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This research focuses on the synthesis of carbon nanotube (CNT) and Poly(3-hexylthiophene) (PsHT) (pristine polymer) with Ag doped
(CNT/ PsHT@Ag) nanocomposite thin films to be utilised in various practical applications. First, four samples of CNT solution and
different ratios of the polymer (PsHT) [0.1, 0.3, 0.5, and 0.7 wt.%)] are prepared to form thin layer of PASHT@CNT nanocomposites by dip-
coating method of Ag. To investigate the absorption and conductivity properties for use in various practical applications, structure,
morphology, optical, and photoluminescence properties of CNT/P;HT @Ag nanocomposite are systematically evaluated in this study. In
this regard, the UV/Vis/NIR spectrophotometer in the wavelength range of 350 to 700 nm is used to investigate the absorption, transmission
spectrum, extinction coefficient (k) and refractive index of the samples prepared at room temperature. The XRD results indicate a slight
increase in the crystallite size of the synthesized (CNT/ PsHT@Ag) nanocomposite compared to CNT/PsHT nanocomposite, which can
be attributed to the better dispersion of the P3HT and its favorable wrapping around the carbon nanotube structures. FESEM results show
that the Ag nanoparticles are acting as a bridge between the CNT and PsHT, creating a strong bond between the two materials that is strong
enough to form thicker tubular structures. An appreciable increase in absorbance intensity (approximately 552 nm) is obtained by adding
silver nanoparticles to the CNT/P3HT matrix at 0.5% of P3HT. Additionally, the prepared CNT/P3HT@Ag thin films show greater
transmittance — more than 42%, 45%, 49%, and 48% for P3HT concentrations of 1%, 3%, 5%, and 7%, respectively. The preparation of
the samples' extinction coefficient (k) and refractive index data show that the inclusion of silver nanoparticles to the CNT/P3HT
nanocomposite matrix has a significant improvement over the previous samples (CNT/P3HT composite).

Keywords: Nanocomposite; Poly(3-hexylthiophene) (P3HT); Carbon nanotube (CNT) solution; Dip-coating method;
Photoluminescence properties; Transmission spectrum

PACS: 61.46.+w, 78.55.—m, 61.48.De, 11.30.Na

1. INTRODUCTION

Conjugated polymers have attracted a lot of attention lately because they may provide large, lightweight, and
reasonably priced solutions. They are very adaptable because they work well with biodegradable and
electronic/optoelectronic devices such organic solar cells, field effect transistors, and organic light emitting diodes [1].
That being said, most of these devices perform worse than more conventional mining methods. This is because conjugated
polymers have a lot of imperfections poor mechanical qualities, and low stability [2]. In order to address these problems,
the scientists investigated the application of inorganic nanoparticles/quantum dots and conductive polymers as
nanocomposite materials in the creation of organic devices [3, 4].

Semiconductors with low processing costs, simple production processes, flexibility, and high operational power
show promise for use in next optical devices. Due to the mid-conductor's comparatively high adsorption coefficient, these
semiconductors allow for effective light absorption in thin films, paving the way for more sophisticated optoelectronic
device applications [5].

The use of Poly(3-hexylthiophene) (P3HT) as the active layer in different organic devices in conjunction with
specific n-type semiconductors has been the subject of extensive research over the last several years. P3HT is a highly
desirable conjugated polymer due to its ability to easily dissolve in various solvents, making it an ideal candidate for
processing as a soluble solid. With a high band gap of 1.9 electrons, it is well-suited for absorbing powerful sunlight,
which in turn promotes the absorption of solar light. Moreover, its high cavity mobility makes it particularly attractive for
use in developing organic semiconductor devices [6]. Despite its advantageous solubility and high band gap, P3HT's low
conductivity, instability, and short transmission range, make it less suitable for electronic devices compared to inorganic
materials [7]. To allow P3HT to be used in electrical devices, these issues need to be addressed. In the polymer matrix, it
should be noted that the arrangement of the chain is closely linked to the conductivity and optical properties of the
conjugated m-conductors.

The mineral composition, which possesses higher momentum compared to its organic counterparts, has been
extensively researched in order to enhance the physical properties of the ahadist. Carbon-based nanomaterials such as
multi-walled carbon nanotubes (MWCNT), graphene, and fullerenes are being thoroughly examined as potential filler
materials that could lead to improved physical properties [8]. In this regard, carbon nanotubes (CNTs) are widely used in
various semiconductor devices as electrodes, semiconductors, transparent electrodes, gas sensors, etc. due to their high

Cite as: H.A. Abbas, W.C. Koubaa, E.T. Abdullah, East Eur. J. Phys. 1, 342 (2024), https://doi.org/10.26565/2312-4334-2024-1-32
© H.A. Abbas, W.C. Koubaa, E.T. Abdullah, 2024; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2024-1-32
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://orcid.org/0009-0002-1029-2353
https://orcid.org/0000-0001-8907-0379
https://orcid.org/0000-0002-2893-3529
https://creativecommons.org/licenses/by/4.0/

343
Synthesis, Characterization and Functionalization of P3HT-CNT Nanocomposite... EEJP. 1 (2024)

conductivity, high surface area, low mass density, and carrier mobility [9]. However, depositing a uniform thin layer of
MWCNTs can be challenging, as they are chemically inert and insoluble in most solvents. Previous studies have shown
that incorporating carbon-based nanomaterials can enhance the field-effect mobility. Nanocomposites based on
nanoparticles indicated an improved performance in solar cells, LEDs, thermoelectric devices, and thin-film transistors
(TFTs) [10-12].

