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Abstract

:

In this work, we investigated the functionalization of reduced graphene oxide (rGO) with 2-(dodecen-1-yl) succinic anhydride (TPSA) to increase the rGO effective interactions with organic solvents both in liquid and vapor phases. Thermogravimetric analysis, STEM, XPS, FTIR-ATR, and Raman spectroscopy confirmed the effective functionalization of rGO with about the 30 wt% of grafted TPSA without affecting the structural characteristics of graphene but successfully enhancing its dispersibility in the selected solvent except for the apolar hexane. Solid TPSA-rGO dispersions displayed a reproducible semiconducting (activated) electrical transport with decreased resistance when heated from 20 °C to 60 °C and with a negative temperature coefficient of 10−3 K−1, i.e., comparable in absolute value with temperature coefficient in metals. It is worth noting that the same solid dispersions showed electrical resistance variation upon exposure to vapors with a detection limit in the order of 10 ppm and sensitivity α of about 10−4 ppm−1.






Keywords:


graphene; reduced graphene oxide; covalent functionalization; chemical and temperature sensor












1. Introduction


Graphene is a two-dimensional crystal made of carbon atoms united by sp2 sigma bonds [1,2,3]. The rest of the sp2 orbitals that do not contribute to the crystal frame create the π−bonds network responsible for its outstanding electrical properties [4]. Graphene displays other excellent features such as high thermal conductivity [5], mechanical strength [6], negative thermal expansion [7], and optical transparency [8]. Due to these properties, graphene has found applications in diverse areas such as supercapacitors [9,10], antibacterial scaffolds [11], photovoltaic cells [12], biosensing [13], and transparent electronics [14]. In addition, its conductivity increases upon increasing the temperature, which has been exploited along with its high flexibility to build temperature sensors [15]. Chemosensors use graphene as active layer for sensing toxic gases and vapors [16]. These materials rely on the change of the electrical resistance in response to the adsorption of vapor analytes [16,17,18,19] such as NO2 [20], NH3 [21], CO [22], and volatile organic compounds (VOCs) [23] with high sensibility, selectivity, and reversibility [24,25]. The success of graphene as a chemosensor is not surprising since it has characteristic impermeability to gases [26], large specific surface area (2630 m2/g) [27], combined with excellent electrical conductivity [28], and low electrical noise [29].



Due to the high demand for graphene, scientists have developed diverse methods for its production and based on the two general bottom-up and top-down approaches [30]. The first involves the chemical vapor deposition [31,32], the growth from metal-carbon melt [33], and the epitaxial growth [34]. The second comprises micromechanical exfoliation (the scotch tape) [35], graphite exfoliation [36], and the ball milling method [37]. Although the techniques mentioned above may produce high-quality graphene, they are cumbersome, expensive, or the production results in low yields [30]. Graphite oxide (GO) has called close attention as a precursor of graphene because it is easy to produce in high quantities from graphite and yields stable dispersion in various solvents [38,39]. This method uses strong acids and oxidants to modify graphite [40,41,42] and yields to the formation of hydroxyl, carboxylic acid, and epoxy groups over the graphitic layer [43]. The incorporation of these groups makes graphite hydrophilic [44], thus facilitating its exfoliation as individual sheets in water and in polar organic solvents [45,46]. Unfortunately, the oxidation disrupts the conjugation of the hexagonal graphene lattice considerably, thus making GO an insulator [47,48]. However, GO can effectively recover its electric properties to some extent when reduced graphene oxide (rGO) is produced by chemical or thermal reduction treatments [49,50,51]. It is also found that the residual functional groups in the rGO structure favors the graphene dispersion in aqueous and polar media thanks to the effective interactions between the two materials [52,53,54,55].



Noteworthy, residual oxygen-functional groups of rGO provide reactive sites for further covalent functionalization aimed at extending rGO dispersibility in different class of solvents [56], thus favoring the formation of graphene layers by using simple and low-cost solution techniques such as drop casting [57], vacuum filtration [58], dip coating [59], and spin coating [60]. Additionally, thanks to the extra functionalities, rGO show excellent affinity to different vapor analytes in comparison to graphene [16] such as alcohols [61], Cl2 [62], NO2 [19,63], and ketones [64].



