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A B S T R A C T

In this study, a simple and efficient non-covalent functionalization method was developed to introduce con
ducting polymer of P3HT onto pristine MWCNT and hydroxyl MWCNT surfaces without causing significant 
changes in electrical characteristics, especially if used as a sensing material. Electron microscopy (FE-SEM) and 
(HR-TEM) were used to examine the surface morphology of nanocomposites, which demonstrated that the 
MWCNTs were well wrapped by P3HT. EDX analysis showed interactions between MWCNT-OH and P3HT, with a 
higher sulfur content of 7.77 wt% from P3HT. Additionally, the diameters of both pristine MWCNT (24.46 nm) 
and MWCNT-OH (27.56 nm) increased significantly when they form nanocomposites (35.35 nm and 39.40 nm 
respectively). Further characterization of the produced P3HT-MWCNT nanocomposite was performed using FT- 
IR and Raman spectroscopy. It was discovered that MWCNTs were dispersed uniformly, with a substantial 
interaction between P3HT and MWCNTs. The introduction of malathion on the surface of the nanocomposites 
reveals interaction between P3HT and malathion via intermolecular hydrogen bonding of thiophene, as evi
denced by inelastic neutron scattering (INS) spectroscopy, suggesting that the P3HT/MWCNT has the potential as 
a promising sensing material for organophosphate compounds detection.

1. Introduction

Organophosphates (OP) compounds are chemicals formed as a result 
of the esterification process between phosphoric acid and alcohols. OP 
compounds are one of the most widely used pesticides in the agricultural 
industry worldwide [1]. The use of pesticides increases food produc
tivity, but the residual presence of pesticides in food, water and the 
environment is a potential threat to human health and causes serious 
food contamination that severely affects ecosystems [2]. OP such as 
malathion [3], paraoxon [4], parathion [5], diazon and dichlorvos [6]
are the most widely used in modern agriculture. OP compounds have 
been developed as warfare nerve agents such as tabun, soman, sarin, VX, 
and others [7]. This type of chemical warfare and their 
chemically-related pesticides both act as inhibitors of 

acetylcholinesterase (AChE). The main mechanism of the toxic OP can 
affect the nervous system and the respiratory system and lead to death 
[8]. Therefore, a sensitive and rapid detection method is urgently 
needed to monitor and detect harmful pesticides. The development of 
efficient selective sensors capable of detecting trace (ppm or sub-ppm) 
nerve agents in water and gaseous conditions is a major goal today to 
preventing the lethal consequences of terrorist attacks involving chem
ical weapons (CWA) [9,10].

Carbon nanotubes (CNTs) as sensing materials has garnered atten
tion to fulfil the requirement as OP detector’s. CNTs possess intriguing 
attributes such as a high surface-to-volume ratio and chemical stability, 
rendering them effective as highly sensitive chemical and biological 
sensors owing to their distinct electrical properties. These CNT-based 
sensors exhibit notable sensitivity, rapid response times, and room 
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temperature operation [11,12]. However, despite their simplicity in 
fabrication and operation at ambient conditions, CNT-based sensors 
oppose challenges such as low responsiveness and relatively slow 
response durations [13]. Consequently, modifying the sidewalls of CNTs 
is proposed to enhance their dispersibility or solubility in solvents or 
polymers, thereby enhancing their interaction and reactivity with 
polymers through hydrogen bonding interactions. Moreover, surface 
modifications of nanotubes significantly impact their solubility charac
teristics, potentially influencing the ease of fabricating of CNT sensors. 
Hence, chemical modification of CNT sidewalls is necessary to enhance 
their dispersibility or solubility in solvents or polymers and to optimize 
interaction and reactivity with polymers via hydrogen bonding [14–16]. 
Furthermore, surface modification of nanotubes significantly influences 
their solubility characteristics, potentially impacting the fabrication 
process of CNT sensors[17,18].

Functionalization of carbon nanotubes (CNTs) is a widely used 
strategy to enhance their dispersion in organic media. Various methods 
are employed for the functionalization of CNTs, involving both covalent 
and noncovalent chemical reactions with a range of organic molecules, 
including polymers such as poly(3-hexylthiophene-2,5-diyl) (P3HT) 
[19], polyaniline (PANI) [20] or polypyrrole (PPY) [21]. Covalent 
functionalization typically involves creating stable chemical bonds be
tween the CNT surface and functional groups, which improves solubility 
and compatibility with other materials.

The detection of malathion pesticide, using composites of polyani
line (PANI) and single-walled carbon nanotubes (SWCNTs) modified 
graphite electrodes has demonstrated high accuracy in malathion 
reduction [22]. Similarly, Linghao He [23] utilized PANI for the rapid 
determination of malathion, where uniformly distributed hollow carbon 
spheres (HCS) were wrapped with needle-like PANI nanowires, forming 
the HCS@PANI nanocomposite. This composite exhibited a high specific 
surface area, chemical functionality, and strong electrochemical activ
ity. Additionally, Navpreet Kaur [24] developed a poly-3, 
4-ethylenedioxythiophene (PEDOT) and carboxylated multi-walled 
carbon nanotubes (MWCNTs) based aptasensor for malathion detec
tion, which was found to be highly specific and capable of detecting very 
low concentrations of malathion.

