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Abstract

:

We have investigated single-walled carbon nanotube (SWCNT) networks wrapped with the cationic surfactant sodium dodecyl-benzenesulfonate (SBDS) as promising candidates for water detection. This is the first time that the humidity behavior of endohedral Li-doped (Li@) and undoped SWCNTs/SDBS has been shown. We identified a strong and almost monotonic decrease in resistance as humidity increased from 11 to 97%. Sensitivities varied between −3 and 65% in the entire humidity range. Electrical characterization, Raman spectroscopy, and high-resolution transmission electron microscopy (HRTEM) analysis revealed that a combination of the electron donor behavior of the water molecules with Poole-Frenkel conduction accounted for the resistive humidity response in the Li@SWCNT/SDBS and undoped SWCNT/SDBS networks. We found that Li@SWCNTs boosted the semiconducting character in mixtures of metallic/semiconducting SWCNT beams. Moreover, electrical characterization of the sensor suggested that endohedral Li doping produced SWCNT beams with high concentration of semiconducting tubes. We also investigated how frequency influenced film humidity sensing behavior and how this behavior of SWCNT/SDBS films depended on temperature from 20 to 80 °C. The present results will certainly aid design and optimization of SWCNT films with different dopants for humidity or gas sensing in general.
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1. Introduction


Humidity sensors are highly important in many industrial fields, such as automobile industry, environmental monitoring, food production, health monitoring and production processes [1,2,3]. To date, different materials, including carbon nanotubes (CNTs) [4,5], graphene [6], graphene oxide [7,8], carbon nitride [9], metal oxides [10], polymers and nanocomposites [11,12], have been explored for humidity sensing. Among these materials, CNTs have gained great interest because of their excellent mechanical robustness, electrical conductivity, and chemical stability [13]. High amount of surface atoms and large aspect ratio make CNTs ideal candidates for humidity and gas sensors [14]. Typically CNT based humidity sensors are fabricated by chemical vapor deposition [15], Langmuir–Blodgett technique [16], self-assembly [17], drop casting [18], electrophoretic deposition [19], and printing techniques [20]. Among these preparation techniques, techniques that use liquid CNT dispersions require surfactants to ensure a good dispersion quality [21]. While most studies have focused on multi-walled CNTs, the way humidity impacts SWCNT electrical conductivity has rarely been investiated [22,23,24,25]. Zahab et al. [22] reported that water molecules can act as SWCNT dopants to modify their electrical conductivity. In fact, concerning the area of sensors, SWCNTs are particularly attractive because they provide ballistic electron transport and have excellent ability to exchange charge with several chemical species. The way surfactants impact the electrical properties of SWCNTs has recently been studied [26]. In the presence of cationic surfactants, conductance increases upon exposure to water; as for anionic surfactants, the opposite effect arises. The change of conductance was mainly attributed to electrostatic interactions of water molecules with charged head groups and the counterion of the surfactant, which induce an electrostatic potential on the SWCNTs. In another work [27] it was found, that SWCNT film electrical conductance significantly changes in the presence of surfactants because they block inter-nanotube connections in the CNT network and enhance contact resistance [28,29]. Moreover, the frequency response of CNT based humidity sensors can give more insights about the sensor performance and conduction behavior [30]. For instance, Zhao et al. [31] found that the applied frequency was directly related to the multi-walled CNT (MWCNT) humidity sensor sensitivity and stability. However, only a few works have focused on SWCNT response to frequency [31,32] and, to our knowledge, there are no reports on the use Li@SWCNTs for humidity sensing. In case of Li@SWCNTs, improved electrical transport properties and taylored ratios between semiconducting and metallic nanotubes could be achieved. In particular, doping with Li would help to shift the electrical properties of SWCNTs to more semiconducting behavior. Investigation into the humidity sensing behavior of SWCNT films could provide deeper knowledge about their physical properties and enable the preparation of sensors with desired characteristics, like high sensitivity, large measurement range, stability, fast response, good reproducibility, small hysteresis, and linearity. Knowledge about SWCNT film properties could help to predict their potential in more complex sensor materials, particularly in materials containing functionalized SWCNTs or SWCNTs in composites. Therefore, this work aimed to evaluate the humidity sensing behavior of SWCNT/SBDS and Li@SWCNT/SDBS thin films and to assess the role played by the surfactant SDBS and Li@SWCNT, temperature response, and frequency response in film properties.




2. Materials and Methods


2.1. CNT Fabrication


Li@SWCNT and SWCNT samples were prepared by the arc discharge method; NiO/CoO (molar ratio 1:1) and Li2CO3/NiO/CoO (molar ratio 2:1:1) were used as catalysts, respectively. The arc-reactor operated at a current of 120 A and pressure of 400 mTorr He. Li atoms were encapsulated inside the SWCNTs, as previously reported by Matsubara et al. [33]. More specifically, Li was inserted into the closed hollow tubes during SWCNT growth. In fact, Li@SWCNT preparation involved a step during which the tubes were rinsed to remove Li that was located between or on the surface of the tubes. The Li@SWCNTs employed in the present study were stable in water: their zeta potential was −37 mV, whereas the zeta potential of SWCNTs prepared only with NiO/CoO is −25 mV [33].




