This is the reason why sLbL has been selected for the fabrication of all other sensors studied in the present paper.



3.2. Analysis of Transducer’s Morphology by AFM

The architecture of CNT random networks has been investigated by AFM for 7000 and short CNT. Samples were prepared by spraying five layers of a CNT solution in chloroform onto freshly cleaved mica substrates. Typical AFM images (Figure 3) illustrate the random nature of the conducting network morphology of the two kinds of CNT well. The high magnification (2 × 2 µm2 full scale), allows for differentiating the two types of CNT, long and short, in the network well. In agreement with the characteristics given by the producer, CNT 7000 have a length comprising between 0.8 µm and 1 µm and a diameter between 50 and 100 µm, whereas short CNT length is comprised between 0.5 and 0.8 µm, with about the same diameter as CNT 7000. AFM pictures show that the CNT 7000 network is denser than that of short CNT. The fact that CNT 7000 are longer also explains their more important ability to make entanglements. All functionalized CNT random networks have similar morphologies to that of short CNT and, thus, will not be presented. An optimal morphology for CNT random networks dedicated to vapor sensing is expected to exhibit a large specific surface able to adsorb a maximum of target molecules, which will easily disconnect CNT/CNT junctions upon local solvation.

Figure 3. Atomic force microscopy (AFM) pictures (2 µm full scale) showing the morphology of the two sprayed layer-by-layer (LbL) CNT random networks as a function of CNT length: (left) CNT 7000; (right) CNT short (the images are also present in Figure 2).
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3.3. Vapor Sensing Performances of Transducers


3.3.1. Chemoresistive Behavior

The vapor sensing ability of QRS finds its origin in the perturbation of electrons’ motion in the CNT random network due to the variations of the CNT/CNT junctions’ gaps. Any disconnection of the network tends to promote tunneling conduction (decreasing exponentially with the gap) to the detriment of ohmic conduction, which requires close contact between nanofillers. Consequently, the resistance of the sensors changes a lot with only a tiny amount of VOC molecules, for average gap variations not much more than 10 nm. As the local solvatation of CNT/CNT junctions depends on the interactions of the chemical functions present on the surface of CNT-polymers with those present on the analytes, the resulting variations in the gap will lead to differences in global resistance, thus allowing discrimination between them [52]. The best way to investigate the CNT network transducers’ performances in terms of sensitivity and selectivity is to expose them to a set of vapors of different chemical natures, such as methanol, chloroform, THF and toluene, of decreasing polarities, as summarized in Table 2. The typical chemoresistive behavior of CNT sensors expressed by calculating their relative resistance amplitude with Equation (1), when exposed to pulses of a chloroform constant flow rate of 100 cm3·min−1, is well illustrated in Figure 2 (inset).

Table 2. Solvent characteristics.








	
	Polarity Constant (N)
	Molar mass (g·mol−1)
	Density at 20 °C (g·cm−3)





	Methanol CH4O
	0.762
	32.04
	0.7910



	Chloroform CHCl3
	0.259
	119.38
	1.4891



	THF C4H8O
	0.207
	72.11
	0.8892



	Toluene C7H8
	0.099
	92.14
	0.8668
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(1)




where R and R0 are, respectively, the CNT sensors’ resistance in the presence of vapor and the initial resistance in dry N2 flow.
Typically, CNT sensors exhibit a positive vapor coefficient (PVC), i.e., solvent molecules decrease the intensity of the current in the transducer, resulting in a positive variation of resistance. A good sensor is expected to have a quick electrical response with a large and reproducible amplitude. The shape of the different responses shows that upon exposure to solvent vapors, CNT sensors reach their maximum amplitude within a couple of minutes. In the second part of the cycle, during the desorption step, when transducers are exposed to a dry nitrogen flow, the relative resistance’s amplitude decreases quite instantaneously by about 50%, then slower, to reach its initial value at 10 min. Figure 4 shows the responses of CNT sensors for methanol, chloroform, tetrahydrofuran (THF) and toluene. The same features are observed for all the vapors, i.e., all systems are thermodynamically stable, reach saturation quickly, but lead to a reversible signal that suggests the complete desorption of the analytes. As expected of selective transducers, the amplitude of their response changes with the nature of the VOC, which allows their ranking. The first striking feature is that all CNT sensors have sensitivities increasing according to the polarity of the target molecules. Secondly, the sensitivity of CNT sensors depends on their functionality as follows: COOH, NH2, OH, short and long (7000); this trend being more or less visible depending on the vapor’s polarity.

Figure 4. Responses of CNT sensors to methanol, chloroform, THF and toluene (standard set of volatile organic compounds (VOC)).
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3.3.2. Quantitativity of Sensors’ Responses

To investigate the relationship between the response amplitude and the amount of analyte molecules impacting on the sensor per minute, the volume flow rate (Qv) was increased from Qv = 10 cm3·min−1 to Qv = 50 cm3·min−1 and, finally, to Qv =100 cm3·min−1. Figure 5 summarizes the different responses recorded for CNT sensors exposed to pulses of methanol and chloroform vapors, using 10, 50 and 100 cm3·min−1 flow rates. It can be seen that the amplitude of their relative resistance grows almost linearly with an increasing flow rate and does so whatever the CNT and solvent types, which makes it useless to use the Langmuir-Henry-Clustering (LHC) model developed for non-linear systems [32,33,43]. Moreover, the response growth depends on the vapors’ nature, and thus, the slopes of the corresponding curves are different, and this provides another way to distinguish VOC. Additionally, it can be noted that increasing the vapor flow rate is equivalent to an increase of vapor concentration, even if this parameter is kept constant initially.