In connection with these findings, in this work, we report the easy functionalization of rGO with 2(dodecen-1-yl) succinic anhydride (TPSA) with the aim to increase the affinity of the graphitic core with some of the most common volatile solvents, and to provide solid dispersions with enhanced resistive sensing features (Figure 1). TPSA and in general alkenyl succinic anhydrides (ASA), are modified five-membered succinic anhydrides bearing a linear or branched iso-alkenyl chain. These molecules are colorless viscous liquids that are widely employed in the paper industry for the hydrophobization of cellulose fibers or as building blocks for detergents in fuels [65,66]. The final TPSA-rGO product was characterized via thermogravimetric analysis (TGA), Raman spectroscopy, ATR-FTIR, XPS, and scanning transmission electron microscopy (STEM) to determine the amount of TPSA grafted on the graphitic core as well as its structural characteristics. TPSA-rGO was studied in terms of its dispersibility into five different organic solvents and the sensing characteristics of the derived solid films eventually evaluated as a function of temperature changes and the exposure to vapors of volatile solvents.




2. Experimental


2.1. Materials


Reduced graphene oxide (rGO) was purchased from Sigma-Aldrich, Italy, and used without any purification. It is composed of >75% C and <5% N, has a surface area of 103 (m2/g) and an electric conductivity of 7111 S/m (as reported by the manufacturer). Chloroform (99.5%), 1-methyl-2-pyrrolidone (99.5%), hexane (>95%), tetrahydrofuran (99.7%), and toluene (99.8%) were used as received (Sigma-Aldrich, Italy).




2.2. rGO Chemical Functionalization


50 mg of TPSA and 15 mg of rGO were dissolved in 50 mL of 1-methyl-2-pyrrolidone in a 100 mL beaker. The mixture was sonicated for 10 min at 400 W and 24 kHz with UP 400 S probe in titanium with a 3 mm diameter tip and 100 mm length (Hielscher’s H3). During sonication, the beaker was immersed in an ice bath to prevent excessive temperature rise. Then, the dispersion was transferred in a 100 mL flask equipped with a condenser and a stirring bar. The reaction was stirred for 10 h at 130 °C. After cooling, the TPSA-rGO was precipitated in 1L of deionized water and recovered by filtration using a sartorius filter (Durapore®) with a PVDF filter membrane with a pore size of 0.22 μm and a diameter of 47 mm. The product was washed with deionized water, acetone, and ethyl ether to remove the solvent and the excess of unreacted TPSA. The functionalized graphene (TPSA-rGO) was then dried under vacuum for 24 h.




2.3. Preparation of the rGO Dispersions and Setup Preparation for the Resistive Measurements


5 mg of rGO or TPSA-rGO were poured in a vial containing 10 mL of the selected organic solvent. The mixture was then ultra-sonicated (UP400S from Hielscher) for 10 min at full power (400 W, frequency of 24 kHz) dipping the vial in an ice bath to prevent solvent evaporation during sonication.



For the determination of the resistive behavior as a function of the temperature, one aliquot (20 μL) of rGO and TPSA-rGO dispersions in chloroform was drop-cast on gold plated electrodes supported on a Kapton® film (for solid support size details refer to [67]) and then left to evaporate at room temperature. The electrical resistance was measured at different temperatures in the range 20–60 °C as previously reported [68,69]. The measured resistances were obtained as a mean from one hundred measurements as allowed by the multimeter settings (KEITHLEY 2010, Tektronix, Beaverton, OR, USA).



For the determination of the resistive behavior as a function of the exposure to volatile organic compounds, the aliquot was drop-cast onto gold electrodes supported on an integrated device provided by Cad Line Pisa (Italy). The setup of the experiment as well as electrodes size and geometry were detailed reported in the recent literature [70,71]. Briefly, for each deposition THF, CHCl3, and hexane (HEX) were tested. To account for the sensitivity of the devices, dispersions were exposed to an increasing amount of solvent. About 23 μL of solvent, i.e., corresponding to 5 ppm of the volume chamber was dropped by using a Gilson pipette and quickly the hole was closed with a rubber septum. Resistance values were taken every minute for a total of twenty and afterwards a new addition of 5 ppm was done until 50 ppm was reached.




2.4. Characterization


ATR–FT–IR spectra were recorded by means of a Perkin-Elmer Spectrum One (San Francisco, CA, USA), within the 4000–650 cm−1 and averaged over 32 scans.



