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Abstract 
We obtained 3D nanoflowers of MoS2 (3D-MoS2) with an average size of 1–3 µm synthesized by a one-step hydrothermal 
method, the "flower-shape" being composed of several petal-like sheets with a thickness of about 19 nm. The 3D nanoflow-
ers underwent functionalization with diethyl[2-hydroxy-2-(thiophen-3-yl)ethyl]phosphonate and 2-tiophene carboxylic acid. 
P3HT/MoS2 composites were synthesized by Grignard metathesis using a 2,5-dibromo-3-hexylthiophene/MoS2 weight ratio 
of 1:0.05. As a reference, the P3HT/MoS2 composites were also synthesized with unfunctionalized 3D-MoS2. The P3HT/
MoS2 composites were characterized by FTIR, XRD, TEM, 1H NMR, UV–Vis, TGA, and cyclic voltammetry. We studied the 
influence of 3D-MoS2 nanoflowers functionalized with phosphonic and carboxyl groups on the properties of the P3HT/MoS2 
composites. The addition of functionalized 3D-MoS2 in the P3HT/MoS2 composites improved the percentage of HT dyads 
and the definition of shoulders in the dyad signal, indicating a better arrangement of the polymeric chains in the P3HT/3D-
MoS2 functionalized composites. In addition, the functionalization of the 3D-MoS2 white phosphonic group increased the 
conjugation length, the percentage of crystallinity, and the conductivity. Likewise, the P3HT/MoS2 functionalized composites 
showed a decrease in the energy gap compared to P3HT. The functionalization of the 3D-MoS2 was successfully carried out, 
and a close interaction between the P3HT and 3D-MoS2 was determined. We achieved the in situ synthesis of P3HT/MoS2 
composites by Grignard metathesis using functionalized 3D-MoS2 obtained by the hydrothermal method. We  compared 
two functionalization groups with 3D-MoS2 and their subsequent polymerization with P3HT. Our work provides evidence 
for a better performance in composites functionalized with a phosphonate group because a phosphonic anchor provides 
strong electronic coupling with the 3D-MoS2. The above makes this material suitable for applications in flexible electronics 
photosensors, electrochromic devices, photocatalysis, and harvesting energy material in solar cells.
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Introduction

Molybdenum disulfide (MoS2) nanostructures are widely 
acknowledged as prominent representatives within the cat-
egory of transition metal dichalcogenides (TMDs). These 
nanostructures display a diverse array of properties as they 
transition from the macroscopic to the nanoscale, render-
ing them highly promising materials with multifunctional 
properties.1,2

MoS2 , an n-type semiconductor in bulk form is a TMD  
with an energy band gap of 1.3  eV which changes to 
1.8 eV in monolayer form. Similarly, when MoS2 cleaved 
from bulk to monolayer, the energy band transforms from 
an indirect to a direct transition due to the quantum con-
finement effect. The room-temperature carrier mobility of 
the MoS2 monolayer is 200 cm2V−1 s −1 with a high on/
off current ratio of ~ 108.3,4 Given these attributes, MoS2 
exhibits considerable promise for diverse applications, 
including lubricants and grease additives, lithium-ion bat-
teries, catalysts in water-splitting, biosensors, bioimaging, 
transistors, memory devices, flexible electronics photode-
tectors, energy storage and conversion, and the hydrogen 
evolution reaction.45,6

There are several methods to synthesize layered TMDs,7 
and different MoS2 nanostructures, including nano-
spheres, nanosheets, nanotubes, nanorods, and flower-
like structures, have been synthesized using a variety of 
techniques, such as spray pyrolysis, thermal evaporation, 
chemical vapor deposition, electrochemical deposition, 
chemical reduction, radio frequency sputtering, precipi-
tation, and hydrothermal.3,7,8 Most techniques used to 
synthesize nanostructures are complex and highly expen-
sive. However, the hydrothermal method offers a simple, 
environmentally friendly, and cost-effective approach 
to synthesize inorganic nanomaterials at low tempera-
tures, obtaining high yield, good crystallinity, and tun-
able morphology8 . also offering more control over the 
size, shape, and composition of the nanostructures and not 
requiring expensive equipment or facilities.9 For energy 
storage devices, 3D nanostructures are always attractive 
compared to 2D nanostructures because they have less 
aggregation and agglomeration and thus can sustain the 
superior intrinsic characteristics of nanomaterials, such 
as high surface area, unique physical properties, and 
structural stability.10 The hydrothermal method has  the 
potential for mass production and is therefore extensively 
employed for the large-scale production of 3D MoS2 nano-
structures,9,11 and has also been employed for the prepara-
tion of novel 3D nanoflowers formed with few-layered and 
expanded interlayer spacing MoS2.12 The ability to modu-
late the band gap by adjusting the thickness of the MoS2 
layer makes few-layer MoS2 films highly advantageous 

as photovoltaic materials for the efficient absorption of 
solar energy.13 The advantages, such as shorter diffusion 
pathways, heightened electronic properties, and larger 
active surface areas, in 3D-MoS2 represents the key for the 
improvement of the photodegradation activity performance 
and gas sensitivity. and may provide a new perspective in 
view of the applicability for different environmental appli-
cations.14,15 To enhance the electrical, thermal, mechani-
cal, and flame-retardant properties, several polymers have 
been combined with MoS2 nanosheets.16–21 There are 
many reports on MoS2 and polymers for sensing and solar 
cell  applications: PMMA-MoS2 and PANI-MoS2-SnO2 as 
an ammonia gas sensor;22,23 PVP–MoS2–ZnO composite 
for hydrogen gas sensing;24 MoS2 applied in composites 
with PANI/MoS2

25,26 and polythiophene/MoS2
27as a coun-

ter electrode in dye-sensitized solar cell-based counter 
electrodes.