Figure 5. Quantitativity of the signals of the CNT sensors when exposed to methanol (left) and chloroform (right) at different vapor flow rates (the effects of the amount of molecules).
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3.3.3. Vapor Discrimination Ability of CNT Sensors

Figure 6(left) summarizes in a single graph all the responses’ maxima for the five CNT-based sensors exposed to the four selected vapors, methanol, chloroform, THF and toluene. It appears now more clearly than in Figure 4 that every sensor/analyte couple has a distinct chemoresistive imprint suitable for VOC discrimination. This is also highlighted by Figure 6(right), which presents the PC1–PC2 map for an array of four sensors successively exposed to the four selected VOC after PCA data processing. All the vapors have been successfully classified into four groups on the basis of the nature of the vapor, i.e., polarity, chemical nature, etc. These results demonstrate the perfect adequacy of the selected set of CNT sensors for effective VOC discrimination. This is because the long CNT (CNT 7000) network is denser than the short CNT one. CNT sensor selectivity can be deduced from these parameters and can lead to a different ranking than that suggested by Figure 4. If used as an e-nose, this array should be able to identify unknown chemical species, by recording electrical signals and processing data via a pattern recognition algorithm, such as Principal Component Analysis.

Figure 6. Selectivity of CNT sensors towards methanol, chloroform, THF and toluene expressed directly in bar graph (left) and after Principal Component Analysis (PCA) treatment of the data from an e-nose (right).
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3.3.4. Input of Polymer Matrices in the Sensitivity and Selectivity of Sensors

The first striking feature highlighted by the comparison between Figure 7(left and right), which summarizes the chemoresistive responses of CPC sensors synthesized by combining three types of polymer matrices (PS, PMMA and PC) with two kinds of CNT (neat CNT 7000 and COOH functionalized CNT) is that COOH functionalized CNT tend to strongly decrease the transducers’ sensitivity compared to 7000 CNT. It is particularly visible with the response of PC-1%-CNT 7000 to chloroform, which reaches almost 25, whereas that of PC-1%-CNT COOH is only about 0.4. The second important trend is that the association of CNT with polymers strongly increases the sensors’ response amplitude compared to simple CNT functionalization (see Figure 6(right)). Thus, the simple adsorption of polymers on CNT appears much more effective than their chemical grafting, to enhance the transducers’ selectivity and sensitivity. This route has also been explored in another work investigating the importance of the ways of bringing the polymer to the CNT/CNT junctions and the effect of the polymer/CNT ratio on the CPC transducers’ sensitivity [53]. Additionally, it can be noticed in Figure 7 that although CNT grafting decreases the amplitude of the responses, it does not affect their ranking much, i.e., their selectivity.

Figure 7. The influence of both the polymer matrix (poly(styrene) (PS), poly(methyl methacrylate) (PMMA) and poly(carbonate) (PC)) and CNT treatment on the sensors’ chemoresistive responses when conductive polymer nanocomposite (CPC) are filled with (left) neat 7000 CNT and (right) COOH functionalized CNT.
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4. Conclusions

We have developed a simple, reliable and reproducible CNT sensor platform for volatile organic compound (VOC) analysis at room temperature. The CNT sensors’ chemoresistive behavior has been investigated by submitting them to sequential pulses of saturated vapors, such as methanol, chloroform, toluene and THF. The results further indicate that both the selectivity and sensitivity of the transducers can be improved through several mechanisms that optimize the CNT network structure or enhance the interactions between VOC and carbon nanotubes. To optimize the conducting architecture, the spraying layer-by-layer process was found to be superior to filtration under vacuum (bucky paper), whereas non-covalent bonding of polymer chains led to a more effective disconnection of CNT/CNT junctions than chemical grafting, upon specific molecular interactions with VOC. These results demonstrate the perfect adequacy of the selected set of CNT sensors, to rank different VOC by polarity. Moreover, the PCA analysis showed that CNT sensors are good candidates for a further implementation into an array (e-nose) for VOC identification. Finally, Figure 8 illustrates the promising applications of CNT-based chemoresistive sensors, in safety and heath fields, such as environmental sensing [54], smart packaging [55,56] and anticipated disease diagnosis [47,48,49,50]. In fact, either the VOC produced by the combustion of fuels (outdoor) or those released by cleaning products or materials (indoor) are being found at amounts close to the limit of exposure over which they become dangerous for health. Conversely, the production of VOC biomarkers by either specific bacteria or cancerous cells is providing a fantastic opportunity to improve human health. There is thus a need to develop low-cost VOC sensors that can be widely implemented in portable devices with low energy consumption. We expect that CNT-based QRS will be good candidates for such applications, provided that some issues are resolved, such as the persistence of their selectivity at ultra-low VOC concentrations (ppb level) and during exposure to complex blends of similar VOC.

Figure 8. Different kinds of applications of CNT-based arrays of sensors (e-nose). (Left) Environmental monitoring to evaluate the level of exposition to toxic VOC for humans; (right) analysis of VOC biomarkers of food degradation (meat, fruits, etc.) and disease development (lung cancer, diabetes etc.).
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