Scanning transmission electron microscopy (STEM, Thermo Fisher Scientific, Hillsboro, OR, USA) was performed on rGO samples using a FEI Quanta 450 equipped with a field emission gun. Particle analysis was performed using the public domain ImageJ 1.52k software (National Institutes of Health, Bethesda, MD, USA). SEM images were acquired with a Dual Beam FIB/SEM Helios Nano-Lab 600i (Thermo Fisher Scientific), 5 kV accelerating voltage, and variable magnification. For SEM imaging, the samples were acquired without any additional preparation.



Image and confocal profilometry data were acquired with a Leica DCM 3D Confocal Profilometer (Leica Microsystems CMS GmbH, Mannheim, Germany).



The UV–vis spectra were recorded with a Perkin Elmer Lambda 650 spectrophotometer (San Francisco, CA, USA) using quartz cuvettes with an optical path of 1 cm.



Thermal degradation of rGO was analyzed via thermogravimetric analysis (TGA) with a Mettler Toledo TGA/SDTA851 instrument (Mettler Toledo, Columbus, OH, USA) under nitrogen flux (80 mL/min). All samples were tested in agreement with procedures previously reported [72].



Raman spectroscopy has been performed using a Horiba Jobin Yvon Xplora ONE confocal Raman microscope (Horiba Scientific, Horiba Italy, Roma, Italy). The wavelength of the excitation laser was 532 nm and the power of the laser was kept below 1 mW (at the objective) to avoid sample heating.



The electrical measurements of the rGO and TPSA-rGO solid dispersions were carried out according to literature reports [67,68,73,74].



XPS analysis was performed as described in [75]. Briefly, dried powder of TPSA-rGO and rGO were placed on a sample support and inserted in an ultra-high vacuum (UHV) analysis chamber (pressure 5 × 10−8). The chamber was equipped with a VSW-TA10 X-ray source and a VSW-HA100 hemispherical analyzer with a 16-channel detector. The X-ray non-monochromatic source (Mg Kα radiation. 1253.6 eV) was operated at 100 W (10 kV and 10 mA). XPS analysis was carried out to determine the intensity of each component using CasaXPS software (Casa Software Ltd., Teignmouth TQ14 8DE, UK) and correcting the extracted areas using the atomic sensitivity factors [75].





3. Result and Discussion


3.1. Dispersion of Reduced Graphene Oxide (rGO) in Organic Solvents


The production of stable graphene dispersion is of paramount importance for the fabrication of graphene-based devices and composites. We evaluated the dispersion of pristine rGO in five different apolar and polar aprotic organic solvents such as chloroform (CHCl3), 1-methyl-2-pyrrolidone (NMP), hexane (HEX), tetrahydrofuran (THF), and toluene (TOL) (Figure 2). The dispersions were prepared by adding 5 mg of rGO in 10 mL of solvent and sonicated for 10 min. As reported, NMP is an excellent solvent to disperse rGO due to its high polarity (3.75 D) and surface energy (40.1 mN/m) similar to rGO [76,77]. Its dispersion showed a high value of absorbance (Abs > 4, inset Figure 2A) with evidence of signal saturation and absence of precipitates (Figure 2B). On the other hand, rGO displayed poor dispersibility in THF and in the non-polar TOL and HEX in agreement with the required combination of solvent polarity and surface energy [78]. In line with these findings, CHCl3 showed a better dispersibility than these last solvents, possibly due to the generation of effective hydrogen bonding interactions between the residual functional groups of rGO and the chlorinated solvent [78].



An effective dispersion should also remain stable over a reasonable period of time. Therefore, the stability of rGO dispersions was evaluated after one month from the preparation (Supplementary Figure S1). rGO was found to retain its excellent dispersability in NMP, as expected. Conversely, TOL, THF, and HEX showed poor stability with time, whereas notwithstanding the similar UV–vis absorption spectrum in CHCl3, partial sedimentation of rGO was found after one month.



The morphology of the rGO dispersion in chloroform was analyzed by scanning transmission electron microscopy (STEM, Figure 3). rGO flakes had a surface size of 2.25 ± 0.45 μm2 and most of them appeared as single sheets with an average thickness of 0.7 ± 0.2 μm, thus confirming the effectiveness of the selected dispersing method in providing well-exfoliated rGO layers.