P3HT, a polymer semiconductor, has gained significant 
popularity as a donor material in organic electronic devices. 
This is primarily attributed to its favorable attributes, such 
as chemical and electrochemical stability, suitable energy 
level, high electrical conductivity, and solubility in various 
solvents.28,29 P3HT/MoS2 composites have been synthesized 
by physical mixing for ammonium sensing,30,31 Xie et al.31 
studied different sensitive film structures as active layers in 
an organic thin-film transistor ammonia (NH3) sensor, i.e., 
P3HT-MoS2 composite film, P3HT/MoS2 bilayer film, and 
MoS2/P3HT bilayer film were fabricated by spray technol-
ogy, and gas sensors based on P3HT-MoS2 composite film 
showed a shorter recovery time than other sensors, which 
was attributed to the closer interlayer d-spacing and π–π 
stacking of the P3HT chains in the composite film due to 
the MoS2 being doped.31 Kandpal et al. investigated inter-
layer-applied MoS2 as a dopant in P3HT for electrochromic 
devices.32,33 Prakash et al. reported significantly improved 
mobility of the P3HT when added to MoS2 as a dopant in 
organic field-effect transistors.34

MoS2 nanoparticles in an  organic semiconductor (MoS2/
P3HT) composite applied in a hybrid dye for thin-film tran-
sistors enhanced the film crystallinity.35 P3HT loaded with 
1 wt% MoS2 showed an enhancement in the self-assembly 
of polymers in the form of a fibrillar formation and excellent 
structural features in terms of π-conjugation to a self-pow-
ered photodetector.36 MoS2/P3HT composites have shown 
an enhancement of capacitance and excellent cycle stability 
when used in a supercapacitor.37 In solar cells, a P3HT/MoS2 
interface layer provides much better device stability than that 
of P3HT, and results in drastic (41%) efficiency enhance-
ment through efficient charge extraction.38

Reports of P3HT/MoS2 composites are very exten-
sive, the majority involving 2D MoS2 nanoparticles by 
chemical exfoliation, with the experimental method of 
the composites carried out by physical mixing, so that 
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they all agree by showing increases in their crystallin-
ity properties, charge mobility, and better arrangement 
of interlayer d-spacing and π–π stacking of the P3HT 
chains due to the MoS2. P3HT/3D-MoS2 composites are 
less commonly reported, with 3D-MoS2 being used as an 
interlayer-improved electrochromic performance of the 
device with P3HT,32,33,39 whereas, in FTO/TiO2/MoS2-
P3HT/PEDOT:PSS/Ag solar cells, it increased the energy 
conversion efficiency (1.28%) by only about 58% in com-
parison to solar cells based on TiO2/P3HT.40 Thus, further 
research on the in situ synthesis of P3HT/MoS2 compos-
ites with 3D-MoS2 is required.

Considering the studies previously reported and with the 
aim of achieving an optimal performance in polymer/MoS2 
nanocomposites, it is crucial to ensure the uniform disper-
sion of the MoS2 nanosheets within the polymer matrix, 
and to establish appropriate interfacial interactions between 
the nanosheets and the surrounding matrix.41 To improve 
the dispersion, organic ligands are required which can bind 
to the MoS2 surface through a covalent bond, which opens 
a promising way for the development of covalently func-
tionalized MoS2/polymer nanocomposites.42 Several tech-
niques have been developed to enhance the dispersion of 
MoS2, which can be employed to incorporate the MoS2 into 
polymers, such as covalent functionalization, non-covalent, 
in situ polymerization, and physical blending. These meth-
ods aim to improve the distribution of MoS2 particles within 
the polymer matrices.

43  On the other hand, covalent bonds 
can be formed between the MoS2 surface and a range of 
organic groups, offering an exciting opportunity for the 
advancement of covalently functionalized MoS2/polymer 
nanocomposites. This avenue holds great potential for the 
development of these hybrid materials.43

As far as our understanding goes, there is no currently 
available literature discussing the in situ synthesis of con-
ductive polymers of 3D nanoflowers made of functionalized 
MoS2 . Our research team has successfully dispersed func-
tionalized inorganic CdS nanoparticles directly into a 3HT 
monomer solution, which was achieved by employing a func-
tionalizing anchor (diethyl[2-hydroxy-2-(thiophene−3-yl)
ethyl]phosphonate), prior to the polymerization synthesis. 
The purpose of this approach was to prevent phase segre-
gation of the nanoparticles and their rapid sedimentation 
within the polymer.44,45 A few studies have been reported on 
the functionalization of P3HT using organic ligands, such 
as phosphonic ester,46 pyridines, thiols,47,48 and phenols.47,49 
The surface of TiO2 nanoparticles was modified by utiliz-
ing 2-thiophene carboxylic acid to create self-assembled 
monolayers. This step facilitated the subsequent surface 
oxidative graft polymerization, resulting in the formation 
of compact P3HT layers.50

In this work, we present a methodology for synthesizing 
3D-MoS2 nanoflowers through the hydrothermal method. 

Additionally, the functionalization of 3D-MoS2 nanoflow-
ers with two organic groups, diethyl[2-hydroxy-2-(thiophen-
3-yl)ethyl] phosphonate , and 2-thiophene carboxylic acid, 
as well as the nanocomposites, are proposed by in situ syn-
thesis of P3HT with 3D-MoS2 nanoflowers (functionalized 
and non-functionalized). The functionalization of 3D-MoS2 
nanoflowers offers better interfacial interactions between the 
3D nanoflowers and the polymeric matrix of P3HT, such as 
shorter diffusion pathways and, heightened electronic prop-
erties of P3HT/3D-MoS2 functionalized composites.

Experimental

Hydrothermal Synthesis of (3D‑MoS2) Nanoflowers

3D-MoS2 was synthetized by a one-step hydrother-
mal method according to Zhang et  al.51 Amounts of 
1.37  g of hexaammonium heptamolybdate tetrahydrate 
((NH4)6Mo7O24) purchased from Sigma-Aldrich and 2.21 g 
of thiourea SC(NH2)2 purchased from Fermont were used. 
The substances were dissolved in 36 ml of distilled water 
while vigorously stirring for a duration of 30 min, resulting 
in the formation of a uniform solution, which was then trans-
ferred to a 150-ml Teflon-lined stainless-steel autoclave, 
tightly sealed, and subjected to heating at 220°C for 6 h. 
After the heating process, the solution was cooled to room 
temperature. The resulting black precipitates were collected 
through centrifugation and underwent multiple washes with 
ethanol and distilled water. Subsequently, they were dried 
at room temperature for 72 h and finally ground in an agate 
mortar to obtain the desired product.