Polymer composites are created by synthesizing polymers with nanoparticles, which helps to enhance their
electronic and optical properties. CNTs are particularly promising materials for the fabrication of CNT/CNT composites
because of their desirable characteristics, including high mechanical strength, high electrical conductivity, adjustable work
performance, and soluble processing ability [13].

Photovoltaic cells and other electronic device applications are among the many applications for which polymer
compositions containing carbon nanotubes offer tremendous potential. Additionally, achieving balanced injection and
transfer for both types of carriers is crucial for the effective functioning of the system, and carbon nanotubes' high electron
mobility plays a major part in this regard [6]. This performance can be improved even further by aligning the CNTs [14].
For example, the electric field at the polymer-CNT interface can promote de-oxidization and act as an electrical conduit
to improve the charge and direction of light [15]. Due to their ease of processing, MWCNTs are more economical to
create than their single-walled counterparts (SWCNTs) [16]. MWCNTs offer greater mechanical strength for composite-
based systems and are more suitable for carrier transport than SWCNTs.

Rathore et al. [6] suggested the integration of P3HT with CNTs to form a CNT/polymer composite to overcome the
issues of P3HT. They demonstrated that adding MWCNTs to the polymer matrix enhances the current density and
modifies the absorption properties of the device.

Conducting polymers (CPs) have gained attention in the field of organic electronics due to their various advantages,
such as ease of preparation in thin layers and the ability to adjust their band gap through chemical methods. CPs have
been employed in various applications, including organic light emitting diodes (OLEDs), organic gas sensors (OGS), and
organic solar cells (OSCs) [15, 16-20]. Among these CPs, P3HT is commonly used in OGSs and OSCs because it has a
relatively narrow energy band of 1.93-1.95 eV, [21] allowing it to absorb a broad spectrum of solar energy.

As per the information provided, conjugated polymer materials have gained the interest of both scientists and
engineers due to their ability to exhibit electrical and optical properties similar to semiconductors or metals, while also
maintaining desirable mechanical properties and processing advantages of polymers. Soon after their discovery, these
materials were recognized as potential candidates for use in electronic devices, including cost-effective alternatives for
traditional LEDs, photovoltaic cells, and even disposable electronic devices. Poly(alkylthiophene), specifically poly(3-
hexylthiophene) or P3HT, is significant because of its high chemical stability under various environmental conditions,
high conductivity, and electronic gap that typically falls within the visible range of the electromagnetic spectrum [22-24].

Over the past few years, the preparation of thin films of P3HT, specifically rrP3HT, through solution processing has
become increasingly important for various applications such as photovoltaic cells and field effect transistors. Researchers
ascertained that the optoelectronic properties of P3HT films are affected by the microstructure and morphology of the
prepared film. Generally, CNTs possess an appropriate structure that can interact with conjugated polymers via m-n
electronic interactions. The conductive nanocomposites demonstrated that CNTs are an excellent choice for enhancing
the optoelectronic properties of conjugated polymers. Specifically, fillers with an aspect ratio of 10°, such as SWNTs, can
potentially result in a penetration threshold of less than 1% by weight. In this regard, Baibarac et al. [25] focused on
composites containing MWNTs and conjugated polymers, particularly poly(phenylene vinylene) derivatives. They
showed that there are interactions between the polymer and the outermost walls of the nanotube base plate.

Poly(3-hexylthiophene-2,5-diyl) (P3HT) is commonly employed as a light-absorbing material and as a hole
transporting layer [26], as it exhibits a high level of molecular order through n-x stacking of neighboring molecules. When
CNTs are introduced into P3HT-based organic photovoltaic devices, they have been found to enhance the dissociation
rate of excitons and improve the efficiency of charge carrier collection.

Sa'aya et al. [27] and Nguyen [28] indicated that the process of producing films using conjugated polymers and
CNTs would result in a greater degree of miscibility due to strong Van der Waals interactions between conjugated  bonds.

Up to the authors’ knowledge, the structural characteristics of CNT/P3HT and Ag doped-CNT/P3HT
nanocomposites have not been yet investigated in the open loyetature. Thus, this study comes to fill this gap. The main
aim is to improve the conductivity and absorption of P3HT to be used in a variety of real-world applications. Accordinly,
this study intends to synthesise CNT/P3HT and Ag doped-CNT/P3HT nanocomposites thin films. To systematically
assure this presumption, the evaluation of the optical, photoluminescent, and structural characteristics of CNT/P3HT and
Ag doped-CNT/P3HT (CNT/ P3HT@Ag) nanocomposite thin films are carried out.

2. EXPERIMENTAL PART
2.1. Synthesis steps of PBHT@CNT
In this method, we first soak CNT in ODCB (dichlorobenzene). The amount of CNT is 1g/l, and with a quick
calculation, the amount of 0.005 g is needed for 5Sml of dichlorobenzene. A dark-colored solution was obtained. In another
container, 5g per liter of P3HT was mixed in 5 ml of chloroform. With a quick calculation, this amount is equivalent to
0.025g of P3HT. An orange-colored solution was obtained. Then, the P3HT solution was slowly added to the CNT
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solution in 5 steps. To achieve the best result, the dispersing process was achieved for several minutes after each addition.
Finally, a dark red solution was obtained. The PET foils were cut and placed on a mild heater. Since the solution has high
coloring power and high stickiness, it is slightly toxic and also volatile, and therefore, the foils were covered with a
napkin. Then, the solution was spread evenly on the foil with the help of a spray so that an almost uniform surface can be
obtained. Four samples were synthesized with CNT: P3HT ratio equal to 0.1, 0.3, 0.5, and 0.7.