3.2. rGO Functionalization with 3-(Dodecen-1-yl) Succinic Anhydride (TPSA) and Dispersion in Organic Solvents


rGO functionalized with 3-(dodecen-1-yl) succinic anhydride (TPSA-rGO) was prepared with the aim to enhance rGO dispersibility in organic solvents. The composition and structure of TPSA-rGO were characterized by thermogravimetric analysis (TGA), Raman, ATR-FTIR, XPS, and its morphology by scanning transmission electron microscopy (STEM). Figure 4A shows the ATR-FTIR spectra of rGO and TPSA-rGO. The former displays peaks of residual oxygen-functional groups C-O-C (1200 cm−1) and C-O stretching vibrations (1050 cm−1). After its functionalization with TPSA, TPSA-rGO displays the typical stretching bands at 2922 cm−1 and 2852 cm−1 and bending at 1425 cm−1 and 1374 cm−1 attributed to the aliphatic C-H moieties of the attached alkyl chains. In addition, the significant contributions at 3500, 1688, and 1552 cm−1 were attributed to the presence of carboxylic groups that were possibly formed after the reaction of the succinic anhydride with the -OH residual groups of pristine rGO. Raman spectroscopy is also useful to investigate the structure of graphitic materials. The most diagnostic peaks in the Raman spectrum of graphene are the G and D bands, as evidenced in Figure 4B for rGO and TPSA-rGO samples [79,80]. The G-band centred at 1580 cm−1 represents the planar vibration of carbon atoms in most sp2 graphitic materials. Conversely, the disorder-induced D-band at 1340 cm−1 is a result of scattering from defects that break the fundamental symmetry of the graphene sheet [81,82]. The significant contribution at 2900 cm−1 represents the combination of the first overtone of the D band (2D band) and the D + G band. Notably, the ratio of D and G bands peak intensities (ID/IG) can be used as a standard index to detect defects on the rGO layer. In this respect, the functionalization of rGO with TPSA inverted the intensities of the D and G-band and the ID/IG ratio of rGO and TPSA-rGO changed from 1.28 to 0.94, respectively. This unexpected feature has already been reported in the literature [83]. Aliphatic or aromatic functional groups in contact with the surface of the graphitic fillers effectively contribute to the generation of a more ordered structure, thus apparently limiting the extent of the structural disorder of the graphene layer.



The functionalization of rGO with TPSA was also characterized by X-ray photoelectron spectroscopy (XPS). Figure 5 shows the XPS signals of C1s and O1s for the rGO and TPSA-rGO samples, whereas the percentage of each C1s and O1s components after signals deconvolution was reported in Table 1 [84]. Notably, TPSA-rGO displayed a marked decrease of carbon content in comparison to rGO, which was possibly attributed to the removal of the amorphous carbon during the functionalization process, or impurities physically adsorbed on the graphitic structure of rGO [75]. Nevertheless, the evident increase of the –C=O and COO ester or carboxylic acid contents formed after functionalization ratified the effective functionalization of rGO by TPSA. Precisely, COO increased from 3.4% to 5.2%, C-O from 10.1% to 11.3%, C=O 5.6% to 8.2%, and O=C from 11.6% to 12.0% (Table 1).



We eventually evaluated the percentage of TPSA grafted onto rGO by thermogravimetric analysis (Figure 6). The experiments were carried out from 25 °C to 800 °C under nitrogen atmosphere. TPSA showed a thermal degradation at 260 °C with zero residual mass at 300 °C. rGO begun to degrade at about 300 °C with a gradual rate and without reaching a plateau even at 800 °C. The residual mass of the sample was calculated to be 87.1%. TPSA-rGO started to degrade before 300 °C due to the degradation of the grafted TPSA moieties and with an overall weight loss of 34% with respect to pristine rGO at 800 °C. Therefore, the designed rGO functionalization process was able to graft more than 30% by weight of the alkyl succinic derivative.



We evaluated the dispersion of TPSA-rGO in the same five organic solvents as analogously investigated for pristine rGO to determine the effective contribution of the grafted TPSA moieties. The functionalization improves the rGO dispersion considerably in the organic solvents, except in hexane (Figure 7). TPSA-rGO dispersed in NMP, CHCl3, and THF showed very high values of absorbance and with clear evidence of signal saturation, i.e., indicating a substantial increase of the rGO dispersibility. This suggests that the incorporation of the -C=OOH and –COO alkyl groups of the graphitic surface of rGO substantially increase the number of effective interactions with the polar solvent molecules.