P3HT/3D‑MoS2 Functionalized Composites

Synthesis of Diethyl [2‑Hydroxy‑2‑(Thiophene−3‑yl)Ethyl] 
Phosphonate.

The functionalizing agent, diethyl [2-hydroxy-2-
(thiophene−3-yl)ethyl] phosphonate, was synthesized using 
a procedure similar to the one previously reported by Lin-
zaga-Elizalde et al.45,52 The 2-thiophenecarboxylic acid as 
a functionalizing agent was purchased from Sigma-Aldrich 
(99% purity).

Functionalization of 3D‑MoS2 Nanoflowers

3D-MoS2 were added to a 4 x 10-4 M solution of each func-
tionalizing agent (diethyl [2-hidroxy-2-(thiophene−3-yl)
ethyl] phosphonate or 2-thiophene carboxylic acid), in tet-
rahydrofuran, and the mixture was stirred for 12 h at room 
temperature. The functionalized 3D-MoS2 was then filtered 
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and washed with tetrahydrofuran to remove any bonded 
agents.45,50

Synthesis of P3HT/MoS2 Functionalized Composites

Grignard metathesis synthesis of P3HT/MoS2 com-
posites was carried out by using a 2,5-dibromo-3-
hexylthiophene/3D-MoS2 at the weight ratio of 1:0.05. 
2,5-dibromo-3-hexylthiophene (1.5 ml, 6.996 mmol) and 
anhydrous tetrahydrofuran (THF) (11 ml) were combined 
in a dried 250-ml three-neck round-bottom flask under N2 
gas with functionalized 3D-MoS2 nanoflowers (0.12 g, 
0.750 mmol). Prior to this, the 3D-MoS2 nanoflowers were 
dispersed in anhydrous THF using an ultrasonic bath and 
then introduced into the reaction mixture, which was stirred 
for 5 min and refluxed under a nitrogen atmosphere for 1 
h. Dodecylmagnesium bromide (1.0 M solution in diethyl 
ether, 5.6 mmol) was subsequently added using a deoxygen-
ated syringe, and the resulting mixture was gently refluxed 
for 1 h. Following refluxing and stirring under nitrogen, 
[1,3-bis(diphenylphosphino)propane] dichloronickel(II)
[(1,3-dppp)NiCl2] (0.03 g, 0.055 mmol) was introduced. 
Next, the mixture was subjected to reflux for a duration of 2 
h. To isolate the composite, 250 ml of methanol was added 
to the solution, followed by filtration. The resulting poly-
mer was then washed with  methanol and hexane through 
centrifugation, and subsequently dried for 48 h at 55°C. 
The synthesis of the P3HT/MoS2 composites using Grig-
nard metathesis followed a procedure previously studied by 
Hernández-Guzmán et al.53

The composite obtained by synthesis of 3D-MoS2 func-
tionalized with diethyl[2-hydroxy-2-(thiophene−3-yl)ethyl]
phosphonate has been named P3HT/MoS2-EF, the compos-
ite produced with 3D-MoS2 functionalized using 2-thio-
phene carboxylic acid has been named P3HT/MoS2-CF, 
and the composite synthesized without functionalization of 
3D-MoS2 has been named P3HT/MoS2. A pristine P3HT 
sample was also prepared following the same procedure but 
without the addition of 3D-MoS2. Films of the composites 
and the polymer were deposited by spin-coating on Corn-
ing glass substrates at a rotation speed of 2000 rpm from 
chlorobenzene solutions with a concentration of 4 mg/ml. 
The chemical structures of the P3HT and the P3HT/MoS2 
composites are shown in Fig. 1.

Characterization

The morphologies of the synthesized products were exam-
ined using transmission electron microscopy (TEM; JEM-
1010; JEOL. The determination of dyad and triad contents 
in the P3HT polymer and P3HT/MoS2 composites was 
performed using hydrogen nuclear magnetic resonance (1H 
NMR; Mercury 200 MHz; Varian). Deuterated chloroform 

(CDCl3) was used as the solvent, and trimethyl silane served 
as an internal reference. Fourier-transform infrared (FTIR;  
Frontier FTIR; Perkin Elmer) spectra with attenuated total 
reflection (ATR) were conducted in the range of 4000-
400 cm−1. UV-Vis spectra (Multiskan GO; Thermo Scien-
tific) covered the wavelength range of 200-1100 nm. X-ray 
diffraction (XRD;  D2 Phaser; Bruker) analysis was carried 
out with Cu Kα (λ = 1.5418 Å) radiation, operating at 10 kV 
and 5 mA. The samples were subjected to an angular sweep 
from 10° to 60° with a standard increment of 0.02°. Ther-
mogravimetric analysis (TGA; TA Q500) was employed to 
determine the thermal stability and decomposition tempera-
ture under a nitrogen atmosphere. The samples were heated 
at a rate of 10°C/min.

Cyclic voltammetry (electrochemical characterization) 
was recorded with a BAS epsilon 100 B/W potentiostat/
galvanostat, and a scanning rate of 20 mV/s was used. A 
three-electrode system was used. The working electrode was 
an ITO substrate coated with P3HT or the P3HT/MoS2/ITO 
composite films, the counter electrode was a platinum mesh, 
and Ag/Ag+ (0.1 M Ag/AgNO3) was used as the reference 
electrode. The electrochemical bath consisted of a non-aque-
ous medium (0.1 M LiClO4 in ACN) for a potential range of 
− 200 to 1200 mV.

Results and Discussion

TEM Analysis

Figure 2 depicts the TEM images of 3D-MoS2, P3HT, and 
P3HT/MoS2 composites. Figure 2a, b reveals a morphol-
ogy of nanoflowers with dimensions ranging from 100 to 
300 nm. The structure of each "flower" consists of numerous 
petal-like lamellae, approximately 19 nm thick. The software 
ImageJ was utilized to calculate the size distributions (diam-
eters) of both the flower-like nanostructures and each indi-
vidual petal-like lamella. The nanoflower distribution size 
and thickness of the lamellae correspond to reports of 3D 
flower-like spheres32,49,51 On the other hand, P3HT shows 
the typical morphology for this class of polymer (Fig. 2c, d). 
When 3D-MoS2 nanoflowers are added to the P3HT poly-
mer matrix, all the composites showed the integration of 
MoS2 into the P3HT morphology. When MoS2 was added 
into P3HT, a agglomerate morphology appeared in the poly-
mer, which may be due to the incorporation and interaction 
between P3HT and 3D-MoS2 (Fig. 2e–j).

