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ABSTRACT: Polypyrrole-multiwall carbon nanotubes (PPy/MWCNT) nanocomposites were synthesised by in-situ chemical oxidative polymerisation method. The MWCNTs were functionalised prior to the formation of nanocomposites. These nanocomposites were characterised by field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy and thermogravimetric analysis (TGA) to study the effect of incorporation of functionalised MWCNT in PPy matrix. The results showed the successful formation of PPy/MWCNT nanocomposite and there is significant interaction between PPy and MWCNTs. The response of the prepared PPy/MWCNT nanocomposites sensors was studied in the form of sensitivity towards ethanol vapours. Results showed that the response increases with ethanol concentration and it is also affected by the MWCNT content in PPy matrix.
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1.          INTRODUCTION

Carbon nanotubes (CNTs), discovered by Iijima in 1991, have promising applications in the field of nanoscience and nanotechnology due to their excellent electrical, thermal and extraordinary mechanical properties, and their suitability as conducting filler in polymer composite.1 Owing to their large surface-to-volume ratio and presence of defects and porous structure, CNTs offer effective binding sites for gas molecules. The gas molecules adsorbed on the CNT surface influence its electrical parameters such as resistance and capacitance. CNTs demonstrate great potential in next-generation sensor technology because of their stable properties.2


Conducting polymers have received much attention due to their potential applications in electronic devices, super capacitor, batteries, sensors and many other fields.3 Among several conducting polymers, polypyrrole (PPy) has been studied extensively in the recent years due to its high electrical conductivity along with high stability upon exposure to ambient conditions, easy synthesis, good environmental stability and cost effectiveness.4–6 Also, PPy possesses several excellent qualities and stimulus-responsive properties that make it a very promising “smart” nanomaterial.7

Over the last two decades, nanocomposites based on CNTs and conducting polymers have been widely investigated for developing new class of multifunctional advanced materials. Such materials possess unique and superior properties due to the synergistic effects resulting from combination of these two kinds of material.8 The PPy-CNT nanocomposites are synthesised especially with core-shell morphology by various methods.9–13 Among these methods, chemical oxidisation is simple, fast, cheap and easily scaled up.14

The importance of ethanol detection is well understood as ethanol is common volatile organic compound (VOC) in the industry for alimental manufacturing, cosmetic production and organic synthesis. The ethanol sensors find applications in various areas such as alcohol detection in driving enforcement, monitoring of fermentation and other processes in chemical industries. The exhaled breath of a human being contains many VOCs such as acetone, methanol, ethanol, propanol, etc., and thus analysis of such VOC present in breath has proven to be important for reliable clinical diagnosis of lung cancer.15–17 Also, breath analysis provides a fast and non-invasive diagnostic technique, as it can be done directly in the gas state. Therefore, ethanol is one of the biomarkers in lung cancer detection.

The use of conductive polymer-carbon nanotube nanocomposites has gained a lot of attention due to their outstanding properties such as having very high specific surface area, small size, high electrical conductivity and thermal stability. An immediate response of their electrical properties with the adsorption of gas molecules makes CNT a very important sensing material.18,19 Several types of materials are used to fabricate the VOC sensors composing “e-noses.”20–22 However, the use of conductive polymer-based nanocomposite material has the advantage of operating at a room temperature and their selectivity can be tailored easily by changing the chemical nature of their polymer matrix.

In the present work, synthesis and characterisation of PPy/MWCNT nanocomposite was carried out by varying the MWCNT content, keeping PPy composition constant. MWCNTs were used as nanofillers in polymer matrix and serve as conducting channels. Their chemo-electrical behaviour of nanocomposite to ethanol vapour over a wide range was investigated at room temperature and the effect of MWCNT filler content on its sensing behaviour was also studied.

2.          EXPERIMENTAL

2.1           Synthesis of PPy/MWCNT Nanocomposites

MWCNTs used in this work were acquired from Sigma Aldrich. The pyrrole monomer used was received from Spectrochem (Mumbai, India), while ammonium persulfate (APS) used as oxidising agents was acquired from SDFC (Mumbai, India). All these reagents used were analytical grade.

MWCNTs were functionalised by using acid boiling reflux treatment. In this method, 500 mg MWCNTs were suspended in a mixture of H2SO4/HNO3 (3:1). The sample was stirred magnetically at 80°C for 12 h. The final functionalised MWCNT product was obtained by filtering, washing and drying the mixture.