Moreover, by comparing the absorbance values of the rGO dispersed in toluene after and before the functionalization with TPSA (Figure S2), an overall four-fold increase in the amount of the graphitic material contained in the mixture can be determined. This feature suggested that the grafted TPSA was also able to enhance the rGO dispersibility into an apolar aromatic solvent such as toluene. The presence of such effective interactions was eventually confirmed by analyzing the stability of the TPSA-rGO toluene dispersions after one month from the preparation. It was worth noting that the UV–vis absorption spectra recorded on the as-prepared sample was superimposable with that registered one month later (Figure S2).



TPSA-rGO dispersions were studied by STEM to evaluate if the chemical modification of rGO could adversely affect its morphology. Notably, both average surface size and thickness maintained unchanged after the modification with TPSA (Figure S3), thus suggesting that the designed functionalization process preserved the rGO main morphological characteristics.




3.3. Resistive Properties of TPSA-rGO and rGO as a Function of Temperature


As a semiconductor, the conductivity of a graphitic material increases upon heating, thus making it appropriate for use in small-size temperature sensors [68,69]. In connection with these findings, aliquots (20 μL) of rGO and TPSA-rGO chloroform dispersions were drop-cast onto the electrodes on plastic support (Figure S4), and the electrical resistance of the derived films measured after the complete evaporation of the solvent. The measurements were carried out in replicate (n = 3). The substantial difference of the measured resistance of the two rGO samples at room temperature suggested a low reproducibility of the casting procedure, possibly attributed to the very heterogeneous chloroform mixtures [68]. On the contrary, the resistance values of the TPSA-rGO samples were in excellent agreement with values at least one order of magnitude below those of rGO (Table 2). Indeed, following the UV–Vis experiments, TPSA-rGO dispersions in chloroform contained a greater content of the graphitic material that was homogeneously distributed in the solid phase in very effective percolative structure (Figures S5–S7).



The resistance variation with temperature was then measured between 20 °C and 60 °C and over three successive heating-cooling cycles. The heterogeneous distribution of the rGO graphitic material in the sensor device was also reflected in the resistive behavior as a function of temperature variations (Figure 8A). The resistance of rGO decreased with the temperature according to the semiconducting behavior, but significant fluctuations of the measured data were collected (Figure 8B). Moreover, rGO 2 sample was discarded for further investigations since no variation of resistance was measured (data not shown). TPSA-rGO samples showed the same resistive behavior with temperature but a more reproducible resistance variation upon heating was gathered. These features were also confirmed by analyzing the replicate experiments over successive second and third heating scans. Notably, the linear trend was confirmed for the TPSA-rGO samples only and with a maximum resistance variation extent of about 20% (Figure 8C,D) within the temperature scan sequence.



As a first-order approximation for the considered range, the temperature coefficient αT of the TPSA-rGO samples can be calculated according to the Equation (1) [68].


   α T  =    R  f i n a l   −  R  i n i t i a l      T  f i n a l   −  T  i n i t i a l     /  R  i n i t i a l    



(1)




where α is the temperature coefficient expressed in K−1. Table 3 shows the sensitivity values obtained for each sample and cycles.



The TPSA-rGO samples displayed sensitivity corresponding to a negative α in the order of 10−3 k−1, i.e., comparable, as absolute value, to values found in metals [68,69]. The resistance measures have an excellent reproducibility of the temperature coefficient with a slight variation only in the last cycle, thus confirming the use of rGO percolative networks as small temperature sensors.