This verifies that the functionalization of the 3D-MoS2 
nanoflowers was carried out successfully and also verifies 
a close interaction between the P3HT and 3D-MoS2 nano-
flowers. Sun et al. reported on a TEM analysis of P3HT/
MoS2 by physical mixture,40 the results indicating the pres-
ence of 3D-MoS2 in P3HT, which did not present changes 
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in morphology with added 3D-MoS2. In our case, P3HT 
in all the composites presented an agglomerated morphol-
ogy more defined when they were functionalized, especially 

the composite P3HT/MoS2-EF, perhaps because there is a 
better interaction between the polymer chains of P3HT and 
3D-MoS2. The in situ synthesis by the Grignard metathesis 
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Fig. 1   Chemical structures of (a) P3HT, (b) P3HT/MoS2 with 
3D-MoS2 non-functionalized, (c) P3HT/MoS2 with 3D-MoS2 func-
tionalized with diethyl [2-hidroxy-2-(thiophene−3-yl)ethyl] phospho-

nate, P3HT/MoS2-EF, (d) P3HT/MoS2 with 3D-MoS2 functionalized 
with 2-tiophene carboxylic acid, P3HT/MoS2-CF, and (e) methodol-
ogy for obtaining functionalized composites.
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Fig. 2   (a, b) TEM images of 
3D-MoS2 nanoflowers, (c, d) 
P3HT pristine, (e, f) P3HT/
MoS2 non-functionalized, (g, 
h) P3HT/MoS2-EF, and (i, j) 
P3HT/MoS2-CF.
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method is commonly used to synthesize P3ATs, so the 
improvements in the material properties obtained based on 
this method are easily scalable,54 and this is the conven-
tional method providing growth sites for P3HT nanowires, 
increasing the interfacial adhesion between the nanoparticles 
and the polymer matrix.55  Verma et al. confirmed that the 
morphology in P3HT/MoS2 nanocomposite was nanofibrous 
compared to the pristine P3HT (smooth morphology), and 
that the surface morphology and charge transfer characteris-
tics are due to conjugated π–π electron coupling, improving 
the polaron delocalization over channel length, thus enhanc-
ing the charge transport facility and mobility.30

1H NMR Analysis

Figure 3 illustrates the 1H NMR spectra of P3HT and P3HT/
MoS2 composites. In the spectra, signals appearing between 
2.50 and 3.0 ppm correspond to the methylene group directly 
linked to the thiophene ring, indicating a dyad configuration 
(Fig. 2a). The relative proportions of head–head (HH) and 
head–tail (HT) dyads in the P3HT polymer and P3HT/MoS2 
composites were estimated by analyzing the area under the 

curve of the signals observed around δ = 2.57 ppm (HH) and 
2.80 ppm (HT). The results of the displacement are sum-
marized in Table I. The presence of 3D-MoS2 in P3HT led 
to a reduction in the HT dyad content in the case of non-
functionalized 3D-MoS2 (P3HT/MoS2). However, when 
3D-MoS2 was functionalized, the percentage of HT dyads 
in the P3HT/MoS2-CF and P3HT/MoS2-EF composites   was 
like that of pure P3HT, suggesting that the arrangement of 
P3HT chains is unaffected by the presence of functionalized 
3D-MoS2, which is in accordance with CdS functionalized 
with diethyl [2-hydroxy-2-(thiophene−3-yl)ethyl] phospho-
nate in P3HT composites.45

The signals observed between δ = 6.0 ppm and δ = 7.10 
ppm in the spectra correspond to the methyne α to methylene 
on the thiophene ring, providing insights into the configu-
ration of the triads (Fig. 3b). The signals corresponding to 
the dyads (Fig. 3a) and triads (Fig. 3b) in the P3HT/MoS2 
composite exhibited broadening, which was attributed to the 
direct interactions between P3HT and 3D-MoS2 nanoflow-
ers within the composite, as well as the aggregation effects 
of the polymer chains surrounding the nanoflowers. Similar 
peak broadening has been reported in other P3HT/nano-
structured composites.56,57 The relationship in the broaden-
ing of the signal was low in the functionalized composites 
because the functionalizing agent interferes between the 
3D-MoS2 nanoflowers and P3HT, corroborating the func-
tionalization of the 3D-MoS2 nanoflowers. The P3HT/MoS2-
EF presented a larger broadening than P3HT/MoS2-CF. The 
phosphonic anchor group is more competitive in binding to 
the surface of up-conversion nanoparticles than the carbox-
ylic acid group.58 Zhang et al. reported that the phosphonic 
acid anchor provides strong electronic coupling with the 
TiO2 semiconductor,59  the P3HT/MoS2-EF probably pre-
sented a strong electronic coupling with the 3D-MoS2 nano-
flower, and therefore presented more aggregation effects of 
the polymer chains surrounding the nanoflowers than P3HT/
MoS2-CF. These results agree with the TEM.

Functionalized composites show a shifting effect on the 
maxima peak of dyad and triad signals (mostly in triads) 
at a greater (P3HT/MoS2-CF) or lesser (P3HT/MoS2-EF) 
field (Fig. 3b) compared to P3HT. This may be related to 
the fact that the methylene of thiophene could be affected by 
the protection and deprotection effect of the functionalized 

Fig. 3   1H NMR analysis of P3HT and P3HT/MoS2 composites: (a) 
dyads and (b) triads.

Table I   Dyad percentages for P3HT/MoS2 composites and P3HT pol-
ymer

Sample HT % HH %

P3HT 87.31 12.69
P3HT/MoS2 85.30 14.70
P3HT/MoS2-EF 87.29 12.71
P3HT/MoS2-CF 86.89 13.11
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3D-MoS2, caused by the presence of the ethyl ester of the 
phosphonic and carboxyl groups of the functionalizing 
agent. Additionally, this also corroborates the function-
alization of the 3D-MoS2, as well as the incorporation 
of 3D-MoS2 into P3HT. The composite P3HT/MoS2-CF 
showed the largest shift (δ) in the triad signal.