Pristine PPy and PPy/MWCNT nanocomposite samples were prepared by in-situ chemical oxidative polymerisation. In the synthesis of PPy/MWCNT nanocomposite, a certain amount of functionalised MWCNTs and 50 μl Triton X-100 were dispersed into 50 ml distilled water by probe sonicating for 1 h. The Triton X-100 is surfactant and used to enhance the dispersion of MWCNTs into water. The pyrrole monomer (2 ml) was added and the mixture was magnetically stirred for 10 min. A 1 M HCl (50 ml) was added to the solution. An aqueous solution of 0.55 M APS (50 ml) solution was prepared and added drop-by-drop into pyrrole-MWCNT with constant stirring for 30 min. The stirring was continued for next 12 h and let the dispersion stand for 4 h in ice-water bathing. Finally, the PPy/MWCNT nanocomposite powder was obtained by filtering the mixture, washing with water, ethanol and methanol, and drying in an oven at 60°C for 12 h.

By varying the MWCNT contents (such as 5 mg, 10 mg, 25 mg and 50 mg), four PPy/MWCNT composite samples were prepared, keeping molar concentration of PPy fixed. The resulting composite samples were named as PPy/MWCNT5, PPy/MWCNT10, PPy/MWCNT25 and PPy/MWCNT50. The pristine PPy sample was also prepared by the similar procedure as described above except use of MWCNTs and Triton X-100.

2.2           Characterisations

The morphology of PPy and its nanocomposite samples was analysed by Hitachi S4800 field emission scanning electron microscopy (FESEM). X-ray diffraction (XRD) pattern of all the samples was recorded using Bruker D8 Advance diffractometer with Cu Kα radiation. Fourier transform infrared (FTIR) spectrum of samples was obtained using a Shimadzu IR spectrometer in KBr medium to ensure functional groups. TGA was performed using a Perkin Elmer 4000 thermogravimetric analyser in temperature range from room temperature to 700°C with heating rate of 20°C min–1 to study the thermal degradation of the samples.

2.3           Sensor Preparation

The sensor was made by depositing nanocomposite material on interdigited electrode (IDE) made from copper clad. The interdigited electrode was made from glass epoxy copper clad of dimension 2 cm × 1.3 cm. The track size as well as spacing between tracks of IDE electrode is 1 mm. The nanocomposite powder was dissolved in N,N dimethylformide (DMF) and drop casted on interdigited electrode plate made form glass epoxy copper clad. The sensor was then kept in oven at 60°C temperature for 4 h so as to evaporate and to completely remove the remnant DMF. The IDE sensor is schematically represented in Figure 1.
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Figure  1:    Schematic representation of IDE sensor, with (a) top view, and (b) side view.



2.4           Ethanol Sensing

The gas sensing properties of PPy/MWCNT composite at room temperature were tested in indigenously designed gas sensing equipment consisting of 500 ml glass container with gas inlet and outlet port. The DC resistance was recorded by Keithley 2000 digital multimeter.

The response magnitude S of sensor was defined as:

[image: art]


where Ra and Rg represented resistance in air and that of gas for different concentrations, respectively.

3.          RESULTS AND DISCUSSION

3.1           Characterisations of Samples

The FESEM images of pure PPy, PPy/MWCNT nanocomposite and functionalised MWCNT are shown in Figure 2. The FESEM image of MWCNTs shown in Figure 2(a) demonstrates several nanotubes with diameter ~10 nm, which are loosely entangled. The FESEM image of PPy as observed in Figure 2(b) has cauliflower-like morphology with grain size 100–400 nm.23 The FESEM images of Figure 2(c) and Figure 2(d) for PPy/MWCNT composites shows the same morphology as for pristine PPy with reduced grain size. The grain size observed for PPy/MWCNT5 sample has in the range 150–200 nm, while for PPy/MWCNT50 sample, it is 80–100 nm. This may due to the increase in MWCNT content. The MWCNTs in the PPy/MWCNT composites are not visible due to excess aggregation of PPy on MWCNTs due to more composition of PPy as compared to MWCNTs.
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Figure  2:    FESEM images of (a) MWCNT, (b) PPy, (c) PPy/MWCNT5 and (d) PPy/MWCNT50.




The XRD pattern of PPy, PPy/MWCNT nanocomposites and MWCNTs are shown in Figure 3. The pristine PPy exhibited a broad diffraction peak at 2θ = 15°C–33°C, which showed that the PPy is in amorphous nature. The spectra for MWCNT showed the peaks at 2θ = 24.4° and 43° corresponds to (002) and (100) reflection of carbon atoms.23 The XRD pattern of PPy/MWCNT showed the characteristics of PPy as well as MWCNT. The overlapped diffraction peaks of MWCNT with PPy depict the formation of PPy/MWCNT nanocomposite by in-situ polymerisation synthesis process.24
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Figure  3:    XRD patterns of (a) PPy, (b) PPy/MWCNT5, (c) PPy/MWCNT10 and (d) MWCNT.