2.2. Synthesis of silver oxide

Two grams of silver nitrate were dissolved in twenty-five milliliters of deionized water to create silver oxide. Next,
0.35 g of PVP was dissolved in 75 ml of deionized water to act as a polymerizing agent. It had been assured that the
components would dissolve entirely. After adding the silver nitrate solution, the PVP solution was left aside for ten
minutes. The solution also received a small addition of sodium hydroxide until its pH reached 10. For one hour, the
solution was maintained in a bath that ranged from 70 °C to 80 °C until the last sediment formed. After that, the mixture
was given to cool fully and the sediment settled for a whole day. The precipitate was dried after the solution had been
filtered.

2.3. P3BHT@CNT@Ag:0
The percentage ratio of P3HT to CNT is variable and it was prepared with ratios of 0.1, 0.3, 0.5, and 0.7. To prepare
the silver layers, a fixed amount of 0.8 mg was added to the above percentages in the final solution, and it was manually
sprayed and dried on the PET substrate.

3. RESULTS AND DISCUSSION
3.1. X-ray diffraction analysis (XRD)

ST Figure 1 displays the XRD results of the
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Figure 1. XRD patterns of (A) CNT/PsHT and (B) CNT/PsHT@ Ag thin  distance between the thiophene rings [29].
films at different ratios (0.1, 0.3, 0.5, and 0.7 of PsHT and 0.08 mg/L) Furthermore, it can be stated that by an

increase of P3HT value from 0.1 to 0.3 would
cause a slightly amplified in the intensity of the peak [302]. Afterward, peak [302] intensity decreases between 0.3 and
0.5 of PsHT, which reveals that P3HT is covering the surface of the CNT, leading to an improved crystallinity. This is
especially true for the 0.5 amount of PsHT, which had the lowest intensity of the [302] peak, indicating the highest level
of crystallinity. Also, there is a slight shift in the position of the scattering peaks with the addition of P3HT to the CNT
lattice. The full width at half maximum (FWHM) indicates changes in crystal size values. This can be attributed to the
physical wrapping of the polymer on the walls of the nanotubes [29]. Figure 1-B and Table 1 also indicat that the intensity
ofthe [302] peak has been decreased due to adding silver nanoparticles in all cases. In this regard, the lowest peak intensity
is at 0.3 PsHT (Figure 1-B-c), which is also less intense than the previous case (the lowest [302] peak intensity at 0.5
P;HT (Figure 1-A-d)). This suggests that silver nanoparticles are more effective at reducing [302] peak intensity when
the P3HT concentration in the sample is lower. These findings indicate that silver nanoparticles can therefore have a
stronger effect on the [302] peak intensity at lower PsHT concentrations.
The average crystallite size of the pure structure of PsHT is about 11 nm, and it is about 6 nm for CNT/PsHT
nanocomposites. This indicates that PsHT is acting as a template for the CNT to form a more ordered structure, reducing
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the size and increasing the crystallinity of the CNT. PsHT at a 0.5 ratio in CNT/P3;HT nanocomposite reached the highest
[302] peak, suggesting a crystalline structure. Also, the average crystallite size of synthesized silver nanoparticles is about
21 nm. By comparing the CNT/P;HT nanocomposites containing silver nanoparticles (CNT/PsHT @Ag) compared to
their counterparts, a slight increase in the crystallite size can be observed, which can be attributed to the better dispersion
of the P3HT and its favorable wrapping around the carbon nanotube structures. This is because the silver nanoparticles
interact with the surface of the carbon nanotubes, forming a stronger bond which aids to stabilize the nanocomposites and
prevent the particles from agglomerating. Additionally, the P;HT forms a protective layer around the particles, further
preventing them from agglomerating. The result is a more evenly distributed particles with a larger average crystallite
size [29, 30].

Table 1. Parameters obtained from XRD analysis

Sample: Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [A]
P;HT 5.217 266 0.71 16.92623
CNT/P;HT (0.1) 26.0593 50259 1.36 3.41664
CNT/P;HT (0.3) 26.0131 50763 1.322 3.42261
CNT/P;HT (0.5) 25.9973 43281 1.346 3.4264
CNT/PsHT (0.7) 26.0179 48557 1.356 3.42198
CNT/PsHT@Ag (0.1) 26.052 42846 1.296 3.41758
CNT/PsHT@Ag (0.3) 25.991 41684 1.24 3.41758
CNT/PsHT@Ag (0.5) 26.0409 42544 1.314 3.41901
CNT/PsHT@Ag (0.7) 26.0495 42970 1.352 3.411790
Ag0 32.836 2084 0.401 2.72535

3.2. Field emission scanning electron microscopy (FESEM) analysis
The FESEM images in Figures 2 and 3 (a), (b), (c), and (d) indicate the morphology of CNT/PsHT with different
ratios of PsHT (0.1, 0.3, 0.5, 0.7 wt.%) thin films and Ag-doped CNT/ P3HT (CNT/P;HT@Ag) nanocomposite thin films
(the amount of silver oxide nanoparticles is constant and about 0.08 mg/L), respectively. The FESEM images show a
view of CNT nanostructures with polymer wrappings. By comparing the shapes prepared from the samples (from Figure
(2-a) to (2-d)), the number of disordered CNT observed has an increasing trend, which is well covered by the desired
polymer (P;HT).
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Figure 2. FESEM images of prepared thin films with different P3HT concentrations: (a) CNT/PsHT (0.1), (b) CNT/P3HT (0.3),
(c) CNT/P3HT (0.5), and (d) CNT/PsHT (0.7)
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This is because the polymer matrix can fill in the gaps between CNTs and provide support, leading to an increase in
the number of well-buried CNTs in the matrix. This is further evidenced by the FESEM images which show an increasing
number of CNTs with tubular structures and well-covered by the polymer matrix. On the other hand, the performance of
CNT is still not as impressive as expected due to some factors, including entanglement, misalignment, and metal
impurities. These issues can affect the electrical and mechanical properties of CNTs, leading to weaker overall
performance. As a result, CNTs cannot reach their full potential and their performance is limited. Based on studies
conducted by Danish et al., it can be said that the mentioned issues can lead to a decrease in hole mobility and an increase
in recombination pathways [31].