2.2. Film Preparation


To stabilize SWCNTs in water the anionic surfactant SBDS) which consists of a hydrophilic sulfonate head group and a hydrophobic alkylbenzene group, was used. Initially, SBDS aqueous solution (50 g) was prepared by mixing 0.5 g of SDBS with 49.5 g of DI water (1% SDBS aqueous solution). This mixture was magnetically stirred at 1000 rpm for 15 min. Then, 0.05 wt.% of CNTs (either SWCNTs or Li@SWCNTs) were dispersed in the SDBS aqueous solution. Next, the resulting aqueous SWCNT/SDBS and Li@SWCNTs/SDBS dispersions were sonicated with a spherical tip at 25 °C for 30 min to ensure that the SWCNTs were well distributed in the aqueous phase. Sonication power amplitude of 30 W with square pulses (0.5 s active and 0.5 s passive) was applied with a Bandelin Solopuls HD 3200 sonicator. After sonication, the dispersions were centrifuged at 4000 rpm for 45 min in a Sigma 2-16PK centrifugation chamber. The dispersed SWNTs (clear part of the dispersion) were extracted after centrifugation and considered for thin film deposition. Before deposition, the Kapton foil substrate was cut into 5 cm × 2.5 cm slices, carefully cleaned with ethanol and DI water, and dried with nitrogen. Then, the Kapton substrate was covered with a mask foil, a square pattern of 1.2 cm × 0.6 cm was opened on the mask foil, and 25 μL of the sonicated SWNT dispersions per layer was deposited by drop casting on the open pattern with an electronic pipette. After each drop casting step, films were dried at 45 °C for 20 min in air. This procedure was repeated until five layers had been deposited by drop casting. The total layer thickness amounted to ≈5 μm. After drying, the mask foil was carefully removed from the substrate, and Ag-electrodes (thickness ≈ 1 μm) were made at both ends of film. Finally, cables were connected to the electrodes with silicone epoxy and allowed to dry overnight. Figure 1 summarizes the SWCNT fabrication scheme.




2.3. Material Characterization


To try to understand how the SWCNTs bind to SDBS water after evaporation, some drops of SWCNT/SDBS dispersion were deposited on Si substrate and analyzed by electron scanning microscopy (SEM) using a Nova nano 450 SEM (FEI, Hillsboro, OR, USA). In addition, high resolution transmission electron microscopy (HRTEM) analysis was performed with a JEM 3010 TEM operating at 300 kV (JEOL, Tokyo, Japan). For analysis a small drop of the resulting dispersion were placed onto lacey-carbon/copper grids (300 mesh). The structure and electronic properties of the dispersed SWCNTs were also investigated by Micro-Raman spectroscopy. A LabRam HR800 micro-Raman system (JY Horiba, Kyoto, Japan) equipped with liquid nitrogen-cooled CCD was used for the Raman measurement. The Li@SWCNTs and SWCNTs dispersed in water were deposited on Si substrate and were excited with a 514.7 nm (2.41 eV) diode pumped solid-state laser (Cobolt AB, Solna, Sweden) by using 100×, 0.9 N.A. objective, and the scattered signals were dispersed by 600 L/mm grating onto the detector. The laser power measured at the sample surface was 167 mW. For temperature investigations, changes in the electrical resistance of the samples as a function of the temperature were measured by applying a cyclic temperature profile from 20 to 80 °C and back to 20 °C, with constant heating and cooling rate of 30 °C/h; a Vötsch VT4002 temperature test chamber was used. At each temperature, resistance was measured from −0.5 to 0.5 V with the aid of a Keithley 2602 dual-channel source meter (Keithley, Cleveland, OH, United States). Humidity experiments were carried out in a custom-designed setup by using different saturated salt solutions and a constant temperature of 20 °C (see Figure 2). In our experiments, lithium chloride (LiCl—11%), magnesium chloride (MgCl2—33%), sodium chloride (NaCl—75.6%), potassium chloride (KCl—84%), and potassium sulfate (K2SO4—97.3%) were used as drying agents. Then, under defined humidity DC resistance, measurements were performed with an Agilent 34,401 A digital multimeter (Agilent Technologies, Santa Clara, CA, USA), which was controlled by a LabVIEW program. Next, AC impedance was measured with an Agilent 4294 A impedance analyzer working between 40 Hz and 110 MHz. The obtained AC impedance data were represented by using Bode [34] and Nyquist plots [35].





3. Results and Discussion


3.1. Raman Spectroscopy


We analyzed the structural properties of SWCNTs and Li@SWCNTs dispersed in SBDS by Raman spectroscopy (Figure 3). The Raman spectra confirmed the effective presence of SWCNTs, as expected. However, the Li@SWCNT predominant radial breathing mode (RBM) was more intense as compared to undoped SWCNTs. Detailed Raman analysis of these same samples excited at 632.8 nm revealed a similar behavior [33]. When excited at 632.8 or 514 nm, Li@SWCNTs had narrower tube diameter distribution than undoped SWCNTs. Taking into account the relationship between the radial vibration wavenumber and the inverse of the CNT tube diameter as ωRBM=C1/dCNT+C2 [36] and setting C1 as 248 cm−1 and C2 as 0, the predominant Li@SWCNT diameter was about 1.35 nm. However, the D and G bands were the most important aspects of Li@SWCNTs and undoped SWCNTs employed during preparation of SBDS composite film sensors. The band around 1337 cm−1 is known as the D band (defect-induced) and is based on structural defects in the carbon lattice. As for the G band, which is assigned to carbon structures with sp2 hybridization, splitting into G+ and G− peaks centered around 1592 and 1565 cm−1, respectively, occurred. Nevertheless, this splitting was more pronounced for Li@SWCNTs, whereas the spectrum of undoped SWCNTs displayed only a small shoulder. Such peak splitting is typical of SWCNTs, and it is well known that the G band profile is sensitive to the concentration of semiconducting or metallic tubes in the SWCNT ropes. In general, SWCNTs with high metallic tube concentration present a G− band associated with vibrations along the circumferential direction, which is expected to be broader and more intense than the G+ band. This can be observed in the SWCNT Raman spectrum shown in [33] when SWCNTs were doped with endohedral and interstitial Li. Thus, the Li@SWCNT G band line shape could indicate that Li@SWCNT/SBDS films contained higher concentration of semiconducting SWCNT tubes than SWCNT/SBDS films. Moreover, Li@SWCNTs have better crystallinity or smaller concentration of structural defects as compared to undoped SWCNTs due to lower D and G+ peak with ID/IG+ = 0.34 and 0.84 for Li@SWCNTs and undoped SWCNTs, respectively.