3.4. Resistive Properties of TPSA-rGO and rGO Exposed to Volatile Organic Solvents (VOCs)


The detection of volatile organic compounds at room temperature with fast response is of paramount importance for safety reasons. In graphene based-sensors, the solvent adsorbed by the graphitic material induces a variation in the electrical conductivity because of the effective perturbation of the percolative pathways [23,25,85]. Therefore, we fabricated a sensor device by depositing 100 µL of TPSA-rGO dispersed in chloroform on an electrical circuit and the electrical signal collected by a digital multimeter with a data logger (S8 and experimental). Notably, the dispersion was left drying in the air and then under a mechanical vacuum for about 4 h. The TPSA-rGO based-sensor was then exposed to the vapors of three different organic solvents such as THF, CHCl3, and HEX inside of a sealed chamber (S9). THF and CHCl3 were selected as potentially interacting solvents with TPSA-rGO, whereas HEX was investigated being a very volatile solvent but barely interacting with the graphitic compound. Figure 9 shows the increase of the resistance of the sensors as it was exposed to different vapor concentrations. In particular, the sensor appeared to respond linearly as the concentration of THF and CHCl3 increased. Notably, for both THF and CHCl3, the device starts to become sensitive for VOC concentration higher than 5–10 ppm. In the case of HEX, the electrical resistance of the sensor did not substantially change within the investigated interval of concentrations, which again confirmed the weak interaction between the functionalized rGO and the aliphatic hydrocarbon solvent.



We evaluated the sensor performances for each solvent by comparing their Pearson’s correlation coefficients (PCC) [86] (Table 4). PCC measures the statistical relationship between two continuous variables that were the sensor resistance and the concentration of the solvent vapors in ppm in our case. PCC values range from +1 to -1, where +1 designates a perfect positive relationship, -1 indicates a perfect negative relationship, and a 0 suggests that no relationship exists between the two variables. The experiment carried out with HEX gathered a PCC close to zero, thus indicating the very low sensibility of the device towards the hydrocarburic vapor molecules. In contrast, CHCl3 and THF achieved a PCI very close to one thanks to the noteworthy sensibility of the TPSA-rGO based-sensor towards volatile and polar compounds.



We also assessed the reproducibility of the sensor response to THF and CHCl3 vapors after three absorption–desorption cycles. Notably, after VOCs exposure, the sample was placed under a high vacuum (about 0.1 mm Hg for about 4 h) to ensure the total desorption of the adsorbed molecules from the sensing surface. Figure 10 reports the percentage variation of the resistance (ΔR/R0, with R0 the resistance before vapor exposure), after each cycle for THF and CHCl3.



According to the data, the sensor displayed an excellent response to THF and CHCl3 vapors, especially at low ppm content [87,88] and comparable to the best performances found in the recent literature [89]. The 0.5% of fluctuation of the sensor output recorded at 0 ppm of chloroform exposure (Figure 10b) was attributed to a uncomplete drying procedure of the sensor after the second cycle. Nevertheless, such issue did not influence the overall response even during the third cycle of CHCl3 exposure. Notably, the sensing response of the TPSA-rGO based-sensor towards THF appeared statistically the same of that displayed towards CHCl3 although a certain superior resistance variation could be appreciated for the former VOC (Figure 11). This feature was not totally unexpected due to the higher affinity of THF with TPSA-rGO, as demonstrated by the UV–Vis experiments reported in Figure 7A.



Also, the TPSA-rGO based-device displayed a good reproducibility of the sensing response, as eventually confirmed by the calculated sensitivity coefficient α (defined as (ΔR/R0)/Δ solvent concentration) reported in Table 5.



From these data, the detection limit of the sensor (LOD) can be determined. LOD can be effectively expressed as the standard deviation of the blank signal (σ0) (in absence of stimulus, or in standard condition), divided for the sensitivity and multiplied for a confidence factor that is typically defined as 3.29 (corresponding to a confidence level of 99%) and according to the Equation (2) [90].


  L O D =   3.29 ·  σ 0   S   



(2)







In our case, σ0 = 0.0018 (calculated as standard deviation of ΔR/R0) for CHCl3 (sensitivity = 0.0004 ppm−1) and σ0 = 0.0020 for THF (sensitivity = 0.0006 ppm−1), thus obtaining a detection limit of 15 ppm and 11 ppm, respectively.