Clearly, Figures (2-a-d) assure that by increasing the amount of P3HT in the CNT matrix, a more suitable distribution
of carbon nanotubes can be achieved. There are, however, still certain regions where entangled nanotubes are visible.
This may be due to insufficient amount for P3HT to overcome the van der Waals forces towards the CNT surface, leading
to better dispersion and wrapping. For CNT/P;HT (0.5 of P3HT) nanocomposite images in Figure 2-c, less entanglement
and improved alignment of CNT can be observed. Also, this Figure shows a completely different surface morphology
with an apparently larger CNT diameter. It appears that the exfoliation process has increased the diameter of the CNT
due to the presence of newly exfoliated PsHT chains [32].
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Figure 3. FESEM images of prepared CNT/PsHT thin films after doping with silver oxide nanoparticles: (a) CNT/PsHT (0.1)/Ag,
(b) CNT/PsHT (0.3)/Ag, (c) CNT/P3HT (0.5)/Ag, and (d) CNT/PsHT (0.7)/Ag [dopant amount: 0.08 mg/L]

The incorporation of silver nanoparticles into the CNT/P;HT nanocomposite matrix, in smaller amounts of P;sHT
(0.3 wt.%) (Figure 3-a-d), can demonstrate a better dispersion and less entanglement for nanotubes. In other words, silver
nanoparticles in smaller amounts of P;HT help the proper dispersion of carbon nanotubes. This is because silver
nanoparticles have a strong affinity to the CNT/PsHT nanocomposite matrix and can act as a bridge between the CNTs
and P;HT, helping to improve alignment and reduce entanglement. Furthermore, the silver nanoparticles reduce the overall
viscosity of the nanocomposite matrix, resulting in better dispersion of the CNTs [33]. An average diameter size of the
prepared nanocomposites (Figure 2-a-d) continued to decrease from 69 nm, 73 nm, 48 nm to 28 nm. This showed that the
increase in the P3HT concentration reinforces the effectiveness of PsHT wrapping towards the CNT side-wall by
increasing the diameter of CNT [33]. It is also clear from images (3-a-d) that by adding impurity (silver nanoparticles)
into the pre-prepared CNT/P;HT matrix, thicker tubular structures with rough surfaces and agglomerate-like mat
structures were obtained, and this illustrates the wrapping of the polymer on the nanotubes to form a nanocomposite [34].
This suggests that the silver nanoparticles are acting as a bridge between the CNT and P;HT, creating a strong bond
between the two materials that is strong enough to form thicker tubular structures. Additionally, the rough surface of the
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nanocomposite suggests that the silver nanoparticles are also acting as stabilizing agents to hold the nanotubes and
polymer together.

The results of the Electron Diffraction X-ray (EDX) analysis of the CNT/P3HT composite thin films with varying
P3HT concentrations (Figure 4-A) show that the carbon content of the composite increases and then decreases, followed
by a notable decrease and enhancement in the weight of sulfur (S), indicating the formation of nanocomposites. The EDX
analysis data shows that with increasing PsHT concentration, there is an initial raise in the carbon content of the
nanocomposite thin films. This is likely due to the higher content of CNTs in the composite, which contains more carbon
than P;sHT. However, after a certain point, the carbon content decreases, indicating that the P3HT is beginning to dominate
the composition of the composite. Additionally, the weight of sulfur (S) in the nanocomposite, is reduced and then
enhanced, suggesting that there is a chemical interaction between the CNTs and PsHT in the nanocomposite [29].

Figure 4-B illustrates silver oxide nanoparticles doped successfully in a CNT/P;HT lattice. This figure demonstrates
that adding silver nanoparticles to the pre-prepared nanocomposite lattice leads to the silver oxide nanoparticles forming
chemical bonds with the CNTs and PsHT, further stabilizing the overall nanocomposite lattice. It also suggests that the
CNTs and P;HT facilitate the nanoparticles’ dispersal in the nanocomposite lattice. In this regard, Figure 3 obtained from
SEM analysis of CNT/P;HT@Ag nanocomposite thin films confirms the accuracy of these results.
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Figure 4. EDX images of (A) CNT/PsHT thin films with different P3HT concentrations: (a) CNT/PsHT (0.1), (b) CNT/PsHT (0.3),
(c) CNT/PsHT (0.5), and (d) CNT/P;HT (0.7). EDX (B) CNT/P3HT thin films after doping with silver oxide nanoparticles: (a)
CNT/P;HT (0.1)/Ag, (b) CNT/P;HT (0.3)/Ag, (c) CNT/PsHT (0.5)/Ag, and (d) CNT/PsHT (0.7)/Ag [dopant amount: 0.08 mg/L]
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3.3. Photoluminescence (PL) spectroscopy

Prior to deciding on an appropriate composite composition for uses like photoactive layers, it is important to examine
the photoluminescence properties of the pristine polymer (P3HT) and the CNT/P3HT composite thin films. This study is
important because the composite that exhibits the strongest quenching of photoluminescence also exhibits the largest
charge separation that can be found in the photoactive layer. This is important because the composite film's charge
separation potential increases with the strength of the photoluminescence quenching effect. This charge separation is
essential to create the desired photoactive layer, which is necessary for the optimal performance of the application [35].
The PL spectrum of the CNT/P;HT and CNT/P;sHT@Ag nanocomposites measured at an excitation wavelength of 440 nm
is presented in Figure 5.