According to the literature, the presence and definition 
of shoulders in the dyad signals of P3HT indicate a better 
order of the polymer chains.54,57,60 All P3HT/MoS2 com-
posites showed shoulders in the HT dyad signal, and P3HT/
MoS2 composites functionalized present better definition 
of the shoulders than P3HT/MoS2 and P3HT, which indi-
cates a better order of polymer chains in the functionalized 
composites.

FTIR‑ATR Analysis

Figure 4 shows the FTIR-ATR spectra of the nanostructures 
of 3D-MoS2, P3HT, and P3HT/MoS2 composites. In the 
3D-MoS2 spectrum, asymmetric stretching vibrations of 
C-NH-C were observed at 1129 cm−1 and 1414 cm−1, while 
vibrational absorption bands at 1633 cm−1 and 1100 cm−1 
were attributed to Mo–O vibration and the stretching of the 
O–H bond, respectively.61 Vibrational bands at 909 cm−1 
and 656 cm−1 were assigned to the S–S bond and Mo–S 
bond, respectively, which are characteristic fingerprints of 
MoS2.27,61

On the other hand, the spectrum of the P3HT polymer 
presented stretching vibrations (symmetric and asymmetric) 
corresponding to C = C bonds at 1454 and 1510 cm−1. The 
bending of the methyl groups is represented by a band at 
1374 cm−1, the stretching of C-S bonds is represented by 

a band at 1112 cm−1, and, in a 2,3,5-trisubstituted ring, the 
band at 818 cm−1is associated with the out-of-plane vibra-
tion of aromatic C-H bonds, and the vibration of methylene 
groups -(CH2)5- in the hexyl substituent is assigned to the 
band at 723 cm−1.62–64

The characteristic bands of P3HT were observed in all 
composite P3HT/MoS2 spectra, indicating the presence of 
the polymer in the composites. The successful polymeri-
zation of 2,5-dibromo-3-hexylthiophene in the presence of 
3D-MoS2 nanoflowers was verified by the band observed 
at 818 cm−1 associated with out-of-plane vibration of the 
2,3,5-trisubstituted thiophene ring. Additionally, the pres-
ence of 3D-MoS2 nanoflowers was confirmed in P3HT/MoS2 
composites by bands at 1633 and 1100 cm−1, as they were 
correlated with the Mo–O vibration and O–H stretching, 
respectively. The S–S and Mo–S bonds were observed by 
typical bands at 909 cm−1 and 456 cm−1, further supporting 
the presence of 3D-MoS2 nanoflowers in the composites as 
fingerprint characteristics of MoS2.61

A proof of the interaction of the 3D-MoS2 with P3HT 
is the increase in the intensity of the band at 1092 cm−1 
(Fig. 4b), a fact observed mainly in the P3HT/MoS2-EF and 
P3HT/MoS2-CF functionalized composites. In previous 
work, it has been reported that the incorporation of CdS 
nanostructures into P3HT leads to the broadening of the 
band related to the C-S stretching, resulting in two distinct 
peaks. Interestingly, with increasing CdS concentration, the 
intensity of the peak at 1087 cm−1 was also increased.44,65 
Furthermore, the functionalized CdS nanoparticles induce 
a more pronounced shift of the peak at 1087 cm−1 towards 
lower wave numbers, accompanied by a higher intensity.45 
Relative to P3HT, the P3HT/MoS2-CF and P3HT/MoS2-EF 
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composites also showed a peak shift from 1092 cm−1 to 
1090 cm−1. It is worth mentioning that, even though all the 
composites (functionalized and non-functionalized) have the 
same concentration of 3D-MoS2, in the case of the function-
alized composites, the intensity of the peak at 1090 cm−1 is 
similar that of the peak at 1112 cm−1 (Fig. 3b). However, in 
the case of the composite with non-functionalized 3D-MoS2 
nanoflowers, the intensity of these peaks is different and also 
in the P3HT, which corroborates that the functionalization 
of 3D-MoS2 nanoflowers increases their incorporation and 
interaction into P3HT. In the P3HT/MoS2-EF and P3HT/
MoS2-CF composites, the vibration bands at 909 cm−1 and 
656 cm−1 belonging to 3D-MoS2 were more intense, espe-
cially in P3HT/MoS2-EF, indicating a greater incorporation 
of 3D-MoS2 into P3HT than for the P3HT/MoS2-CF com-
posite. The functionalized composites did not show bands 
belonging to the functionalizing agents. It has been reported 
that the bands in the characteristics of the carboxylic acid 
anchoring groups on TiO2 belonging to P = O stretch and 
C = O stretch disappear when bonded to the metal oxide 
surface.66

Based on the findings of Chen et al.,67 the ratio between 
the intensities of the symmetric stretching C = C peak (1454 
cm−1) and the asymmetric stretching C = C peak (1510 
cm−1) can provide insights into the conjugation length of 
the polymer chain. A lower Isim/Iasim ratio indicates longer 
conjugation lengths and higher conductivity of the polymer 
chain. Table II presents the indicative conjugation lengths 
for P3HT and the functionalized and non-functionalized 
P3HT/MoS2 composites. Both P3HT/MoS2 and P3HT/
MoS2-CF (with a 2-thiophenecarboxylic acid functional-
izing agent) exhibited the lowest conjugation length. Nota-
bly, the composite incorporating the functionalizing agent 
2-hydroxy-2-(thiophene−3-yl)ethyl]phosphonate (P3HT/
MoS2-EF) demonstrated a conjugation length like that of 
P3HT.

In the P3HT/MoS2-CF composite, the carboxyl group 
presented a planar configuration68 and this probably formed 
a difficult conformation and stacking disorder in the P3HT/
MoS2-CF composite, which is why the conjugation length 
in the functionalized P3HT/MoS2-CF composite is the larg-
est, as indicated in Table II. On the other hand, the phos-
phonate group has a tetrahedral configuration and the struc-
tural diversity observed in metal phosphonates is mostly 
due to the multiple coordination modes of the tetrahedral 

[R-PO3]− 2 phosphonate binding units and resulting metal 
coordination possibilities, which contribute to the structural 
diversity of metal organic phosphonates.68,69 These most 
likely contribute  to improving the conjugation length in 
P3HT/MoS2-EF, which is very similar to P3HT.