The FTIR spectra for pristine PPy, MWCNT and PPy/MWCNT nanocomposites are shown in Figure 4. The FTIR spectra of MWCNT exhibited two intense peaks at 1390 cm−1 and 1535 cm−1 which attributed to bend vibration of the O-H group and carbonyl, respectively. The small intense peak at ~1700 cm−1 corresponded to the C=O stretching vibration mode, representing the formation of the carboxylic groups. A broad peak at 3460 cm−1 represents a characteristic of an O-H stretch, which is observed due to alcoholic or phenolic carboxylic groups. This result showed that the MWCNTs successfully oxidised into carboxylated CNTs.25 In the spectra of pristine PPy, the peaks obtained at 1562 cm−1 and 1395 cm−1 corresponded to the anti-symmetric and symmetric C-C stretching vibration respectively in pyrrole ring. The small peak at 1300 cm−1 is related to the C-N in-plane, and the peaks at 1210 cm−1 and 1055 cm−1 are associated to the C-H bending modes while the band for C-H out-of-plane deformation vibration was observed at 898 cm−1.24 The peak appearing at 680 cm−1 corresponds to ring deformation.26 It is observed that all the peaks appearing in the fingerprint region of PPy are also observed in the FTIR spectra of PPy/MWCNT nanocomposites. This indicates that the main constituents of PPy and its nanocomposite with MWCNTs have the same chemical structure.
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Figure  4:    FTIR spectrum of (a) PPy, (b) PPy/MWCNT5, (c) PPy/MWCNT50 and (d) MWCNT.



TGA measurements were carried out to investigate the effect of incorporation of functionalised MWCNT on thermal stability of PPy/MWCNT. The results for few PPy/MWCNT nanocomposites are shown in Figure 5. For comparison, the TGA analysis of pure PPy and functionalised MWCNT are also shown in this figure. It is observed that the pure PPy was stable in the temperature range up to 250°C and shows only about 12% mass loss. This loss in weight may occur due to dehydration of the PPy. However, a rapid weight loss takes place after 250°C, which corresponded to the complete degradation and decomposition of PPy at different polymerisation stage.24 The functionalised MWCNTs are comparatively more stable and showing no dramatic decomposition, with a 18% mass loss occurred in observed temperature range.27 This loss may due to the decomposition of functional groups (such as C=C and COOH) present in MWCNTs. As compared to pure PPy, the PPy/MWCNT nanocomposite samples showed slower decomposition. The thermal stability of PPy/MWCNT samples increased with the increase of the MWCNTs content in PPy. This indicated that the addition of the functionalised CNT had improved the thermal stability of PPy/MWCNT nanocomposites and there exist interfacial interaction between MWCNTs with PPy shell.25,27 It is important to point out that MWCNT decomposed in one stage whereas PPy decomposed in two stages until it was completely decomposed at approximately 660°C.28
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Figure  5:    TGA curves of (a) pure PPy, (b) PPy/MWCNT5, (c) PPy/MWCNT25 and (d) MWCNT.



3.2           Ethanol Sensing by Resistive Response

At the beginning of test, the sensor was exposed to air in glass container and the measured resistance of the sensor was equal to Ra. The sensor was then exposed to ethanol vapour by injecting desired ethanol vapour in glass container with syringe pump. The change in resistance was recorded as Rg. It was observed that the resistance of the sensor changed abruptly on exposure to ethanol and returns to some steady value. Thus, a sharp spike was observed on exposure of sensor with gas. The ethanol vapour was then withdrawn from glass container using vacuum pump, so as to expose the sensor to air again. The measured resistance was returned to almost its original value, Ra.

All the samples were exposed to 0.02%, 0.1%, 0.2%, 0.3%, 0.4%, 0.6%, 0.8% and 1.0% volume of ethanol vapour concentrations. The response of the sensors for all nanocomposite samples was calculated in terms of percentage sensitivity using Equation 1. The sensitivity values were averaged over three cycles of measurement and are listed in Table 1. The variation of sensitivity with variation in ethanol concentration is shown in Figure 6.


Table  1:    Sensitivity of PPy and PPy/MWCNT nanocomposites to different ethanol vapour concentrations.



	% Volume of ethanol
	% Sensitivity




	PPy

	PPy/MWCNT 5

	PPy/MWCNT 10

	PPy/MWCNT 25

	PPy/MWCNT 50




	0.02

	1.47

	2.10

	3.07

	5.29

	4.87




	0.1

	2.53

	5.39

	7.94

	13.40

	11.64




	0.2

	3.86

	7.16

	9.35

	15.93

	14.70




	0.3

	4.72

	8.01

	10.50

	17.00

	15.92




	0.4

	4.46

	7.77

	11.40

	18.54

	17.31




	0.6

	5.19

	8.47

	12.01

	21.72

	19.29




	0.8

	5.72

	8.60

	14.05

	22.11

	20.22




	1.0

	6.65

	9.65

	14.20

	24.01

	22.08
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Figure  6:    The sensor response as a function of ethanol concentration for PPy and PPy/MWCNT samples at various MWCNT contents.