PL Analysis PL Analysis
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Figure 5. PL spectrum of the (A) prepared thin films with different P3HT concentrations: (a) CNT/PsHT (0.1), (b) CNT/PsHT
(0.3), (c) CNT/P3HT (0.5), and (d) CNT/P3HT (0.7). and (B) CNT/PsHT thin films after doping with silver oxide nanoparticles:
(a) CNT/P3HT (0.1)/Ag, (b) CNT/PsHT (0.3)/Ag, (c) CNT/PsHT (0.5)/Ag, and (d) CNT/PsHT (0.7)/Ag [dopant amount: 0.08
mg/L]. The excitation wavelength A = 440 nm

Figure 5-A and 5-B illustrates the values of PL emission for CNT/P;HT and CNT/PsHT@Ag nanocomposite for
different amounts of PsHT (0.1, 0.3, 0.5, and 0.7) around 437, 438, 438, and 439 nm and for the CNT/P;HT@Ag
composites around 437, 437, 438, and 438 nm, respectively. Although CNTs are well-known fluorescence quenchers, the
physical mixed system between P3HT and CNTs causes photoluminescence quenching to be more noticeable for
CNT/P3HT. One other benefit of employing CNT/P3HT in solar cells is this. However, P3HT's emission peak intensity
was greater than nanocomposites. This was explained as quenching brought on by the reduction of electron-hole
recombination caused by charge transfer between the CNT and P3HT. Strong luminous quenching of the as-prepared
nanocomposites was seen at wavelengths of about 876 nm (attributed to the n-n* bond in P3HT). According to the reported
studies [36, 37], CNTs are known as fluorescence quenchers. However, photoluminescence quenching is expected to be
more pronounced for the prepared CNT/PsHT nanocomposites due to the physical mixed system of PsHT and CNTs. This
phenomenon is an extra benefit for using these systems in photovoltaic applications such as photovoltaic cells [32].

According to these references [35, 38, 39], the emission peak intensity for pure PsHT is around 581 nm, which is a
larger amount compared to the prepared CNT/PsHT nanocomposites. This behavior can be ascribed to quenching as a
result of charge transfer between CNT and P;HT reducing electron-hole recombination. On the other hand, strong light
quenching of the prepared nanocomposites was observed at wavelengths around 876 nm (attributed to the n-n* bond in
PsHT) [35]. In this regard, Kuila et al. [38] investigated the PL quenching of the CNT/P;HT nanocomposite and
corresponded it to the m-m interaction between the PsHT and the carbon nanotubes (CNT) and presented additional
deactivation (decaying) pathways for excited electrons [37, 39].

As aresult, CNT/PsHT@Ag (0.5 P3HT) and CNT/PsHT@Ag (0.1 and then 0.3 PsHT) quench the PL intensity even
more, reducing electron-hole recombination as a result of charge transfer between donor-acceptor materials. With these
CNT/P3HT (0.5 of P3HT) and CNT/PsHT@Ag (0.1 of P3HT) samples, there is a high possibility of charge separation in
the photoactive layer due to its strong PL quenching effect [30].

3.4. Ultraviolet-visible (UV-vis) spectroscopy
3.4.1 Absorption spectrum

UV/Vis/NIR spectrophotometer in the wavelength range of 350 to 700 nm was used to investigate the absorption
and transmission spectrum of the samples prepared at room temperature. According to Figure 6(a), the absorption spectra
of CNT/PsHT at different ratios (0.1, 0.3, 0.5, and 0.7 wt.%) can be observed.

According to the reference [34], the absorption maximum (Amax) for PsHT was observed at about 442-505 nm, which
indicates extensive m-continuity and is in good agreement with reported values [29]. The CNT/P;HT composites exhibited
absorption bands at about 512-527 nm, which is attributed to the strong interactions between P;HT and CNTs and
suggesting a decrease in band gap [40]. The strong interactions between the two components lead to an increased
conjugation of the polymer and the formation of an extended m-conjugated system, which gives rise to the absorption
bands in the visible range. Additionally, the intensity of the absorption band raised with increasing P3:HT (0.5 wt.%)
concentration, which is due to the enhanced number of PsHT molecules in the nanocomposite. On the other hand, after
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adding silver nanoparticles into the CNT/PsHT nanocomposite matrix, increasing the percentage of PsHT to about 0.3,
an amplification in the absorption peak intensity is observed; Compared to the previous case, the increase in the amount
of absorption intensity is ascertained in lower P;HT amounts. This suggests that silver nanoparticles play a role in
increasing the efficiency of the nanocomposite matrix by allowing for more efficient absorption of light at lower P;HT
percentages. This is due to the expansion of the surface area of the nanocomposite matrix provided by the silver
nanoparticles, which allows for more efficient absorption of light [32]. Thus, All CNT/PsHT samples with different ratios
of PsHT show improved adsorption efficiency. In addition, it is expected to improve electrical conductivity, thereby
enhancing the performance of photovoltaic applications [30, 41].

UV-vis absorption data UV-vis absorption data

@ -
D o n —Urpsar@ag o

(15> — ®,
— CNT/PIHT (0.3) = CNT/P3HT@Ag (0.3)

© . ©
9 carwres — UTesETRA 09

@

@
oNTRMT @7) CNT/PIHT@A (0.7)

Absorption/ ..