However, covalent functionalization can disrupt the intrinsic elec
trical and mechanical properties of carbon nanotubes. In contrast, 
noncovalent functionalization with conducting polymers enhances CNT- 
based materials without compromising their structure [25]. This method 
employs π-π stacking, van der Waals forces, and electrostatic in
teractions to attach conductive polymers to the CNT surfaces, preserving 
their exceptional electrical conductivity and mechanical strength while 
improving solubility and processability. The resulting composites 
exhibit synergistic properties, such as enhanced electrical performance 
and increased active surface area, making them ideal for applications in 
sensors[26], energy storage devices [27], and flexible electronics [28].

As discussed by Zhao et.al, [29]electrochemical properties of nano
composites can be modified via non-covalent functionalization with 
small molecules, grafting or polymer wrapped nanotubes. The π-conju
gated polymers serve as effective coatings for carbon nanotubes (CNTs) 
due to their enthalpic π-π interactions, ensuring stable dispersion. They 
can also be modified with synthetic receptors to enhance selectivity. 
SWCNTs-OH/PANI nanofibre composites with various thicknesses were 
synthesized via a simple in-situ chemical oxidative polymerization of 
aniline monomers on SWCNTs-OH for the detection of NH3. The NH3 gas 
sensing properties of the sensors were investigated and results showed 
that SWCNTs-OH/PANI composites exhibit enhanced NH3 sensitive 
properties compared with the pure PANI [30]

Among all conductive polymers, poly(3-hexylthiophene-2,5-diyl) 
(P3HT), show fewer studied by researchers. P3HT, is a π-conjugated 
polymer, offers advantages such as cost-effective synthesis, remarkable 
environmental and thermal stability, mechanical strength, as well as 
magnetic and optical properties. It finds applications across a broad 
spectrum of usages [31]. P3HT disperse CNTs with specific chiralities 

and can isolate semiconducting SWCNTs and MWCNTs, resulting in 
P3HT/CNT nanocomposites with excellent oxidative stability. As per 
Munzer et al.,[32] regioregular polythiophenes (rr-P3HT) exhibit 
air-stable conductivity, making them well-suited for use as chemir
esistive sensing materials. The polymer’s backbone consists of inter
connected thiophene rings, with the option to attach a chemical 
side-chain group to each ring and add an end-group or secondary 
copolymer chain to each end of the P3HT chain. Mahakul et al. [33]
prepared MWCNT-incorporated rGO/P3HT ternary nanocomposites. 
Structural and morphological investigations revealed changes in the 
crystalline size and conjugation length of the polymer units, which are 
responsible for tailoring the optical, electrical, and electrochemical 
properties of the composites. The observed shift in the redox potentials 
after incorporating MWCNTs and rGOs into the P3HT host matrix is 
attributed to π–π interactions. The improvement in electrical properties 
of the composites is due to the softening of the interfacial grain 
boundary by the 3D network structure created by the well-dispersed 
MWCNTs and rGOs in the P3HT matrix.

Chemiresistive sensors, which operate by measuring changes in 
conductivity, have found widespread applications in various fields. The 
incorporation of carbon nanotubes (CNTs) and polymer composites has 
significantly enhanced the performance of these sensors. Kim et al. [34]
recently reported a novel composite material comprised of CNTs and 
covalently functionalized poly(3-hexylthiophene) (TFMK-P3HT). This 
new composite demonstrated a remarkable four-fold increase in sensi
tivity to amines compared to previously developed materials. Notably, 
the sensor exhibited high selectivity, stability in humid environments, 
and was unaffected by other gases. Neuroscience research has also 
benefited from the utilization of P3HT-MWCNT composites. Meng Z 
et al. [35] successfully employed these materials to monitor neuro
chemical processes, shedding light on glutamate-induced brain edema 
and the release of ascorbic acid. A P3HT/N-MWCNT composite micro
electrode was strategically introduced for the detection of ascorbic acid, 
showcasing exceptional selectivity, stability, and biocompatibility.

Several techniques are gaining interests for characterizing the mo
lecular structure of nanocomposite materials. Among these, Fourier 
transform infrared (FTIR), Raman, and inelastic neutron scattering (INS) 
spectroscopies play pivotal roles and complement each other. Raman 
spectroscopy detects the relative frequencies at which a sample scatters 
radiation, relying on changes in molecular polarizability. Conversely, IR 
spectroscopy measures the absolute frequencies at which a sample ab
sorbs radiation, depending on changes in dipole moment. INS spec
troscopy, however, is not bound by these selection rules. In terms of 
molecular sensitivity, Raman spectroscopy excels in detecting homo- 
nuclear molecular bonds such as C-C, C––C, and C–––C, while FTIR 
spectroscopy is adept at detecting hetero-nuclear functional group vi
brations and polar bonds like hydroxyl (OH), carbonyl (CO), and amide 
bonds [36,37].