X‑Ray Diffraction

Figure 5 shows the XRD patterns of the 3D-MoS2. The dif-
fraction peaks at 2θ = 14.1°, 33.4°, 39.8, and 58.9° are in 
good agreement with the [002], [100] [103], and [110] crys-
tallographic planes, respectively, which could be indexed to 
the hexagonal phase (JCPDS Card No.-37–1492).8,49,70 The 
interplanar spacing of the 3D-MoS2 samples was calculated 
using the Bragg equation.8 The intense peak at 14.1° sug-
gests many layers arranged along the [002] plane, for which 
the interplanar spacing of 3D-MoS2 was found to be 6.28 Å, 
a value within the reported range.8,4971A high-magnification 
TEM image, as shown in Fig. 2a, confirms the formation 
of 3D-MoS2. On the other hand, P3HT exhibited charac-
teristic peaks at 2θ = 5.8° and 23.4°, along with smaller 
peaks at 2θ = 10.6° and 16°. These peaks can be attributed 
to the Miller indices (100), (120), (200), and (111), respec-
tively, which agree with the crystal system of P3HT, which 
is orthorhombic, as indicated by the P3HT:00-054-2080 
reference card.

All P3HT/MoS2 composites showed the diffraction peaks 
of P3HT at 2θ = 5.8°, 10.6°, 16°, and 23.4°. In addition, 
they showed small peaks corresponding to 3D-MoS2 nano-
flowers at 2θ = 14.1°, 33.4°, and 39.8°, the presence of 

Table II   Dyad and triad percent 
for P3HT and P3HT-MoS2 
composites

Sample Isym/Iasym

P3HT 2.01
P3HT/MoS2 2.14
P3HT/MoS2-EF 2.05
P3HT/MoS2-CF 2.13
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these peaks corroborating the incorporation of 3D-MoS2 in 
the polymer matrix. The presence of a crystalline phase in 
P3HT is confirmed by the peak reflection observed at 5.8° 
(α-axis orientation) and 23.4°. The orientation due to the 
5.8° peak signifies that the main polymer chain is parallel 
to the substrate, while the side chains are perpendicular to 
it.72 When 3D-MoS2 was added to P3HT, the intensity of 
the peak at 5.8° decreased a little, and the diffraction peak 
at 2θ = 23.4° was better defined, which indicates that the 
ordering of P3HT chains in the (120) plane is increased in 
the composites. It is worth mentioning that the P3HT/MoS2-
CF composite showed greater crystallinity than the P3HT/
MoS2 and P3HT/MoS2-EF composites. The above behavior 
suggests that the incorporation of 3D-MoS2 in P3HT modi-
fies the ordering of the P3HT polymer chains. The P3HT/
MoS2-EF and P3HT/MoS2-CF composites presented dif-
fraction peaks at 2θ = 14.1°, 33.4°, and 39.8° belonging 
to the 3D-MoS2, and the functionalized composites pre-
sented diffraction peaks that were better defined than the 
composite with non-functionalized 3D-MoS2. This suggests 
that functionalization of 3D-MoS2 benefits the incorpora-
tion of 3D-MoS2 in P3HT, which may be the carboxylic 
and phosphonic groups acting as either planar or tetrahedral 
coordination groups, resulting in different coordination pos-
sibilities for the phosphonic group; on the other hand, the 
carboxylic group may have less coordination possibilities 
due to planar configuration.

The crystal size was determined by the Scherrer equation, 
using as reference the diffraction plane at 5.8° corresponding 
to Miller index (100); the results are shown in Table III. The 
addition of unfunctionalized 3D-MoS2 to P3HT leads to a 
decrease in crystal size from 9.69 nm for P3HT to 8.52 nm 
for the P3HT/MoS2 composite. However, when functional-
izing the 3D-MoS2, an increase in crystal size was observed 
in the P3HT/MoS2-EF and P3HT/MoS2-CF composites. 
Therefore, the functionalization of the 3D-MoS2 increases 
the crystal size of P3HT in the P3HT/MoS2 composites.

UV‑Visible Absorption

Figure 6 illustrates the UV–Vis spectra of 3D-MoS2 in solu-
tion (inset), as well as films on glass substrates of P3HT 
and P3HT/MoS2, P3HT/MoS2-EF, and P3HT/MoS2-CF 

composites. The spectra were measured in a wavelength 
range of 280–800 nm. In the case of P3HT, the π–π* band 
exhibits a λmax at approximately 520 nm. When non-func-
tionalized 3D-MoS2 are incorporated into P3HT, the π–π* 
band retains the same λmax. However, when functionalized 
3D-MoS2 are present, the composites spectra display a slight 
shift of the π–π* band maximum to a higher wavelength 
(lower energy) at 525 nm. This shift suggests a reduced 
energy gap in the composites containing functionalized 
3D-MoS2. Furthermore, the presence of functionalized 
3D-MoS2 within P3HT leads to an increase in the absorp-
tion intensity of the π–π* band, particularly noticeable in 
the P3HT/MoS2-CF composite. This heightened absorption 
intensity can be attributed to the enhanced packing (com-
paction) of the P3HT polymer chains due to interactions 
between the functionalized 3D-MoS2 and the P3HT chains. 
The composites containing functionalized 3D-MoS2 exhibit 
more pronounced shoulder peaks at 550 nm and 602 nm in 
the π–π* band (mostly P3HT/MoS2-CF composite), indica-
tive of a more favorable molecular arrangement compared 
to P3HT and P3HT/MoS2.

It has been found that end functionalization of P3HT with 
carboxylic groups produces significantly hypsochromically 
shifted to the ultraviolet range in the maximum absorption 
peak when a carboxylic group is introduced to P3HT, which 
is due the carboxylic acids forming hydrogen bonds, fixing 
the polymer chain in a disordered conformation, and make 
stacking difficult, resulting in a decrease in the effective con-
jugation length.73–75 In our case, with in situ synthesis of 
the P3HT/MoS2 composites under an inert atmosphere, the 
π–π* stacking was maintained in the case of 3D-MoS2 with-
out functionalizing; however, when 3D-MoS2 is functional-
ized, the stacking is improved, mainly in the P3HT/MoS2-CF 
composite, which is related to the conjugation length in the 

Table III   Crystal size calculated by the Scherrer equation  of P3HT 
and P3HT/MoS2 composites

Sample Crystal size (nm)

P3HT 9.69
P3HT/MoS2 8.52
P3HT/MoS2-EF 9.79
P3HT/MoS2-CF 10.25
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functionalized composites being enhanced compared to the 
non-functionalized composite, as indicated in Table II.