4. Conclusions


We have shown that rGO can be effectively functionalized with TPSA (rGO-TPSA) thanks to the residual reactive oxygenated moieties of the former and the succinic groups of the latter. The amount of grafted TPSA of about 30 wt% determined by qualitative and quantitative investigation analyses (TGA, XPS, and FTIR-ATR) strongly enhanced rGO dispersibility in the investigated organic solvents with the only exception of hexane due to its completely apolar and hydrocarburic nature. The graphitic characteristics of the rGO layer remained almost unchanged after functionalization, which allowed the realization of solid dispersions of TPSA-rGO with a reproducible electrical response towards temperature solicitations (negative temperature coefficient of 10−3 K−1) and against the exposure to THF and CHCl3 vapors. In this case, TPSA-rGO showed electrical resistance variation with a detection limit in the order of 10 ppm and sensitivity α of about 10−4 ppm−1. Notably, the sensor did not respond to the hexane vapors, thus confirming the weak chemical interaction of the solvent with the functionalized graphene layer.
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Figure 1. Functionalization of rGO with 2-(dodecen-1-yl) succinic anhydride (TPSA). 
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Figure 2. (A) UV–vis spectra and (B) optical pictures of rGO dispersed in organic solvent after preparation. Tetrahydrofuran (THF), 1-methyl-2-pyrrolidone (NMP), hexane (HEX), chloroform (CHCl3), and toluene (TOL). For all dispersions, 5 mg of rGO in 10 mL of solvent. 
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Figure 3. Scanning transmission electron microscopy (STEM) micrographs of rGO dispersed in chloroform. 
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Figure 4. (A) FT-IR and (B) Raman spectra of (a) pristine rGO and (b) functionalized with TPSA (TPSA-rGO). 
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Figure 5. XPS profiles of C1s for (A) rGO and (B) TPSA-rGO, of O1s for (C) rGO and (D) TPSA-rGO. 
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Figure 6. TGA analysis of TPSA, rGO, and TPSA-rGO. 
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Figure 7. (A) UV–Vis spectra and (B) optical pictures of TPSA-rGO dispersed in organic solvent after preparation. Tetrahydrofuran (THF), 1-methyl-2-pyrrolidone (NMP), hexane (HEX), chloroform (CHCl3), and toluene (TOL). For all dispersions, 5 mg of TPSA-rGO in 10 mL of solvent. 
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Figure 8. Resistance variation as a function of the temperature: (A) first heating cycle for rGO and TPSA-rGO samples; all heating cycles for (B) rGO, (C) TPSA-rGO 1 with linear interpolation, and (D) TPSA-rGO 2 with linear interpolation. As insets, the r2 values of the linear fit were reported. 
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Figure 9. Resistance variation of TPSA-rGO as a function of VOC concentration expressed in ppm. 
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Figure 10. Responses curves of the TPSA-RGO based-sensors as a function of (A) THF (B) CHCl3 vapors concentration (ppm). 
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Figure 11. Comparison of responses from the sensing elements to the 25 ppm VOCs. 
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Table 1. Components in rGO and TPSA-rGO as determined by XPS analysis.
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	Component
	Position (eV)
	rGO
	TPSA-RGO





	C=C
	284.4
	43.9%
	38.3%



	C-C
	285.2
	18.9%
	15.7%



	C-O
	286.4
	10.1%
	11.3%



	C=O
	287.6
	5.6%
	8.2%



	COO
	289.0
	3.4%
	5.2%



	C total
	1432.6
	81.9%
	78.7%



	O=C
	533.0
	11.6%
	12.0%



	O-C
	531.0
	6.5%
	9.3%



	O total
	1064.0
	18.1%
	21.3%
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Table 2. Resistance of rGO and TPSA-rGO dispersed in chloroform as the average of three replicates ± standard deviation.
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	Sample
	Resistance (MΩ)





	rGO 1
	5.1 ± 0.1



	rGO 2
	28 ± 2



	TPSA-rGO 1
	0.58 ± 0.05



	TPSA-rGO 2
	0.46 ± 0.05
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Table 3. Temperature coefficient α (K−1).
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	Cycle
	TPSA-rGO 1
	TPSA-rGO 2





	1
	−0.004
	−0.004



	2
	−0.004
	−0.004



	3
	−0.005
	−0.005
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Table 4. Pearson correlation coefficient of the resistance variation in function of the solvent.
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	Solvent
	Pearson Correlation Coefficient





	THF
	0.90



	HEX
	0.05



	CHCl3
	0.90
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Table 5. Sensitivity α (ppm−1) of the sensor to THF and CHCl3. Standard deviation of 0.0001 for all data.






Table 5. Sensitivity α (ppm−1) of the sensor to THF and CHCl3. Standard deviation of 0.0001 for all data.





	Cycle
	Chloroform
	Tetrahydrofuran





	1
	0.0004
	0.0006



	2
	0.0005
	0.0005



	3
	0.0004
	0.0006
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