INS has been employed to deduce diverse material properties, 
encompassing the local structure of polymers, binding interactions 
within porous materials, and protein folding dynamics [38,39]. It offers 
a distinctive insight into the structural dynamics of hydrogenous ma
terials, a perspective often inaccessible to optical techniques like FTIR 
and Raman spectroscopy. Notably, INS exhibits signal strength propor
tional to nuclear displacement and cross section, rendering it highly 
sensitive to hydrogen. Its lack of selection rules makes it particularly 
well-suited for the current study [40]. Furthermore, INS provides 
comprehensive coverage of the entire molecular vibrational range, 
including the low-frequency region of the vibrational spectrum [41]. 
Therefore, INS can enhance the fundamental understanding of in
teractions between individual components in nanocomposites, crucial 
for establishing the connection between composite structure and prop
erties. By confirming the formation of nanocomposite materials rather 
than mere mixtures of independent components, INS provides insights 
that can be leveraged to optimize and tailor the properties of these 
materials. This, in turn, enables the overcoming of scientific and 
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technological challenges inherent in their production.
In this present work, we focus on characterizing the structural and 

morphological properties of non-functionalized multi-walled carbon 
nanotubes (MWCNTs) incorporated into P3HT host systems. Less work 
has been conducted on the interaction between pristine and function
alized MWCNTs and polymers. It is known that surface morphology 
plays an important role in selecting suitable candidates for sensing 
materials. Therefore, our experimental approach centers on examining 
the structural and morphological alterations in the composite system 
following the introduction of malathion, employing a combination of 
FTIR, Raman, INS, FESEM, and HRTEM techniques. Notably, we present, 
to the best of our knowledge, the first application of the INS technique to 
elucidate the interaction between P3HT, MWCNT-OH, and malathion.

2. Experimental

2.1. Materials

Pristine multiwalled carbon nanotubes (MWCNT) (purity >95 %) 
and hydroxyl-functionalized multiwalled carbon nanotubes (MWCNT- 
OH) (purity >95 %) were purchased from Nanostructured & Amorphous 
Materials. Poly(3-hexylthiophene-2,5-diyl) regioregular P3HT (P), with 
a Mw ranging from 50,000 to 100,000 with a purity of ~90 % was 
obtained from Sigma-Aldrich. Tetrahydrofuran (THF) organic solvent 
and methanol (CH3OH) were also purchased from Sigma–Aldrich and 
R&M Chemicals respectively. All materials and solvents were used as 
received without further purification.

2.2. Nanocomposites preparation

The procedure for preparing nanocomposites was adopted from our 
previous work [42,43] and depicted in Fig. 1. Initially, 15 mg of pristine 
multiwalled carbon nanotubes and 15 mg poly(3-hexylthiophene-2, 
5-diyl) were mixed in a 50 mL volumetric flask. Subsequently, 15 mL 
of THF was added to the flask. The flask was placed on a heating plate 
and the suspension was stirred continuously at 650 rpm for 96 hours at 
50◦C. Following this, the flask was transferred and underwent sonication 
in a water bath operating at a frequency of 50 Hz for 2 hours, main
taining a controlled temperature between 25◦C and 30◦C using ice 
cubes. The resulting nanocomposite, displaying a dark olive green color, 
was washed repeatedly with methanol solution until the mixture became 
colorless. Subsequently, it was washed with deionized water and filtered 
using a vacuum buchner funnel with nylon membrane filters (47 mm 
diameter, 0.2 µm thickness). The obtained black powder was dried at 
room temperature for 24 hours. The yield of nanocomposites from these 
experiments was consistently high, ranging from 90 % to 95 %. To 

explore the effect of functionalization, the same procedure was repeated 
with hydroxyl-functionalized multiwalled carbon nanotubes using 
identical quantities of materials and chemicals.

2.3. Nanocomposites/malathion preparation

2.0 mg of pristine MWCNT and MWCNT-OH, as well as the fabri
cated MWCNT/P and MWCNT-OH/P nanocomposites, were each com
bined with 60 µL of malathion (0.1 M). The nanocomposites treated 
with malathion were designated as NT-P-M and NT-OH-P-M, respec
tively. Table 1 provides a comprehensive list of sample codes and their 
corresponding nanocomposites.

3. Characterization

3.1. Raman spectroscopy

The Raman spectroscopy analysis was carried out using Renishaw in 
Via Reflex Confocal Micro Raman System (Renishaw plc, Wotton-under- 
Edge, UK) calibrated using silicon at peak of 520 nm. The Raman spectra 
was taken at room temperature and sample excitation was set at a 
wavelength of 787 nm, 1200 mm− 1 gratings, 1.00 s− 1 exposure time, 
5 % laser power with accumulations of 1. The magnification was focused 
by a 100× objective lens.