The sensitivity increases rapidly with increase in values up to 0.3% of ethanol concentration and increases slowly thereafter. It was observed from Figure 7 that the sensitivity varies with MWCNT content indicating that sensitivity of the composite sensors influenced by varying the MWCNT content in the PPy. It is predicted from the Figure 7 that response is maximum in the range 25–40 mg MWCNT content. The trend of change in sensitivity with MWCNT content was similar for all concentrations of ethanol vapour.
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Figure  7:    The sensor response as a function of the MWCNT content for different ethanol concentrations.



It is worth to note that all the sensors exhibit a strong positive vapour coefficient (PVC) effect when exposed to ethanol vapours. This means that the resistance of the sensors increases with ethanol vapour sorption and decreases with its desorption in air. The response for typical sensor is shown in Figure 8. It can be observed that the response time is about 5 s while the recovery value is about 15 s. Such kind of transient response can easily operate electronic switching devices and can be used to develop VOC electronic sensing unit. The values reported in the Table 1 reveal that the sensitivity for pure PPy sample is less compared with all other nanocomposites and maximum for the nanocomposite having 25 mg MWCNT content. The sensitivity decreases for nanocomposites having higher MWCNT content.
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Figure  8:    Ethanol response (%) vs. time curve of PPy/MWCNT25 sensor at room temperature.



The thickness of the polymer layer deposited on the MWCNT has a significant effect on the sensitivity of composite sensors. The sensing mechanism of pristine MWCNT based sensor depends upon electron transfer mechanism that occurs due to simple adsorption of VOC molecules on MWCNT surface.29 These VOC molecules on MWCNT surface form a thin insulating coating, which is, in turn, forcing the electronic transfer by tunnelling at MWCNT-MWCNT junction.30

The sensing mechanism of polymer coated MWCNT nanocomposites is based on the swelling of this thin polymer layer on MWCNT due to solvent molecules diffusion, which is assumed to be responsible for the strong PVC response observed. An increase in MWCNT-MWCNT junction gap produced due to swelling of VOC molecules by polymer can cause an increase in resistance as represented in Figure 9. In the presence of gap at MWCNT-MWCNT produced due to swelling of VOC molecules, the electron can jump from MWCNT to MWCNT provided that they have enough potential energy to do so and if the gap is less than few tens of nm.31 Thus, the electron transportation is mainly produced by quantum tunnelling, which in turn leads the contact resistance between MWCNT to increase exponentially with the gap at MWCNT-MWCNT junctions according to the quantum resistive conduction model of Equation 2:
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where ΔR/R0 is the tunnel relative resistance variation, whereas a and b are positive constants and ΔZ is the gap variation between MWCNTs.32
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Figure  9:    Schematic representation of sensing mechanism due to junction gap variation (a) in dry air, (b) in presence of ethanol vapour.



Therefore, the swelling of PPy layer caused by ethanol molecules affects the conduction by tunnelling as the conductive network formed by MWCNTs is gradually disconnected. However, increase in PPy layer thickness can increase diffusion time of ethanol molecules at MWCNT-MWCNT junction, consequently slowing down their disconnecting dynamics.33 The decrease in thickness of polymer over MWCNT with increase of MWCNT content leads to decrease in diffusion time of VOC molecules; however the probability of disconnection of CNTs is less. Therefore, the sensor with polymer nanocomposite having less MWCNT content has higher sensitivity than nanocomposite has higher MWCNT content.29 It is observed that for the PPy/MWCNT25 nanocomposites under study, the sensor corresponding to 25 mg MWCNT content has highest sensitivity due to best compromise between junction gap and diffusion time.

4.          CONCLUSION

A PPy/MWCNT nanocomposite for different MWCNT content has been successfully synthesised by in-situ chemical oxidative polymerisation. FESEM images conform that PPy has successfully formed on the surface of MWCNTs. XRD and FTIR spectrum revealed the incorporation of MWCNT into the PPy matrix. TGA analysis showed that the thermal stability of polypyrrole improved significantly by the formation of composite with MWCNT. The PPy/MWCNT nanocomposite sensors show excellent sensitivity to ethanol vapours at room temperature with fast response-recovery. The content of MWCNT in the PPy significantly affects the sensitivity towards ethanol. The most sensitive PPy/MWCNT nanocomposites sensor to ethanol vapours obtained with 25 mg MWCNT content and found to be the best compromise between junction gap and diffusion time.
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