3.2. Electron Microscopy


TEM analysis of the as-grown material attested to the presence of SWCNTs besides catalyst particles covered with a carbon shell (see Figure 4). Li@SWCNT tube diameter was estimated to be 1.3 nm, in agreement with the Raman spectroscopy results. Figure 4 illustrates HRTEM analysis of the Li@SWCNTs and SWCNTs that we used to construct the sensor films. The HRTEM pictures confirmed the Raman spectral findings. The Li@SWCNT beams contained tubes with less disordered walls than undoped tubes. The average Li@SWCNT tube diameter determined by HRTEM was 1.35 nm, which agreed with Raman spectroscopy data. Undoped SWCNTs were a little smaller (1.31 nm). The doped and undoped SWCNT beam lengths ranged from 1 to 10 μm. HRTEM analyses also proved that both Li@SWCNTs and undoped SWCNTs contained amorphous carbon and graphitic core-shell structures, which constitute common impurities in non-purified CNTs [37].



To understand what kind of morphology we could find in the sensor we prepared as described in Figure 2, we analyzed the undoped SWCNT/SBDS and Li@SWCNT/SDBS composites deposited on silicon by SEM. Both undoped SWCNT/SBDS and Li@SWCNT/SBDS composites show networks of irregular SBDS nanoparticles with size of around 100 nm. The agglomerated SBDS particles were interconnected by the micrometric SWCNT beams, which were well dispersed in the sample (Figure 5). Therefore, undoped SWCNT/SBDS and Li@SWCNT/SBDS films should form membranes on the kapton substrate containing networks of well-dispersed SWCNTs.




3.3. Electrical Measurements


As shown in Figure 6, resistance dependence on temperature for undoped SWCNT/SDBS and Li@SWCNT/SDBS films can be reversed. Both samples displayed a similar general behavior with almost the same relative changes in resistance. This general behavior was observed over several cycles (not shown). However, a small hysteresis was visible with maximum resistance difference between the forward (20–80 °C) and reverse (8–20 °C) measurements of 6.2 and 4.3% for undoped SWCNT/SDBS and Li@SWCNT/SDBS films, respectively. Here SWCNT/SDBS films also exhibited a negative temperature coefficient (NTC) behavior with average temperature coefficient of −34 kΩ/K and −1.1 kΩ/K, for undoped SWCNT/SDBS and Li@SWCNT/SDBS films, respectively. The observed resistance dependence on temperature is typical of semiconducting SWCNTs [38].



SWCNT/SDBS films can form conductive networks when the SWCNT concentration is close to the percolation threshold or when sufficiently thick layers are fabricated. Here, we obtained conductive films after five layers were deposited from SWCNT/SDBS dispersions. Electrical impedance spectra of the SWCNT/SDBS films were recorded in an attempt to understand film electrical transport. Figure 7 shows that the overall impedance strongly depended on frequency and humidity. In general, undoped SWCNT/SDBS and Li@SWCNT/SDBS films presented resistive (at low frequencies) and capacitive (at high frequencies) regimes in their Bode plots. In undoped SWCNT/SDBS films exposed to humidities < 75%, transition between the resistive and capacitive regimes occurs at lower frequencies as compared to Li@SWCNT/SDBS films. This behavior indicated the presence of higher conductive paths in Li@SWCNT/SDBS than in SWCNT/SDBS films. The latter fact was also supported by one order of magnitude lower initial resistance values (at low frequencies). Analysis of the SWCNT network helped to understand the observed resistive and capacitive regions. Basically, each network nanotube had resistance RCNT. Dispersion of undoped or Li-doped SWCNTs in SDBS provided a coating around the SWCNTs, which induced contact resistance RC and capacitance CGap between neighboring tubes. Therefore, the initial resistance values of the two sample types most probably originated from different SWCNT RCNT and RC in the network due to inter-tube distance variation. When we observed the humidity dependence on both SWCNT film types, we verified that the overall resistance dropped sharply over the whole measurement range (Figure 8). According to the applied humidity steps, we calculated film sensitivities (see Figure 8) by using:


S=Ri−RjRH(10%)·100%



(1)