3.2. Fourier transform infrared spectroscopy (FTIR) analysis

FTIR spectra were collected on a Perkin Elmer Frontier spectrometer 
FTIR within the 500–4000 cm− 1 scanning range by accumulating 16 
scan numbers, with spectral resolution of 4 cm− 1, DTGS detector was 
used for the measurement. Each sample was mixed with potassium 
bromide (KBr) at a 1:9 ratio to obtain better signal.

3.3. Scanning electron microscopy (SEM) and Energy dispersive X-ray 
(EDX) analyses

The surface morphological analysis on the effectiveness of P3HT 

Fig. 1. Schematic diagram for preparation of P3HT wrapped carbon nanotubes.

Table 1 
Composition and sample coding of the nanocomposites.

Sample code Composition Functional group

NT-P MWCNT + P3HT -
NT-OH-P MWCNT-OH + P3HT OH
NT-P-malathion MWCNT + P3HT + malathion -
NT-OH-P-malathion MWCNT-OH + P3HT+malathion OH
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wrapping onto MWCNT and after exposure with malathion was char
acterised using a Field Emission Scanning Electron Microscopic 
(FESEM), Carl Zeiss Gemini FESEM 500 (Carl Zeiss AG, Jena, Germany). 
Prior to the analysis, samples were initially coated with gold for about 
1 min in order to avoid charging.

3.4. Transmission electron microscope (HRTEM)

Further analysis on the morphological of nanocomposites was 
observed under a High-Resolution Transmission Electron Microscope 
(HRTEM), JEOL JEM 2100 F HRTEM (Tokyo, Japan) at an acceleration 
voltage of 200 kV. For HRTEM analysis, the sample was initially 
dispersed in acetone by ultra-sonication for 60 s. Subsequently, a drop of 
the suspension was transferred onto a carbon-coated copper grid and 
mounted on the microscope, and the images were recorded.

3.5. Inelastic neutron scattering (INS)

INS data was recorded using the TOSCA spectrometer at the ISIS 
neutron and muon source in the UK. Samples were loaded into indium- 
sealed aluminium sample holders and loaded into the instrument and 
cooled using closed cycle refrigerators. Data were collected at temper
atures below 30 K.

4. Results and discussion

4.1. Raman spectra

Raman spectroscopy is extensively employed in the analysis of 
MWCNTs due to its capability to provide insights into the degree of 
structural disorder and the interaction of P3HT and MWCNTs. The 
Raman spectra of pristine P3HT is shown in Fig. 2, while pristine 
MWCNTs Functionalized MWCNTs together with their nanocomposites 
are compared in Fig. 3. The pristine P3HT show two main in-planes 
thiophene ring modes of C––C symmetric stretching at 1449 cm− 1 and 
peak around 1379 cm⁻1 associated with the C-C stretching mode of the 
thiophene ring [44,45].

Whereas, for pristine MWCNTs (Fig. 3a), three dominating features 
are seen. Two sharp Raman peaks, namely G (graphite), D (disorder) 
bands are seen together with their second-order harmonic (the G’ band). 
The D band, observed at 1312 cm− 1, represent a represents a double- 
resonance Raman mode, indicative of a disordered structure or lattice 
defects within the graphite lattice (such as substitutional heteroatoms, 
vacancies, or chemically bonded heteroatoms). In contrast, the peak at 
1605 cm− 1 corresponds to the G band, signifying a carbon vibration in 
the circumferential direction. This band represents the high-frequency 
E2 g first-order mode of a well-ordered graphitic structure [46,47]. The 
Raman spectrum of pristine also exhibits a band at 2611 cm− 1 called the 
G’ band. This second-order overtone of the D-band is related to the 
two-phonon scattering process and provides information about the 
number of layers and stacking order in MWCNTs. Apparently, for 
functionalized MWCNTs (Fig. 3b) all three of this band slightly shifted to 
a lower wavenumber (1290, 1580 and 2588 cm− 1). The shift of the G′ 

Fig. 2. Raman spectra of pristine P3HT.

Fig. 3. Raman spectra of pristine MWCNTs (a) and functionalized MWCNTS (b).
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peak to a lower wavenumber is often a sign that the functionalization 
has altered the structural and electronic properties of the carbon 
nanotubes as in this case hydroxyl group that attached to the 
outer-walled of carbon nanotubes. In addition, shift of g’ band to 
2588 cm− 1 suggest that the G’ band attributable to the overtone of the D 
band indicative of electron transfer from CNT to OH species on the 
surface[48].