350 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700

tengny nm Wavelenght/ nm

A B
Figure 6. Schematic of absorption spectra of (A) prepared thin films with different P3HT concentrations: (a) CNT/PsHT (0.1),
(b) CNT/PsHT (0.3), (c) CNT/PsHT (0.5), and (d) CNT/P3HT (0.7). and (B) CNT/P3HT thin films after doping with silver oxide
nanoparticles: (a) CNT/PsHT (0.1)/Ag, (b) CNT/PsHT (0.3)/Ag, (¢) CNT/PsHT (0.5)/Ag, and (d) CNT/PsHT (0.7)/Ag [dopant
amount: 0.08 mg/L]

But in the case of nanocomposites reinforced with silver nanoparticles (CNT/PsHT@Ag), as seen in Figure 6-B, a
favorable boost in the maximum absorption intensity was observed for all prepared nanocomposite samples compared to
pure P3HT polymer. A significant improvement in absorbance intensity (around 552 nm) is observed when silver
nanoparticles are added to the CNT/PsHT matrix at 0.5% of PsHT, which is a significant increase compared to the previous
samples (CNT/PsHT composite).

This shift towards longer wavelengths (red-shift of Amax) compared to the CNT/P3;HT nanocomposite matrix as well
as the pure P;HT can be attributed to the enhancement in the conjugation length of the PsHT polymer due to the strong
n-n interaction with CNTs, which subsequently leads to the increased organization of PsHT chains on the nanotube
surface. In the case of silver-reinforced nanocomposites (CNT/PsHT@Ag), as mentioned earlier, due to the synergistic
effect of these nanoparticles, a significant reinforcement in the absorption wavelength can be expected, which is consistent
with the results previously obtained [34, 42]. This is because silver nanoparticles can act as a bridge between the PsHT
polymer and the carbon nanotubes, thereby forming a stronger bond that allows for a longer absorption wavelength. This
is further reinforced by the fact that silver has a higher optical reflectance than carbon nanotubes, which also contributes
to the increased absorption wavelength.

3.4.2. Transmission spectrum
Figure 7-A and 7-B shows the optical transmission spectrum for the as-prepared CNT/P;HT and CNT/P;HT@Ag
nanocomposite thin films at different P3HT ratios (0.1, 0.3, 0.5, and 0.7 wt.%) in the wavelength range of 350 to 1000
nm, which is in good agreement with the absorption spectrum data (Figures 7-A and B). Figure 7-A shows the amount of
transmission in the visible region for these prepared CNT/P3HT nanocomposites is more than 20%, 35%, 20%, and 32%
for the concentrations of 1%, 3%, 5%, and 7% of PsHT, which can indicate the good crystal quality of the samples.
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Figure 7: Schematic of optical transmission spectra of (A) prepared CNT/PsHT thin films with different P3HT concentrations:
(0.1), (0.3), (0.5), and (0.7). and (B) CNT/P3HT thin films after doping with silver oxide nanoparticles: CNT/PsHT (0.1)/Ag,
CNT/PsHT (0.3)/Ag, CNT/PsHT (0.5)/Ag, and CNT/P3HT (0.7)/Ag [dopant amount: 0.08 mg/L]
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Also, it is clear from Figure 7-B that the CNT/PsHT nanocomposite samples have been reinforced with silver
nanoparticles (CNT/P;HT@Ag) with a better transmission spectrum for all P3HT concentrations (0.1, 0.3, 0.5, and
0.7 wt.% of P3HT). In other words, the amount of transmittance in the visible region for the as-prepared CNT/P:HT@Ag
thin films, in this case, is more than 42%, 45%, 49%, and 48% for the concentrations of 1%, 3%, 5%, and 7% of P;HT,
which can indicate the synergistic effect caused by the integration of silver nanoparticles in the CNT/P;HT nanocomposite
matrix. The silver nanoparticles enhance the light absorption and scattering of the nanocomposite matrix, which increases
the amount of light transmitted in the visible region. This improves the light transmission results in higher transmittance
values for the CNT/P;sHT@Ag thin films than for pure CNT/P;HT thin films.

3.4.3. Absorption coefficient

By knowing the data of the transmission spectrum of the CNT/PsHT and CNT/PsHT@Ag nanocomposites at
different PsHT ratios (0.1, 0.3, 0.5, and 0.7 wt.%) (Figure 7), it is possible to calculate the absorption coefficient (8-A/B)
of the as-prepared nanocomposites. The result of these calculations regarding the absorption coefficient spectrum of the
samples as a function of wavelength. As can be seen from Figure 8-A, at long wavelengths (greater than 600 nm) there is
very small absorption (all photons are transmitted), and at shorter wavelengths, i.e., at wavelengths between 510-528 nm,
the absorption has the highest value (in the range of 0.0115-0.0164). It is expected that in this area, the transmission value
in this range will decrease due to the transition of electrons from the valence band to the conduction band. This is in a
reasonable agreement with the data obtained from the transmission spectrum (Figure 8-A). Specifically, the decrease in
transmission value is due to the fact that when electrons transit from the valence band to the conduction band, their energy
is absorbed. This energy is converted into heat, which reduces the ability of the material to transmit light. This decrease
in the transmission is further evidenced by the transmission spectrum in Figure 8-A, which shows a decrease in intensity
in the range of interest.
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Figure 8. Schematic of absorption coefficient of (A) prepared thin films with different P3HT concentrations: (0.1), (0.3), (0.5),
and (0.7). and (B) CNT/P3HT thin films after doping with silver oxide nanoparticles: CNT/PsHT (0.1)/Ag, CNT/P;HT (0.3)/Ag,
CNT/PsHT (0.5)/Ag, and CNT/PsHT (0.7)/Ag [dopant amount: 0.08 mg/L]

Also, as can be seen from Figure 8-B, at long wavelengths (greater than 640 nm) there is very small absorption
(most photons are transmitted), and at shorter wavelengths, i.e., at wavelengths between 512-600 nm, the absorption has
the highest value (in the range of 0.0072-0.0088), which is in reasonable agreement with the data obtained from the
transmission spectrum (Figure 7-B). The data related to the maximum absorption coefficient and the wavelength at which
the absorption coefficient has its maximum value are presented in Table 2.