where Ri and Rj are the resistances of neighbouring points in the resistance-humidity plot and RH(10%) corresponds to the resistance measured at 10% humidity. We were able to identify three regions with different sensitivity within the entire humidity range. At low humidities (<32% RH), overall resistance remained almost constant, indicating small changes in RCNT and RC in the SWCNT/SDBS network. Overall resistance (high sensitivity) dropped markedly from 32 to 75% RH and from 32 to 84% RH for undoped SWCNT/SDBS and Li@SWCNT/SDBS films, respectively. From the sensitivities shown in Figure 8 resistance changes of up to ≈3%/%RH and ≈4%/%RH were calculated for undoped SWCNT/SDBS and Li@SWCNT/SDBS films, respectively. These values are equal or slightly higher than reported for resistive humidity sensors based on other materials, for example, graphene (0.31%/%RH [6]), MWCNT films (up to 1.3%/%RH [39]), MWCNT/PEDOT:PSS composites (≈1.1%/%RH [12]), SWCNTs (≈3%/%RH [40]), SnO2 (≈2–3%/%RH [41]). We assumed that strong interaction between water molecules and SWCNTs/SDBS induced the resistance change in our samples. In the presence of sufficient water, SDBS molecules adsorbed on the nanotube surface could be rearranged in such a way that the hydrophilic ends were oriented away from the nanotubes [26,42]. This rearrangement would enable water molecules to interact with the SWCNTs and allow electrons to hop from the water molecules to the SWCNTs. Because there was a mixture of semiconducting and metallic SWCNTs in both kinds of composite films, excess semiconducting SWCNTs resulted in electrical properties being governed by the semiconducting nanotubes. In fact, this agreed with the CNT temperature behavior (see Figure 6). The adsorbed water molecules acted as electron donors in a p-type semiconductor. Low humidity compensated the holes in the semiconducting tubes, so change in resistance was small. After hole compensation, SWCNTs behaved as n-type semiconductors. Compared to undoped SWCNTs, Li@SWCNTs contained a larger amount of semiconducting CNTs, so a higher quantity of water was necessary to compensate for the p-type character and to turn them into n-type semiconductors. Hence, resistance started to decrease at higher humidity. Similar resistance behavior has been observed in SWCNT mats [22] and in SWCNT networks containing a low amount of inter-tube junctions [43]. In addition, water molecules could adsorb onto site defect in SWCNTs and reduce resistance by Poole-Frenkel conduction [44,45]. Raman spectroscopy (Figure 3) and TEM analysis (Figure 4) proved the presence of site defects. Undoped SWCNTs had more site defects than Li@SWCNTs and could be another reason for the higher sensitivity in the humidity range from 32 to 52%. On the other hand, SWCNT/SDBS network swelling could occur. However, this would increase inter-tube distances with higher RCNT and would contradict our results, so it must have played a minor role. Consequently, the major change in the overall SWCNT/SDBS composite resistance arise from RCNT variations. Finally, at high humidities (>84% RH), the SWCNT/SDBS films were covered with a water film. In this situation, most of the SWCNT surface would be covered with water molecules, and further water addition would elicit a small or no change in resistance. Our results differ from the results recently reported by Evans et al. [26], who used SWCNTs in combination with anionic and cationic surfactants. It is also important to mention, that the SWCNT fabrication process and the film fabrication parameters (e.g., film thickness, type of SWCNTs, substrate type of surfactant) in ref. [26] differed from the parameters of the present work. Evans et al. [26] reported a drop in conductance for semiconducting SWCNTs in the presence of water when they used anionic surfactants (e.g., sodium deoxycholate (DOC), sodium cholate (SC)) due to electrostatic interactions inducing an increase in the p-type nature of semiconducting SWCNTs. In the present work electrostatic interactions do not dominate the conduction behavior. However, it can not be ruled out that the conductance drop in our films appearing at high humidities (>75% RH) is a result of increasing electrostatic interactions.





4. Conclusions


We found a strong humidity response for both undoped SWCNT and Li@SWCNT thin films combined with the anionic surfactant SDBS. The resistance of both film types drastically dropped at humidities >32%, which was attributed to water molecule electron donor behavior and to Poole-Frenkel conduction water adsorption onto site defects. Electrical impedance spectroscopy of the SWCNT/SDBS films provided insight into sensor performance and conduction behavior as a function of frequency and humidity. Depending on SWCNT type (undoped or Li-doped), we were able to assess different humidity ranges of up to 97% RH. We attributed differences in resistance-humidity characteristics of undoped SWCNT/SDBS and Li@SWCNT/SDBS films to different concentrations of metallic/semiconducting CNTs, varying crystallinity, and different number of site defects. Additionally, the use of Li@SWCNTs allowed us to obtain CNT networks with better electrical conductivity and increase the concentration of semiconducting tubes in mixtures of metallic and semiconducting tubes, issuing the problem of separating CNTs of different types. In agreement with previous works, the presence of surfactants can significantly change SWCNT films resistance upon exposure to water and give reversible humidity sensing behavior. However, the role played by anionic and cationic surfactants in SWCNT networks remains controversial. In fact, many film parameters, such as SWCNT material properties, orientation in the network, concentration, and film thickness, to name only a few, strongly impact the humidity sensing behavior. Therefore, deeper analysis of the aforementioned film parameter and the underlying mechanism are necessary to fabricate humidity sensors based on SWCNTs and SBDS with the desired properties. We expect that SWCNT and Li@SWCNT thin films will contribute to the development of novel humidity sensors because of their high sensitivity and low fabrication costs.







Author Contributions


Conceptualization, methodology, and manuscript drafting were done by C.M., A.A.-H., and J.M.R. E.Y.M. contributed to the sample analysis and manuscript drafting. M.R. performed the Raman measurements and assisted during manuscript drafting. O.K., D.R.T.Z., and J.M.R. helped during manuscript drafting, review, and editing.




Funding


A.A.-H. acknowledges the financial support within the project InnoTeam-SimplySafe (contr. nr. 100331073) funded by the Sächsische Aufbaubank (SAB) and the European Social Fund (ESF). E.Y.M. and J.M.R. thank the Alexander von Humboldt Foundation, the São Paulo Research Foundation (FAPESP 2017/04759-2) and CAPES (PNPD) for financial support. The publication costs of this article were funded by the German Research Foundation/DFG -392676956 and the Technische Universität Chemnitz in the funding programme Open Access Publishing.