Compared with pure P3HT and the nanocomposites, the incorpora
tion of NT and NT-OH into P3HT matrix has revealed the slight red shift 
of the D-band and G-band in the nanocomposite and with an additional 
peak from thiophene appearing at 1447 cm− 1. The slight red shift of 
these bands suggesting the ground state interaction and appreciable 
charge transfer between nanotubes and the polymer. This phenomenon 
can be attributed to the increase in the conjugation length of the poly
mer chain and increased conjugation length of the grafted P3HT, which 
might be due to the crowding of the P3HT chains grafted on nanotubes 
walls [49,50]. Furthermore, the peak around 1379 cm⁻1, corresponding 
to the C-C stretching mode of the thiophene ring of P3HT, is not visible 
in the Raman spectra of the nanocomposites because it is obscured by 
the peaks of CNTs [51]. A similar observation was reported by Maity 
et al. (50) for PANI/MWCNT composites [52]. NT-OH-P nanocomposites 
show up shift of G band at 1610 cm− 1 and slightly shift of G’ band in 
NT-OH (2593 cm− 1) to NT-OH-P (2588 cm− 1). This indicating sub
stantial charge transfer interactions between NT-OH and P3HT [53,54]. 
Raman spectra for NT and their nanocomposites (Fig. 3b) show similar 
behavior to NT-OH for the D band and the G band. Whereas the G’ band 
are at the same position after the introduction of P3HT wrapping. This 
signifies no substantial charge transfer interaction between NT and 
P3HT. This is probably due to the absence of surface oxygen functional 
group (SOFG) on the CNT surface. According to Michele et. al [55], this 
shifted up can be attributed to two primary causes: nanotube doping and 
mechanical restriction of C–C vibration freedom. In terms of doping, an 
up-shift in the G band may occur if carbon nanotubes donate electrons to 
the interacting material. On the contrary, the restriction of C–C vibra
tions can be attributed to non-covalent interactions between nanotubes 
and polymers, such as π–π or CH–π interactions.

The ratio between the intensities of the G and D bands is a quanti
tative indication of the amount of functional groups introduced, by 
measuring the sp3 carbon atoms. As the lower the ratio, the higher the 
amount of sp3 carbon atoms; in other words, higher the amount of 
functional groups. The ID/IG ratio obtained for Raman spectra of non- 
covalent functionalization of NT-OH-P (1.8) is higher than the pristine 
NT-OH (1.6), indicating disordered structures/defects are created after 
introduction of P3HT [56,57]. While that of pristine NT-P (1.91) is 
similar to pristine NT (1.94) implying that the structure of 

nanocomposites was maintained after functionalization without intro
ducing structural defects. When a droplet of malathion aqueous solution 
with 60 µL in volume was introduced onto the NT-P and NT-OH-P 
nanocomposites, the main characteristic bands of malathion molecule 
at 1387 cm− 1 can be seen whereas the band at 1880 cm− 1 disappears 
[58]. The increased intensity of this vibration peak of malathion in the 
NT-OH nanocomposite sample, compared to the sample without the OH 
functional group, can be attributed to intermolecular forces through 
hydrogen bonding interactions. Conversely, pristine MWCNTs lack these 
hydrogen bonding interactions due to the absence of functional groups.

4.2. FTIR spectra

The FTIR spectra of P3HT and its nanocomposites are displayed in 
Fig. 4. The IR absorption bands of the thiophene ring are found between 
500 and 2000 cm− 1. P3HT exhibits characteristic peaks at 2929, 2854, 
1639, 1388, 1256, 1075, 875, and 643 cm− 1. The bands at 2929 cm− 1 

and 2854 cm− 1 are assigned to the -CH2 in-plane mode and the -CH3 
asymmetry mode, respectively. The peaks at 1639 and 1388 cm− 1 are 
associated with the C––C asymmetric and symmetric stretching vibra
tions of the thiophene ring [59]. The band at 1256 cm− 1 corresponds to 
C-C stretching vibrations, while the C–S stretching in the thiophene ring 
is observed at 1075 cm− 1. The band at 875 cm− 1 is due to the 
out-of-plane C–H vibration of the 2,5-substituted thiophene monomer, 
and the peaks at 643 cm− 1 are attributed to the C-S stretching in the 
thiophene ring[60]. It can also be observed that the vibrational fre
quencies present in P3HT are visible in the spectra of NT-P and NT-OH-P 
nanocomposites. For the NT-OH-P composites, the spectra show a 
mixture of characteristic absorption bands from both MWCNTs and 
P3HT. Some peaks attributed to P3HT are slightly shifted, such as the 
C-C vibration at 1200 cm− 1, the out-of-plane C–H vibration of the 
thiophene monomer at 823 cm− 1, and the C-S stretching in the thio
phene ring at 723 cm− 1[61]. These shifts indicate an interaction be
tween the MWCNTs and P3HT. The intensity of band responsible of 
P3HT groups decrease presumably cause by interaction of P3HT with 
OH functional group in NT-OH through hydrogen bonding interaction 
[62]. In the case of NT-P, the absence of band position shifts indicates 
that there are no strong interactions between P3HT and MWCNT, apart 
from π–π stacking, rather than interactions through hydrogen bonding 
formation. However, a new absorption peaks at 1455 cm− 1 and 
1643 cm− 1 are present, suggesting atomic vibrations related to the P3HT 
wrapped on the nanotube walls for both nanocomposites, as observed in 
the SEM images. We can conclude that the slightly reduced peak in
tensities in all spectra indicate that polythiophene has successfully 
wrapped around the surface of the nanotubes.