In addition, by comparing the absorption coefficient data for CNT/PsHT and CNT/P;HT@Ag nanocomposites, it
can be seen that CNT/P;HT nanocomposites have been reinforced with silver nanoparticles (CNT/P;HT@Ag) as they
have a lower absorption coefficient than their counterparts (CNT/PsHT). However, it should be noted that the maximum
absorption coefficient occurs for CNT/P;HT@Ag nanocomposites at different wavelengths (shift towards larger
wavelengths) compared to CNT/PsHT thin films.

Table 2. Wavelength of peaks and their maximum absorption coefficient of as-prepared CNT/PsHT and CNT/PsHT/Ag
nanocomposite thin films

Wavelength of peaks and their maximum absorption coefficient
Samples
P3HT (0.1) PsHT (0.3) PsHT (0.5) PsHT (0.7)
AMnm) 517 528 510 527
NT/P;HT

CNT/Ps @ max 0.016 0.0146 0.016 0.0115

A (nm) 512 527 547 600

NT/P;HT@A.

CNT/PHT@Ag @ max 0.0088 0.0081 0.0071 0.0072
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3.4.4. Extinction coefficient (K)

With the help of the absorption coefficient and absorption data, the extinction coefficient (k) of CNT/P;HT and
CNT/P3sHT@Ag nanocomposites can be found. The changes in k in terms of A are plotted in Figure 9 for these samples.
According to these graphs (Figure 9- A-a to d), the extinction coefficient of CNT/PsHT nanocomposites at different PsHT
ratios (0.1, 0.3, 0.5, and 0.7 wt.%) with increasing wavelength first has a peak in the areas (545 nm, 1005 nm, 1011 nm,
and 993 nm) and then starts to decrease and is almost constant at long wavelengths. It should be noted that this rate
of reduction is rapid only for CNT/P3HT containing 0.1 wt.% of P;HT, and it decreases slowly for the remaining three
samples. The reason for the decrease in the extinction coefficient with the increase in wavelength is related to the decrease
in absorption in the thin films, which corresponds to the optical transmission spectrum of the samples in Figure 7. Also,
for the CNT/PsHT nanocomposite reinforced with silver nanoparticles (CNT/PsHT@Ag), a similar trend was observed.
With the difference owing to the sample containing 0.1 of PsHT, the decreasing trend compared to its counterpart
(Figure 9-A), has a slower rate. According to these graphs (Figure 9-B), the extinction coefficient of CNT/PsHT@Ag
nanocomposites at different P;HT ratios (0.1, 0.3, 0.5, and 0.7 wt.%) with increasing wavelength first has a peak in the
areas (545-1005 nm) and then starts to decline with an almost constant and similar reduction rate and is almost constant
at long wavelengths.
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Figure 9. Variations in extinction coefficient according to wavelength for (A) CNT/P3HT and (B) CNT/P:HT@Ag
nanocomposites with different P3HT ratios

3.4.5. Refractive index (n)

Based on the data obtained from the optical analysis, the refractive index of CNT/P;HT and CNT/P;HT@Ag
nanocomposites can be obtained. Figure 10-A/B shows the change in the refractive index according to the wavelength
of the prepared samples. In other words, the refractive index of CNT/PsHT and CNT/P;HT@Ag nanocomposites
decreases with increasing wavelengths. By comparing Figures 10-A and B, only the samples containing 0.1% of P;HT
have a significant decrease in the refractive index, which occurs at the wavelengths of 517 nm and 512 nm for CNT/P;HT
and CNT/PsHT@Ag nanocomposites, respectively. But for the other three samples, a slight decrease in the refractive
index can be observed. Finally, the refractive index reaches an almost constant value for all samples with increasing
wavelengths. Also, Table 3 illustrates the wavelength of peaks and their minimum reflective index of as-prepared
CNT/P3HT and CNT/PsHT@Ag nanocomposite thin films.
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Figure 10. Variations in reflective index according to wavelength for (A) CNT/PsHT and (B) CNT/PsHT@Ag nanocomposites
with different P3HT ratios

Table 3. Wavelength of peaks and their minimum reflective index of as-prepared CNT/P;HT and CNT/P;HT/Ag nanocomposite thin films

Samples Wavelength of peaks and their minimum reflective index
P P;HT (0.1) PsHT (0.3) P;HT (0.5) P3HT (0.7)
AMnm) 517 526 512 490
CNT/PHT N min 1.902 1.953 1.904 1.941
A (nm) 512 527 547 550
NT/P;HT@A.
CNT/P:HT@Ag N min 1.978 1.993 2.015 2.009
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CONCLUSIONS