Acknowledgments


The authors thank Koustav Podder for help during sample preparation. We thank Renato da Veiga Torres and Dhivakar Rajendran for their assistance during humidity and temperature measurements. A.A.-H. and O.K. thanks the chair for Solid State Analysis, Technische Universität Chemnitz, Christoph Tegenkamp and Doreen Dentel for access to SEM imaging facilities. E.Y.M. and J.M.R. acknowledge Brazilian Nanotechnology National Laboratory (LNNano) for access to the HRTEM facilities.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kuang, Q.; Lao, C.; Wang, Z.L.; Xie, Z.; Zheng, L. High-sensitivity humidity sensorbased on a single SnO2 nanowire. J. Am. Chem. Soc 2007, 129, 6070–6071. [Google Scholar] [CrossRef] [PubMed]

	



Chu, J.; Peng, X.; Feng, F.; Sheng, Y.; Zhang, J. Study of humidity sensors basedon nanostructured carbon films produced by physical vapor deposition. Sens. Actuators B Chem. 2013, 178, 508–513. [Google Scholar] [CrossRef]

	



Mogera, U.; Sagade, A.A.; George, S.J.; Kulkarni, G.U. Ultrafast response humiditysensor using supramolecular nanofibre and its application in monitoring breathhumidity and flow. Sci. Rep. 2014, 44, 4103. [Google Scholar] [CrossRef]

	



Hong, H.P.; Jung, K.H.; Kim, J.H.; Kwon, K.H.; Lee, C.J.; Yun, K.N.; Min, N.K. Percolatedpore networks of oxygen plasma-activated multi-walled carbon nanotubes forfast response, high sensitivity capacitive humidity sensors. Nanotechnology 2013, 24, 085501. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, B.; Castro, M.; Feller, J.F. Tailoring the chemo-resistive response ofself-assembled polysaccharide-CNT sensors by chain conformation at tunneljunctions. Carbon 2012, 50, 3627–3634. [Google Scholar] [CrossRef]

	



Smith, A.D.; Elgammal, K.; Niklaus, F.; Delin, A.; Fischer, A.; Vaziri, S.; Forsberg, F.; Råsander, M.; Hugosson, H.W.; Bergqvist, L.; et al. Resistive Graphene Humidity Sensors with Rapid and Direct Electrical Readout. Nanoscale 2015, 7, 19099–19109. [Google Scholar] [CrossRef]

	



Borini, S.; White, R.; Wei, D.; Astley, M.; Haque, S.; Spigone, E.; Harris, N.; Kivioja, J.; Ryhänen, T. Ultrafast Graphene Oxide Humidity Sensors. ACS Nano 2013, 7, 11166–11173. [Google Scholar] [CrossRef]

	



Gan, A.X.; Zhao, A.C.; Yuan, A.Q.; Fang, A.L.; Li, A.Y.; Yin, A.J.; Ma, A.X.; Zhao, A.J.T. High performance graphene oxide-based humidity sensor integrated on a photonic crystal cavity. Appl. Phys. Lett. 2017, 110, 151107. [Google Scholar] [CrossRef]

	



Zhang, Z.; Huang, J.; Yuan, Q.; Dong, B. Intercalated graphitic carbon nitride: A fascinating two-dimensional nanomaterial for an ultra-sensitive humiditynanosensor. Nanoscale 2014, 6, 9250–9256. [Google Scholar] [CrossRef]

	



Liang, F.; Luo, L.B.; Tsang, C.K.; Zheng, L.; Cheng, H.; Li, Y.Y. TiO2 nanotube-basedfield effect transistors and their application as humidity sensors. Mater. Res. Bull. 2012, 47, 54–58. [Google Scholar] [CrossRef]

	



Sun, A.; Li, Z.; Wei, T.; Li, Y.; Cui, P. Highly sensitive humidity sensor at low humiditybased on the quaternized polypyrrole composite film. Sens. Actuators B Chem. 2009, 142, 197–203. [Google Scholar] [CrossRef]

	



Benchirouf, A.; Palaniyappan, S.; Ramalingame, R.; Raghunandan, P.; Jagemann, T.; Müller, C.; Hietschold, M.; Kanoun, O. Electrical properties of multi-walled carbon nanotubes/PEDOT:PSS nanocomposites thin films under temperature and humidity effects. Sens. Actuators B Chem. 2016, 224, 344–350. [Google Scholar] [CrossRef]

	



Eder, D. Carbon Nanotube-Inorganic Hybrids. Chem. Rev. 2010, 110, 1348–1385. [Google Scholar] [CrossRef] [PubMed]

	



Varghese, O.K.; Kichambre, P.D.; Gong, D.; Ong, K.G.; Dickey, E.C.; Grimes, C.A. Gas sensing characteristics of multi-wall carbon nanotubes. Sens. Actuators B Chem. 2001, 81, 32–41. [Google Scholar] [CrossRef]

	



Ren, Z.F.; Huang, Z.P.; Xu, J.W.; Wang, J.H.; Bush, P.; Siegal, M.P.; Provencio, P.N. Synthesis of large arrays of well-aligned carbon nanotubes on glass. Science 1998, 282, 1105–1107. [Google Scholar] [CrossRef]

	



Krstic, V.; Duesberg, G.S.; Muster, J.; Burghard, M.; Roth, S. Langmuir-Blodgett Films of Matrix-Diluted Single-Walled Carbon Nanotubes. Chem. Mater. 1998, 10, 2338–2340. [Google Scholar] [CrossRef]

	