Fig. 4. FTIR spectra of P3HT (inset) and CNT nanocomposites. Fig. 5. FTIR spectrum of malathion (inset) and CNT nanocomposites after 
exposure to malathion.
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FTIR spectra of nanocomposites after introduction of malathion are 
depicted in Fig. 5. Spectra of malathion (inset) shows a band at 
1075 cm− 1 corresponding to the stretching of P-OCH3 group, the P-S 
bond was linked to ~870 cm− 1 and C-S bond appear at ~620–715 cm− 1. 
The spectrum of NT-OH-P nanocomposite shows the characteristic 
behavior of the functional groups that are present in the adsorbed 
malathion molecule at 1092 cm− 1 and 656 cm− 1 [63]. Whereas for NT-P 
only band at 759 cm− 1 appear which related to the characteristic of 
malathion. This suggest that the interaction of malathion molecule with 
the NT-OH nanocomposite occurs due to intermolecular interactions 
through hydrogen bonding. These results confirm with our Raman data 
(Section 4.1).

4.3. Morphology study

Field emission scanning electron Microscopy (FESEM) was employed 

to study the surface morphology of the multi-walled carbon nanotubes 
nanocomposites. The result (Fig. 6) of pristine MWCNT and hydroxyl 
functionalized MWCNT displayed some network-like, curved, random 
entangled structures that form three-dimensional networks. The overall 
surface of the tubes showed smooth surface texture. Particularly for 
pristine MWCNT, the sample has far more uniform tubes, curve but with 
uniform diameter distribution as seen in Fig. 6(a). In contrast, for NT-OH 
in Fig. 6(b), two kinds of tubes were observed in the sample; one was 
relatively thick MWCNT, the other appeared as grass-like agglomerates 
at certain area. From the images of nanocomposites, it can be seen the 
changes in their morphology after P3HT was successfully wrapped the 
outer wall of the MWCNTs. The diameter of the tubes of NT-P nano
composites enlarge and the surface become slightly coarse with no 
concentrate P3HT agglomerate in the sample, meaning that P3HT 
covered each MWCNTs making a thin layer around the tubes as depicted 
in Fig. 6(c). For NT-OH-P in Fig. 6(d) highly saturated, thicker and 

Fig. 6. FESEM images of pristine carbon nanotubes, NT (a), NT-OH (b), nanocomposites of (c) NT-P, (d) NT-OH-P, nanomposites after exposure to malathion (e) NT- 
P-M and (e) NT-OH-P-M.
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unsmooth layer covering MWCNTs by P3HT were spotted in the sample. 
This might be due to OH functional group in NT-OH that is responsible 
for the hydrophilic properties. Fig. 6(e-f) displays FESEM images of NT-P 
and NT-OH-P nanocomposites after exposure to malathion molecules. 
Upon exposure, changes in the morphology of the nanocomposites, such 
as aggregation and bundling of CNTs, can be observed due to alterations 
in surface energy. Malathion molecules may introduce new intermo
lecular forces, such as van der Waals forces or hydrogen bonds, between 
the CNTs. These additional forces can draw the nanotubes closer 
together, resulting in bundling (Fig. 6(e)).

The average particles size distribution was determined by ImageJ 
software based on 200 data points in FESEM images. The histogram of 
the diameter variation is shown in Fig. 7. An average of diameter size 
together with their standard deviation (stdev) of the pristine CNTs are 
24.46 nm (stdev ± 5.42) and 27.56 nm (stdev ± 8.2) for NT and NT-OH, 
respectively. For nanocomposites samples their diameter size are 
35.35 nm (stdev ± 10.73) and 39.40 nm (stdev ± 9) for NT-P and NT- 
OH-P, respectively. This demonstrated that P3HT was successfully 
wrapped around the CNT tubes using a non-covalent functionalization 
process. This finding is consistent with our Raman and FTIR data, where 
peaks indicative of polymer wrapping are evident in each spectrum. 
Additionally, our work on MWCNT-OH nanocomposites prepared at 
different reaction times showed an increase in diameter. The longer the 
suspension of MWCNT in the P3HT matrix, the greater the diameter of 
the MWCNT-OH nanocomposites [42].