This study reported on the structure, morphology, optical, and photoluminescence properties of CNT/P3HT and Ag
doped-CNT/P3HT (CNT/ P3HT@Ag) nanocomposite thin films synthesised by dip-coating method. The study intended
to enhance P3HT absorption and conductivity properties for use in various practical applications and systematically the
effects on the structure, morphology, optical and photoluminescence were investigated. The XRD results exhibited the
average crystallite size of synthesized silver nanoparticles is about 21 nm. By comparing the CNT/P3HT nanocomposites
containing silver nanoparticles (CNT/P3HT @Ag) compared to their counterparts, a slight increase in the crystallite size
was observed, which can be attributed to the better dispersion of the P3HT and its favorable wrapping around the carbon
nanotube structures. The FESEM results showed that the silver nanoparticles are acting as a bridge between the CNT and
P3HT, creating a strong bond between the two materials that is strong enough to form thicker tubular structures. The
photoluminescence characteristics of both the pristine polymer (P;HT) and the CNT/PsHT composite thin films
ascertained that adding silver nanoparticles to the CNT/P3HT matrix at 0.5% of P3HT results in a notable rise in
absorbance intensity (about 552 nm), which is a considerable improvement over the prior samples (CNT/P3HT
composite). Also, when silver nanoparticles are integrated into the CNT/P3HT nanocomposite matrix, the as-prepared
CNT/P3HT@Ag thin films exhibit more transmittance—more than 42%, 45%, 49%, and 48% for P3HT concentrations
of 1%, 3%, 5%, and 7%, respectively. Finally, the results of extinction coefficient (k) and refractive index of the samples
prepared at room temperature have demonstrated that the addition of silver nanoparticles to the CNT/P3HT
nanocomposite matrix has a synergistic impact.
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CHUHTE3, XAPAKTEPUCTUKA TA ®YHKIIOHAJI3ALISI HAHOKOMITIO3UTHUX IIJIIBOK P3HT-CNT
JIETOBAHHUX Ag.0
Xaiinep Aoayamip A66ac?, Biccem Ileiikpoxy Ky6aa®, Ecradépak Tauio Agxymaax®
“Cepeonitl mexuiunuil yHigepcumem, IHcmunym niocomosku mexHiuHux incmpyxkmopis, baeoao, Ipax
bYuisepcumem Cepaxe, @axynomem npupoonuqux nayx, Ceaxe, Tyuic
“Haykosuil konedoic bazoadcvkoeo yrieepcumeny, gaxynemem ¢hizuxu, Ipax

JlocnikeHHs 30cepekeHo Ha cuHTe3i ByrreneBux HaHOTPYOok (CNT) i momi(3-rexcunriodeny) (P3HT) (mepBunHOTO MoOiMepy) 3
neroBanuMu Ag (CNT/P3HT@Ag) HaHOKOMIO3UTHHMH TOHKHMH ILTIBKAaMHM, JUIS HPAKTHYHHMX 3aCTOCYBaHb. ByiaM mHiIroToBieHi
yotupu 3pazku pozunny CNT 3 pizaum cniBBignomenss noiimepy (P3HT) [0,1, 0,3, 0,5 1 0,7 mac.%)] st popMyBaHHS TOHKOTO Iapy
nanokomno3uTiB P3HT@CNT wmertomom mokputts Ag. s MOCTiIKEHHS BIACTUBOCTEH MONIMHAHHS Ta MPOBIXHOCTI IS
BUKOPHCTAHHS B PI3HUX NMPAKTHYHHX 3aCTOCYBAHHSX, Y L[bOMY JOCIIJUKEHHI CHCTEMATHYHO OL[HIOBAJIUCS CTPYKTypa, Mopdooris,
onTHYHI Ta (QOTONIOMIHECHEeHTHI BiacTUBOCTI HaHOkoMmo3uty CNT/P3HT@Ag. VY 3B’A3Ky 3 LHMM BHKOPHUCTOBYBABCS
cnekrpodoromerp UV/Vis/NIR B miamazoni 1oBxuH XBUIb B 350 10 700 HM AT ZOCHIIKEHHS CIICKTPY MOTIMHAHHS, TIPOITY CKAHHS,
xoedinienta excTrHKIIT (k) 1 OKa3HMKa 3aJI0MJIEHHS 3pa3KiB, BUTOTOBJICHNUX IPH KiMHATHIN TeMnepatypi. Pesymsrari XRD BkasyroTh
Ha HEBEJIMKEe 30UIBIICHHST PO3Mipy KpHCTamiTiB cuHTe30BaHOTO HaHokomro3uTy (CNT/P3HT@Ag) nopiBHSHO 3 HAHOKOMIIO3HTOM
CNT/P3HT, mo MoxxHa mnosicHuTH kpamioro aucrepcicto P3HT ta ioro cipusTiaMBUM 0OropTaHHSAM HABKOJIO CTPYKTYpP BYIJICLIEBHX
HaHotpyOok. Pesynsratn FESEM noxkasyiors, mo HanodacTuHku Ag mitoth sik MicTok Mixk CNT i P3HT, cTBoproroun 3B’s130K Mixk
JIBOMa Marepiasamu, KM € JOCTATHO MIIHHM, I[00 yTBOPIOBATH OiMbII TOBCTI TpyO4acTi CTpyKTypH. [loMiTHE 30iIbIICHHS
IHTEHCUBHOCTI MOMIMHAHHS (Ha NPUOIH3HO 552 HM) IOCATAETHCS LUISIXOM JI0IaBaHHsI HAHOYACTUHOK cpibna 1o marpuii CNT/P3HT
mpu 0,5% P3HT. Kpim Toro, migrorosneni tonki miiBku CNT/P3HT@Ag neMoHCTpyroTh OibImii KoedilieHT IpOMyCKaHHS — MOHAT
42%., 45%., 49% 1 48% nns xonnentpauiit P3HT 1%, 3%, 5% 1 7% sigmosigno. ITigroToBka ganux mpo xoedimieHT exctuHKI (k) 1
MOKA3HMK 3aJIOMJICHHS IIOKa3ye, IO BKIIOYEHHS HAHOYACTMHOK cpibma no nanokommo3nTHoi Marpuii CNT/P3HT mae 3naune
TIOKPAIIIEHHS TOPIBHSIHO 3 onepeaHiMu 3pa3kamu (kommo3utr CNT/P3HT).

Kuaruosi cioBa: nanoxomnoszum,; noni(3-eexcunmiogpen) (P3HT); pozuun eyeneyesux nanompyboox (CNT); memoo 3anypenms;
Gomoniominecyenmui 61aCmMU60Cmi; cneKmp nponyCKamHs