Paloniemi, H.; Lukkarinen, M.; Ääritalo, T.; Areva, S.; Leiro, J.; Heinonen, M.; Haapakka, K.; Lukkari, J. Layer-by-Layer Electrostatic Self-Assembly of Single-Wall Carbon Nanotube Polyelectrolytes. Langmuir 2006, 22, 74–83. [Google Scholar] [CrossRef]

	



Jang, E.Y.; Kang, T.J.; Im, H.W.; Kim, D.W.; Kim, Y.H. Single-Walled Carbon-Nanotube Networks on Large-Area Glass Substrate by the Dip-Coating Method. Small 2008, 4, 2255–2261. [Google Scholar] [CrossRef]

	



Boccaccini, A.R.; Cho, J.; Roether, J.A.; Thomas, B.J.C.; Minay, E.J.; Shaffer, M.S.P. Electrophoretic deposition of carbon nanotubes. Carbon 2006, 44, 3149–3160. [Google Scholar] [CrossRef]

	



Feng, Y.; Xie, L.; Mäntysalo, M.; Chen, Q.; Zheng, L.R. Electrical and humidity-sensing characterization of inkjet-printed multi-walled carbon nanotubes for smart packaging. In Proceedings of the IEEE Sensor Conference, Baltimore, MD, USA, 3–6 November 2013; pp. 717–720. [Google Scholar] [CrossRef]

	



Kanoun, O.; Müller, C.; Benchirouf, A.; Sanli, A.; Dinh, T.; Al-Hamry, A.; Bu, L.; Gerlach, C.; Bouhamed, A. Flexible Carbon Nanotube Films for High Performance Strain Sensors. Sensors 2014, 14, 10042–10071. [Google Scholar] [CrossRef]

	



Zahab, A.; Spina, L.; Poncharal, P.; Marlière, C. Water-vapor effect on the electrical conductivity of a single-walled carbon nanotube mat. Phys. Rev. B 2000, 62, 10000. [Google Scholar] [CrossRef]

	



Cantalini, C.; Valentini, L.; Armentano, I.; Lozzi, L.; Kenny, J.M.; Santucci, S. Sensitivity to NO2 and cross-sensitivity analysis to NH3, ethanol and humidity of carbon nanotubes thin film prepared by PECVD. Sens. Actuators B Chem. 2003, 95, 195–202. [Google Scholar] [CrossRef]

	



Na, P.S.; Kim, H.; So, H.M.; Kong, K.J.; Chang, H.; Ryu, B.H.; Choi, Y.; Lee, J.O.; Kim, B.K.; Kim, J.J.; et al. Investigation of the humidity effect on the electrical properties of single-walled carbon nanotube transistors. Appl. Phys. Lett. 2005, 87, 093101. [Google Scholar] [CrossRef]

	



Rinkiö, M.; Zavodchikova, M.Y.; Törmä, P.; Johansson, A. Effect of humidity on the hysteresis of single walled carbon nanotube field-effect transistors. Phys. Status Solidi B 2008, 245, 2315–2318. [Google Scholar] [CrossRef]

	



Evans, G.P.; Buckley, D.J.; Skipper, N.T.; Parkin, I.P. Switchable changes in the conductance of single-walled carbon nanotube networks on exposure to water vapour. Nanoscale 2017, 9, 11279–11287. [Google Scholar] [CrossRef] [PubMed]

	



Shimizu, M.; Fujii, S.; Tanaka, T.; Kataura, H. Effects of Surfactants on the Electronic Transport Properties of Thin-Film Transistors of Single-Wall Carbon Nanotubes. J. Phys. Chem. C 2013, 117, 11744–11749. [Google Scholar] [CrossRef]

	



Geng, H.Z.; Lee, D.S.; Kim, K.K.; Han, G.H.; Park, H.K.; Lee, Y.H. Absorption spectroscopy of surfactant-dispersed carbon nanotube film: Modulation of electronic structures. Chem. Phys. Lett. 2008, 455, 275–278. [Google Scholar] [CrossRef]

	



Tittmann-Otto, J.; Hermann, S.; Kalbacova, J.; Hartmann, M.; Toader, M.; Rodriguez, R.D.; Schulz, S.E.; Zahn, D.R.T.; Gessner, T. Effect of cleaning procedures on the electrical properties of carbon nanotube transistors-statistical study. J. Appl. Phys. 2016, 119, 124509. [Google Scholar] [CrossRef]

	



Sanli, A.; Jayaraman, V.; Benchirouf, A.; Müller, C.; Kanoun, O. Study of the humidity effect on the electrical impedance of MWCNTs/epoxy nanocomposites. In Proceedings of the Conference: 9th International Workshop on Impedance Spectroscopy, Chemnitz, Germany, 26–28 September 2016; pp. 55–58. [Google Scholar]

	



Zhao, Z.G.; Liu, X.W.; Chen, W.P.; Li, T. Carbon nanotubes humidity sensor based on high testing frequencies. Sens. Actuators A Phys. 2011, 168, 10–13. [Google Scholar] [CrossRef]

	



Shah, M.; Ahmad, Z.; Sulaiman, K.; Karimov, K.S.; Sayyad, M.H. Carbon nanotubes nanocomposite in humidity sensors. Solid State Electron. 2012, 69, 18–21. [Google Scholar] [CrossRef]

	



Matsubara, E.Y.; Luengo, C.A.; Rosolen, J.M. Lithium-doped endohedral single-walled carbon nanotubes can arise during tube growth. Chem. Phys. Lett. 2013, 590, 175–179. [Google Scholar] [CrossRef]

	



Verma, M.L.; Minakshi, M.; Singh, N.S. Synthesis and Characterization of Solid Polymer Electrolyte based on Activated Carbon for Solid State Capacitor. Electrochim. Acta 2014, 137, 497–503. [Google Scholar] [CrossRef]