The nanocomposites samples were introduced with malathion and 
the excess was allowed to evaporate prior to further EDX analysis. EDX 

elemental mapping of carbon (C), oxygen (O) and sulfur (S) in Fig. 8
clearly reveals that the sulfur element is evenly distributed throughout 
CNT matrix. A similar finding by Madhusudhan et al. [64]demonstrated 
the incorporation of MWCNT and its interaction with polypyrrole, as 
evidenced by EDX analysis. Elemental composition of the NT-P com
posite obtained from EDX analysis indicated the presence of carbon, 
oxygen and sulfur as the major elemental components with the weight 
percentage of 93.18 %, 1.05 % and 5.78 %, respectively, over the entire 
region of the prepared sample. Whereas for NT-OH-P the weight percent 
are 90.84 %, 1.39 % and 7.77 %. This result confirms the presence of 
sulfur, which originates from the heterocyclic thiophene (P3HT) unit 
homogenously distributed on carbon nanotubes. The interaction of 
NT-OH wrapped with P3HT was stronger than NT without OH func
tional groups on the surface, as can be seen from the higher wt% of 
sulfur in NT-OH of 7.77 %. However, there is no trace of phosphorus 
related to malathion molecule on the samples indicating this target 
analyte weakly interacted with the nanocomposites.

This conclusion is also supported by our previous results, which 
involved electrical measurements of P3HT and P3HT/MWCNT-OH 
nanocomposite films using carbon electrodes. The incorporation of 
MWCNT-OH enhanced the charge transport properties of the P3HT 
nanocomposite, increasing the current to up to 8 mA [15]. In contrast, 
the amperometric measurement of P3HT/MWCNT-OH increased by 
85 % compared to pristine MWCNT, indicating an improved charge 
carrier pathway in the MWCNT-OH composite upon malathion expo
sure. The change in current (ΔI) for P3HT/MWCNT-OH was signifi
cantly larger than that of the pristine MWCNT[65]. We also observed the 

Fig. 7. Histogram of diameter size distribution of pristine NT, pristine NT-OH, NT-P nanocomposites and NT-OH-P nanocomposites.
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presence of hydrogen through Raman and FTIR data; however, it could 
not be detected by EDX due to its low Z contrast. The presence of 
hydrogen will be further discussed in the INS data presented in Section 
4.4.

The morphology of the nanocomposites were further characterized 
by HRTEM. As can be seen in Fig. 9(a) and (b) for MWCNT and MWCNT- 
OH nanocomposites after exposure with malathion respectively. Both 
MWCNT samples is tubular in shape with thin layer of P3HT wrapped on 
the nanotubes walls. The thickness of the P3HT layer was found to be 
around 3 nm and the diameter of the nanotubes was found to be 10 nm. 
It was hard to observe the changes on the morphology and dispersion of 
NTs nanocomposite in P3HT matrix before and after their exposure with 
malathion.

4.4. Inelastic neutron scattering

Fig. 10 shows the spectra of the pristine and functionalized nano
tubes. The OH functionalized MWCNT has greater intensity in a broad 
band around 620 cm− 1. The breadth of this feature suggest that OH 
moieties are present in a number of different environments due to 
variation in the hydrogen bonding network between surface OH species 
as the neutron scattering intensity (S) depends on the quantity of ma
terial in the beam as well as the neutron scattering cross section of the 
sample, these and subsequent spectra were normalized and offset for 
plotting. Many of the features at low energy are due to inter-molecular 
vibrations that are hard to assign without computational simulation.

The spectra for the MWCNT samples with P3HT are shown in Fig. 11
and are almost identical to each other and to the unbound P3HT. Two 
possibilities are immediately suggested. Firstly, it is possible that the 
recorded signal is dominated by bulk P3HT with a substantial excess of 
polymer causing the signal from the unbound polymer overwhelming 
that of the P3HT interacting with the MWCNT. The second possibility is 

that the P3HT is not strongly affected by binding to the nanotubes. It 
should also be remembered that as INS is most sensitive to scattering 
from hydrogen atoms, due to their large incoherent neutron scattering 
cross section, there is comparatively little contribution from the com
posite nanotube systems. Whereas, the NT-P malathion and NT-OH-P 
malathion spectra are displayed in Fig. 12, with the P3HT and mala
thion spectra for reference. The malathion spectrum is relatively noisy 
resulting from the low sample mass measured due to its hazardous na
ture. The nanotube systems show intense peaks at 425 and 580 cm− 1, 
which were not present in the P3HT samples without malathion 
(Fig. 11). Furthermore, the band structure between 700 and 900 cm− 1 is 
simplified when malathion is present, showing only three bands 
compared to five in the P3HT, NT-P and NT-OH-P. The change in these 
bands is assigned to the distortion of the thiophene ring around the 
sulfur in the polymer [41,66]. Alternatively, the 425 cm− 1 feature could 
is also in the range that may be expected from a longitudinal acoustic 
phonon mode [27,67] and the 580 cm− 1 peak could represent a sharp
ening of the OH feature present on the NT-OH sample. Since it is also 
present in the non-functionalized materials, the thiophene C-S-C stretch 
would seem the most likely interpretation when considered with the 
other spectral changes.