The UV–Vis spectra of the P3HT/MoS2 composites do 
not show the absorption of 3D-MoS2; a higher concentration 
is probably required to be appreciated.

The band gap energy (Eg) was calculated using Tauc 
plots. P3HT and P3HT/MoS2 composites were considered 
as the semiconductor material of direct transition: ODhν2 
versus hν, where OD is the optical density and hν is the pho-
ton energy.76 The band gap values were 1.80 for 3D-MoS2 
in solution, in agreement with the literature for MoS2 by the 
hydrothermal method.77  Band gap values of 1.84 eV for 
P3HT  and 1.84 eV, 1.82 eV, and 1.80 eV for P3HT/MoS2, 
P3HT/MoS2-EF and P3HT/MoS2-CF composites in thin 
films, respectively, were determined. The presence of non-
functionalized 3D-MoS2 in P3HT did not cause any change 
in the band gap energy; however, when 3D-MoS2 was func-
tionalized it caused a decrease in the energy gap of P3HT, 
mostly in the P3HT/MoS2-CF composite. The results of the 
energy band gap agreed with the XRD results, while the 
composites with functionalized 3D-MoS2 presented a higher 
crystal size than the non-functionalized composites, which 
indicates a high ordering of polymer chains and therefore a 
large optical absorption at 602 nm.

Thermogravimetric Analysis

The thermal stability of 3D-MoS2 is shown in Fig. 7. The 
3D-MoS2 showed a gradual weight loss of 4.65% from room 
temperature to 100°C, which can be attributed to the residual 
adsorbed water in the sample.78,79 The 3D-MoS2 presented 

two main weight losses with maximum decomposition tem-
perature at 375°C and 602°C, similar behavior occurring 
for exfoliated nanosheets of MoS2.80 The first weight loss 
of 15.8 % at nearly 375°C is due to possible formation of 
molybdenum oxides and sulfur.78,79 The maximum weight 
loss of 26.75% at 600°C is associated with the 3D-MoS2.

The thermal stability of P3HT and P3HT/MoS2 compos-
ites is shown in Fig. 7. P3HT showed a unique weight loss 
with a maximum decomposition temperature of 487.93°C 
due to the P3HT decomposition, and showed thermal sta-
bility from room temperature to approximately 280.3°C. In 
the composites, the presence of 3D-MoS2 caused a slight 
decrease in thermal stability, before the decomposition 
temperature of the P3HT chains, the graphs of compos-
ites showing thermal stability from room temperature to 
approximately 277.7°C. All  a') inset composites presented 
two main weight losses with maximum decomposition tem-
peratures of 477.6°C and 640.4°C for the composite P3HT/
MoS2, 483.2°C and 679.7°C for the composite P3HT/MoS2-
CF, and 488.5°C and 647.5°C for the composite P3HT/
MoS2-EF. When the 3D-MoS2 was not functionalized, the 
maximum decomposition temperature of P3HT in the P3HT/
MoS2 composite was lower (477.6°C) than the maximum 
decomposition temperature of P3HT (488.5°C). When func-
tionalized 3D-MoS2 was incorporated into the composites, 
the maximum decomposition temperature increased in com-
parison with the non-functionalized composites: P3HT/
MoS2-CF (483.2°C) and P3HT/MoS2-EF (488.5°C), the 
latter being identical to that of P3HT. The P3HT/MoS2 com-
posites showed small weight losses before the weight loss of 
P3HT with maximum decomposition temperatures at: 387°C 
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and 409°C for P3HT/MoS2 , 420°C for P3HT/MoS2-EF, and 
429°C for P3HT/MoS2-CF. This could be due to the weight 
loss of 375°C observed in 3D-MoS2, which was displaced at 
the higher temperature in the composites, especially in the 
functionalized ones. Furthermore, the composites showed a 
third broad decomposition stage that began at approximately 
at 560°C due, on the one hand, to the presence of 3D-MoS2 
(decomposition temperature at 602°C), and, on the other 
hand, to the decomposition of the P3HT chains that interact 
with 3D-MoS2, which decomposes at a higher temperature 
than P3HT chains without interacting with 3D-MoS2. The 
decomposition maxima were observed at 640.4°C for P3HT/
MoS2, 647.5°C for P3HT/MoS2-EF, and 679.7°C for P3HT/
MoS2-CF. An increase in this decomposition temperature 
was also observed in the composites compared to 3D-MoS2, 
mostly in the P3HT/MoS2-CF composite, which showed a 
greater interaction between the two materials. The broad 
signal of this decomposition temperature in the composites 
probably indicates that, in addition to the decomposition of 
3D-MoS2 , there is decomposition at different temperatures 
of the chains that interacted with the 3D-MoS2, those with 
a greater interaction decomposing at a higher temperature. 
The above corroborates the greater interaction of MoS2 
with the polymer chains in the P3HT/MoS2-CF compos-
ites, which are those functionalized with 2-thiophenecar-
boxylic acid. Likewise, it is observed that the incorporation 
of MoS2-CF in P3HT improves the thermal stability of the 
P3HT chains. As seen in Fig. 7b, the residual material of 
P3HT at 700°C was approximately 9.2%, that of the non-
functionalized composite was 13.4%, and of the functional-
ized composites it was 18% (P3HT/MoS2-EF) and 20.7% 
(P3HT/MoS2-CF). It demonstrates a greater incorporation of 
MoS2 in the functionalized composites, mostly in the P3HT/
MoS2-CF composite.

Cyclic Voltammetry

Figure 8 shows current–potential curves of spin-coated films 
of P3HT and P3HT/MoS2 composites and 3D-MoS2. The 
potential was scanned in the range of − 200 to 1200 mV at 
a scan rate of 20 mV/s.