	



Park, S.M.; Yoo, J.S. Electrochemical Impedance Spectroscopy for Better Electrochemical Measurements. Anal. Chem. 2003, 75, 455–461. [Google Scholar] [CrossRef]

	



Maultzsch, J.; Telg, H.; Reich, S.; Thomsen, C. Radial breathing mode of single-walled carbon nanotubes: Optical transition energies and chiral-index assignment. Phys. Rev. B 2005, 72, 205438. [Google Scholar] [CrossRef]

	



Montoro, L.A.; Rosolen, J.M. A multi-step treatment to effective purification of single-walled carbon nanotubes. Carbon 2006, 44, 3293–3301. [Google Scholar] [CrossRef]

	



Nakai, Y.; Honda, K.; Yanagi, K.; Kataura, H.; Kato, T.; Yamamoto, T.; Maniwa, Y. Giant Seebeck coefficient in semiconducting single-wall carbon nanotube film. Appl. Phys. Express 2014, 7, 025103. [Google Scholar] [CrossRef]

	



Cao, C.L.; Hu, C.G.; Fang, L.; Wang, S.X.; Tian, Y.S.; Pan, C.Y. Humidity Sensor Based onMulti-Walled Carbon Nanotube Thin Films. J. Nanomater. 2011, 2011, 707303. [Google Scholar] [CrossRef]

	



Arunachalam, S.; Gupta, A.A.; Izquierdo, R.; Nabki, F. Suspended Carbon Nanotubes for Humidity Sensing. Sensors 2018, 18, 1655. [Google Scholar] [CrossRef]

	



Yadav, B.C.; Singh, R.; Singh, S. Investigations on humidity sensing of nanostructured tin oxide synthesised via mechanochemical method. J. Exp. Nanosci. 2013, 5, 670–683. [Google Scholar] [CrossRef]

	



Goak, J.C.; Lee, S.H.; Han, J.H.; Jang, S.H.; Kim, K.B.; Seo, Y.; Seo, Y.S.; Lee, N. Spectroscopic studies and electrical properties of transparent conductive films fabricated by using surfactant-stabilized single-walled carbon nanotube suspensions. Carbon 2011, 49, 4301–4313. [Google Scholar] [CrossRef]

	



Zhang, K.; Zou, J.; Zhang, Q. Roles of inter-SWCNT junctions in resistive humidity response. Nanotechnology 2015, 26, 455501. [Google Scholar] [CrossRef] [PubMed]

	



Robinson, J.A.; Snow, E.S.; Bǎdescu, S.C.; Reinecke, T.L.; Perkins, F.K. Role of Defects in Single-Walled Carbon Nanotube Chemical Sensors. Nano Lett. 2006, 6, 1747–1751. [Google Scholar] [CrossRef] [PubMed]

	



Khojin, A.S.; Field, C.R.; Yeom, J.; Masel, R.I. Sensitivity of nanotube chemical sensors at the onset of Poole–Frenkel conduction. Appl. Phys. Lett. 2010, 96, 163110. [Google Scholar] [CrossRef]








[image: Sensors 19 00171 g001 550]





Figure 1. Film fabrication process: (a) Dispersion preparation and (b) Film preparation. 
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Figure 2. Experimental setup for humidity measurements. 
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Figure 3. Raman spectra of undoped SWCNT and Li@SWCNTs dispersed with SDBS and deposited on silicon. (a) Overview spectra (b) Detailed view of the G-band. 
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Figure 4. High resolution transmission electron microscopy images of (a) undoped SWCNTs and (b) Li@SWCNTs washed in deionized water (1). Besides the tubes, samples contained amorphous carbon (2) and core-shell structures of catalyst particles (3). 
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Figure 5. Scanning electron microscopy images of (a) undoped SWCNT/SDBS films and (b) of Li@SWCNT/SDBS films. 
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Figure 6. Temperature response of (a) of undoped SWCNT/SDBS films and (b) of Li@SWCNT/SDBS films. Measurement were performed at constant humidity of ≈10%. 
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Figure 7. Impedance spectra in the humidity range of 11–97% of: (a) Bode plot of undoped SWCNT/SDBS films. (b) Nyquist plot of undoped SWCNT/SDBS films. (c) Bode plot of Li@SWCNT/SDBS films. (d) Nyquist plot of Li@SWCNT/SDBS films. 
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Figure 8. Resistance as a function of humidity taken at 0 Hz, 100 Hz, and 1 kHz and corresponding sensitivity at 0 Hz: of (a,b) undoped SWCNT/SDBS films and (c,d) Li@SWCNT/SDBS films. 






Figure 8. Resistance as a function of humidity taken at 0 Hz, 100 Hz, and 1 kHz and corresponding sensitivity at 0 Hz: of (a,b) undoped SWCNT/SDBS films and (c,d) Li@SWCNT/SDBS films.



[image: Sensors 19 00171 g008]








© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
e(Z)

om0 Y
S| ase Lam
o T
L] e B

1

SWONT v SDBS souc-
=, !

g rsu0

1000

B

uaswont
i S0BS

o
W W O 10 240 30" 40" 50" 810" 7el0
Frequency (He) Retz)
e .