Fig. 13 shows the low energy region of the spectra from the P3HT 
coated samples with and without malathion. The samples show strong 
methyl torsions, with the NT-P and NT-OH-P showing a maximum at 
244 cm− 1. The malathion containing samples have this shifted to non- 
OH functionalized peak to 258 cm− 1 and to 260 cm− 1 in the OH func
tionalized material. This further demonstrates a clear interaction be
tween malathion and the polymer. These findings complement the EDX 
analysis and corroborate the Raman and FTIR data. In conclusion, the 
INS spectra shows that although the OH functionalization of the 
MWCNT is present it does not appear to have a strong effect on the 
spectra obtained with P3HT and malathion. However, there is strong 

Fig. 8. EDX mapping of P3HT carbon nanotubes nanocomposites.
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Fig. 9. HRTEM analysis of NT-P nanocomposites (a-b) NT-OH-P nanocomposites (c-d) and nanocomposites exposed to malathion NT-P-M (e) and NT-OH-P-M (f).

Fig. 10. Normalized INS spectra of unfunctionalized MWCNT (NT) and OH 
functionalized MWCNT (NT-OH) showing increased signal of the functionalized 
nanotubes centred at 620 cm-1. Spectra are offset for clarity.

Fig. 11. INS spectra of pure P3HT (P), and its interaction with unfunctionalized 
MWCNT (NT-P) and OH functionalized MWCNT-P3HT (NT-OH-P) after 
normalization The spectra are almost identical and have been offset for clarity.
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evidence that the polymer interacts with malathion through the thio
phene ring on the polymer chain.

4.5. Significance and limitation

The significance of this study lies in its development of a simple and 
effective method for non-covalently wrapping polythiophene (P3HT) 
onto pristine and hydroxyl-functionalized multi-walled carbon nano
tubes (MWCNTs). The study demonstrates stronger interactions between 
P3HT and hydroxyl-functionalized MWCNTs, as evidenced by EDX 
analysis. Characterization techniques such as FTIR and Raman spec
troscopy reveal significant interactions between the P3HT and 
MWCNTs, suggesting the potential for the formation of nanocomposites. 
The interaction between P3HT and malathion, observed through INS 
spectra, indicates the possibility of using these nanocomposites as sen
sors for organophosphate compounds. This research provides valuable 
insights into the synthesis and characterization of carbon-based 
conductive polymer materials, paving the way for future advance
ments in sensor technology.

However, the limitation about this study is the potential for non- 
covalent functionalization to result in weak interactions between 
P3HT and MWCNTs. This could compromise the long-term stability and 
durability of the nanocomposites, particularly in challenging environ
mental conditions. While electron microscopy and spectroscopy tech
niques offered valuable insights, they may not fully capture the 
nanoscale interactions and electrical properties at the atomic level. 

Additionally, the study primarily concentrated on surface-level in
teractions, and bulk properties were not extensively explored. Further
more, the sensing performance was exclusively evaluated with 
malathion, restricting the generalizability of the findings to other 
organophosphate compounds. Future studies are necessary to assess the 
selectivity and long-term performance of these nanocomposites in 
detecting a broader range of analytes. By addressing these limitations, 
future research can contribute to the development of more robust and 
versatile nanocomposite-based sensors for environmental monitoring 
and other applications.

5. Conclusion

In summary, a simple and efficient non-covalent wrapped method to 
introduce P3HT onto the pristine MWCNT and MWCNT-OH surfaces has 
been successfully fabricated and characterized. The interaction of 
MWCNT-OH wrapped with P3HT was stronger than pristine MWCNT on 
the tube surface as observed from EDX analysis with the higher amount 
of sulfur from P3HT being about 7.77 wt%. Whilst, the diameter of 
pristine MWCNT increased from 24.46 nm to 35.35 nm and from 
27.56 nm to 39.40 nm for MWCNT-OH, respectively. FTIR and Raman 
Spectra show systematic shifting in the position of characteristic bands 
and peaks of P3HT due to a significant interaction between the MWCNT- 
OH with the P3HT. The effect of deposited malathion on the nano
composites has shown that intermolecular interactions occur between 
P3HT and malathion between thiophene group and sulfur from P3HT 
respectively as shown from INS spectra. From the INS results, the mal
athion spectrum is relatively noisy resulting from the low sample mass 
measured due to its hazardous nature. The nanotube systems were not 
present in the P3HT samples without malathion. Accordingly, the 
findings from this research are expected to provide an insight about the 
potential of MWCNT/polymer nanocomposites that it can be utilized as 
a sensor material for detection organophosphate compounds. Moreover, 
this new synthetic method can be easily applied to the synthesis of other 
carbon-based conductive polymer materials.
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