The P3HT and P3HT/MoS2 composite  films showed 
electrochromic behavior, presenting color changes dur-
ing potential scanning and oxidative doping and reduc-
tive de-doping of the conjugated system. Figure 8 shows 
a cyclic voltammogram of P3HT film, in which two oxi-
dation peaks can be observed at 0.20 V and 0.75 in black 
and blue, respectively, and their respective reduction peaks 
in red and black at 0.10 V and 0.41 V, respectively, which 
are in agreement with Kim et al.81 New oxidation or reduc-
tion peaks were not detected in the cyclic voltammograms 
of the P3HT/MoS2 composites. However, the presence of 
3D-MoS2 in P3HT generated a shift of the oxidation and 

reduction peaks. The second oxidation peak shifted towards 
a higher potential in the functionalized composites, but in 
the unfunctionalized composite, it shifted towards a lower 
potential, indicating that the functionalization of 3D-MoS2 
causes its greater anchoring to the polymer chains, which is 
reflected in increasing the oxidation potential of the P3HT 
chains. Broadening and shifting of oxidation peaks were 
observed, especially in the functionalized composites, due to 
the greater anchoring of the 3D-MoS2 with the P3HT chains.

The reduction peaks of the functionalized composites 
occurred at a lower voltage than in P3HT. All these changes 
are due to the interaction of the 3D-MoS2 with the P3HT. 
Similar behavior has been observed.82–84

When adding 3D-MoS2, the composite P3HT/MoS2 
showed two oxidation peaks at lower voltage currents (0.17 
V in black and 0.68 V in blue), and one reduction peak 
at 0.43 V. In the functionalized composites, especially in 
the P3HT/MoS2-CF, two oxidation peaks can be observed 
at higher voltage currents (0.21 V in black and 0.85 V in 
blue), and, in the corresponding reduction peaks, a shift was 
observed at slightly lower voltage currents (0.04 V (red) and 
0.31 V (black). The addition of 3D-MoS2 into P3HT clearly 
demonstrates alterations in the electronic configuration of 
P3HT, in agreement with Chaundhary et al.83 The P3HT/
MoS2-EF composite presents the highest oxidation poten-
tial, and the closed range of oxidation potential confirms the 
closest interaction between P3HT and 3D-MoS2. Normally, 
P3HT with high regioregularity contains a narrow range of 
conjugation lengths and is expected to have a closed range 
of oxidation potentials,85 these results agreeing with the con-
jugation lengths and dyad percentages (%HT). Likewise, it 
is observed that the cycle area decreases with the addition 
of 3D-MoS2 in P3HT, while the P3HT/MoS2-CF compos-
ite presented a lower cycle area than P3HT, indicating an 
incorporation of charge, like P3HT in film. The above makes 
this material suitable for applications in electronics devices. 
The P3HT/MoS2-CF presented the lowest cycle area prob-
ably due to a better interaction with 3D-MoS2 nanoflowers 
(Table IV).

Figure 9 shows the electrical conductivity in darkness and 
illumination of P3HT and P3HT/MoS2 composites. The elec-
trical conductivity of P3HT increased with the incorporation 
of 3D-MoS2. A higher conductivity in darkness and illumina-
tion was obtained in the P3HT/MoS2 composites, with the 
composite P3HT/MoS2-EF having the highest conductivity. 
This corroborates diethyl [2-hydroxy-2-(thiophene−3-yl)ethyl] 
phosphonate as a functionalization agent achieving a better 
dispersion of the 3D-MoS2 within the polymer matrix, while 
a greater contact area between the P3HT and 3D-MoS2 ben-
efits the conductivity of the composite. This result agrees with 
what was obtained in conjugation length, %HT, and cyclic 
voltammetry. The photoresponses of P3HT/MoS2-CF and 
P3HT/MoS2 were like that of P3HT; however, it decreased 
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especially in the P3HT/MoS2-EF composite, the latter present-
ing the lowest photoresponse (Table V). It has been reported 
that an increase of dark conductivity exhibits only weak pho-
tosensitivity,86,87 which suggests that, in the P3HT/MoS2-EF 
composite, the density of photogenerated carriers is the small-
est compared with the density of generated carriers of P3HT, 

due to the enlarged impurity state density, probably due to the 
high content of 3D-MoS2 nanoflowers in the composite.

The results reflect the potential of the new P3HT-MoS2 
composites for applications in optoelectronic devices. For 
example, in applications in electrochromic devices, the 
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Fig. 8   Cyclic voltammogram of P3HT, non-functionalized, functionalized P3HT/MoS2 composites, and 3D-MoS2 for a potential range of − 200 
to 1200 mV: (a–e) 4 cycles for each sample and (f) second cycle for each sample.
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incorporation of 3D-MoS2 in P3HT is likely to benefit the 
stability of the device.

Conclusions

One-step hydrothermal synthesis was employed to synthe-
size 3D-MoS2 with a diameter of approximately 1–3 μm. 
The nanoflowers were successfully functionalized using 
diethyl[2-hydroxy-2-(thiophen-3-yl)ethyl] phospho-
nate and 2-thiophene carboxylic acid. The polymeriza-
tion of P3HT was achieved in the presence of 3D-MoS2 
through Grignard metathesis. Analysis using FTIR, UV-
Vis, and TEM confirmed the presence of 3D-MoS2 in the 
P3HT/MoS2 composites. Functionalization of 3D-MoS2 

improved their dispersion within the P3HT polymer 
matrix. Likewise, the functionalization of 3D-MoS2 in 
the P3HT/MoS2 composites could improve the interaction 
between P3HT and the 3D-MoS2, increase the crystal size, 
absorbance, and conductivity, and promote the preserva-
tion of regioregularity and conjugation length, especially 
in the P3HT/MoS2-EF composite. Likewise, with the func-
tionalization of 3D-MoS2 , it was possible to reduce the 
energy gap of P3HT in the composites. Our work provides 
evidence for a greater performance in composites func-
tionalized with the phosphonate group because a phos-
phonic anchor provides strong electronic coupling with 
the 3D-MoS2. These composites can be used in flexible 
electronics photosensors, photocatalysis, and for harvest-
ing energy material in solar cells.
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