W W
Frequency (Hz)

S0

o0 1500
Re(2)

2000

280"





media/file4.png
— Impedance Analyzer
—

5 > SWCNT-Film

e » Saturated salt solution

» Undissolved salt

—+—» Temperature control






nav.xhtml


  sensors-19-00171


  
    		
      sensors-19-00171
    


  




  





media/file16.png
70 2.5x10°
—a—DC ] b
—eo— 100Hz 60
—A—1kHz ] 42.0x10°
50 .
- 41.5x10°
40 ® - Sensistivity in %
= 304 9 Sensitivity in ©2/% RH
o | . ! 41.0x10°
20 ©
4 1 i 4
- T . L 5.0x10
1 swcNT with SDBS - : .
0 T T T v T T o C.} """""" 5 .B' 0
0 20 40 60 80 100 0 20 40 60 80 100
RH (%) RH (%)
2.5x10° 70 1.0x10°
C __._-——"'s.h-—-— —=—=DC | d Q
. —e— 100Hz 60
. —h—1kHz '
2.0x10 17 5x10°
—~ 1.5x10° 1 :
g —a— Sensitivity in % . 45.0x10°
= -0 -- Sensitivity in (Y% RH y
S 4.0x10°-
o 4 2.5x10°
5.0x10"
LI@SWCNTwithSDBS N | o 40
0 T T T T T T ¥ T T T T
0 20 40 60 80 100 0 20 40 60 80 100
RH (%) RH (%)

S (Y% RH)

S (/% RH)





media/file2.png
SWCNTs

HC

Jﬁ@i@}% > [\

== il
SDBS Sonication Centrifugation Extraction
Solution 30W, 30 min 4000 rpm, 45 min of dispersion

Film deposition Ag-contact SWCNT-film
by drop casting, deposition, on Kapton

using a mask using a mask with electrodes





media/file5.jpg
Intensity (a.u.)

Intensity (a.u.)

2 —UgswWoTs
witn SDBS
i —— SWoNTs win SDBS
D.8ana
G8and
0 50 100 1500 2000 2800 3000
Wavenumber (cm”)
—UgswenTs
b with SDBS
Fooe o —— SWCNTswit SDBS
s
1500 1850 1600 1650 1700

Wavenumber (cm™)





media/file3.jpg
— Impedance Analyzer

— > SWCNT-Film

== Saturated salt solution
——— Undissolved salt

——+— Temperature control






media/file1.jpg
SWONTs

TSN O
-

SDBS Sonication ~ Centrifugation  Extraction
Solution  30W, 30 min 4000 rpm, 45 min of dispersion
b
Film deposition Ag-contact SWCNT-film
by drop casting, deposition, on Kapton

using a mask using a mask with electrodes





media/file7.jpg





media/file10.png





media/file12.png
ARIR (%)

0 -
5
-10..
-15_.
20 -
-25_-
-3(}_-
-35..
-40-.

a N

—m— Forward
—eo— Reverse

S

NN

N

SWCNT with SDBS

I

20

1

30

T y T v T ¥ 1 " I

40 50 60 70 80
Temperature (°C)

AR/R (%)

5.
-10_.
-15_-
_20_-
-25:
-3[]__
-35_.
-40-.

. m Forward
—eo— Reverse

AN

.-——_‘_-

LI@SWCNT with SDBS

20 40 60 80
Temperature (°C)






media/file9.jpg





media/file0.png





media/file14.png
7x10°

6x10°

5x10" -
4x10°
S )
@ 3x10° -
14 )
2%10° -

1x10° 4

- 1%

52%
75%
84%
97%

-+ 4 @

---------------------

10°

102 103 10“ 10 10’ 10°
Frequency (Hz)
2.5x10
o o . 11%
ﬂ - 32%
5 | e 529%
2.0x10 C S, D e
] * A B4%
1.5x10° . © 9T
< " .
T 4 0x10° 1 ¥
o 1.0 2
v
L
5.0x10" 1 LI@SWCNT
with SDBS
04
10° 10° 10° 10° 10° 10’ 10°

Frequency (Hz)

-Im(2)

3.0x10° o
| |
b . 58 p . o 32%
2 5%10° - - o 52%
- v 75%
. . O A 84%
2.0x10 - - =] e 97%
[ ] s ® Ve, A
.
1.5x10°4 " o° ‘e .
= .-1::-::1:51‘{r *a . [
e , . o .
L ] i
1.0x10°{ g b . % .
b . .o. -
- I‘E‘:-:W:.: :‘ u
1h U \
L | -
y T ¥ T Y T ¥ T r T T T r
1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 7x10°
Re(Z)
1.2x10°
. 11%
11y - 32%
1.0x10° - o : o 52%
d . 2 v 75%
8.0x10" - . r A B4%
0x10 5 2+ 97%
. r
6.ox10°4 ' L vvvv, ¢
v v L
L v 3
4.0x10°{ oy " p
0x10 -
%
-
20x10 JK\_ ‘
|
5.0x10" 10:-:10 15x10 2.0::105 2.5x10°

Re(Z)






media/file8.png
10 nm






media/file11.jpg
o Rewere

Temperature (°C)

.
a .
"
2 .
% -
T 0
-
SWCNT with SDBS. 0. LI@SWCNT with SDBS.
e R R R RN

Temperature (°C)






media/file6.png
Intensity (a.u.)

Intensity (a.u.)

a —— LI@SWCNTs
with SDBS
——— SWCNTSs with SDBS
REM D-Band
,G-Band
T T v T T T T T y T v
0 500 1000 1500 2000 2500 3000
Wavenumber (cm'1)
—— LI@SWCNTs
b with SDBS
G-band G, — SWCNTSs with SDBS
G_
' T T | T | '
1500 1550 1600 1650 1700

Wavenumber (cm’1)





media/file15.jpg
e
o'
st

2800
2000

s

R (Ohms)

sono’

25010

1oa

St RH)

o

RH00

e sarsmayin s
< oy

e

50"

son0
o %

25010’ @

RH (%)






