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Abstract

Eco-friendly and economically visible processing routes of nanomaterial and nanocomposite is essentially required for the
industrial scaling of nanotechnology. The present work aims to prepare ferroelectric polymer nanocomposites with high
permittivity to be useful as high dielectric constant (high-k) materials due to their potential applications in the electronic and
electrical industries. Therefore, the semiconducting molybdenum disulfide (MoSz) exfoliated by the one-pot hydrothermal
method was introduced at different concentrations into a ferroelectric polyvinylidene fluoride (PVDF), forming MoS2/PVDF
nanocomposite films which were annealed at 160° C for 5 h. At room temperature, the electrical properties of these films were
investigated over a wide range of frequencies using the broadband dielectric spectrometer (BDS). In addition, the thermal
properties of MoS2/PVDF nanocomposite were evaluated. It was found that the samples annealing at 160 °C did not affect the
electrical properties but showed electrical stability of all the nanocomposite films. The interfacial polarization and DC
conductivity highly affected the samples electrical properties. The composites with high loading of MoS2 nanosheets (>1wit.
%) remarkably enhanced both of permittivity and electrical conductivity.

Keywords: Exfoliated MoS; nanosheets; PVDF; thermal properties; Permittivity; Conductivity.

1. Introduction in many energy conversations, optical and electrical

The materials of high-dielectric constant (high-x)
materials have attracted much attention due to their
potential applications in the electrical and electronic
industries. Polymers are often used as dielectric
materials because of their ease of processing and
flexibility. Besides, most polymers have low
permittivity (low-«k), which means that their ability to
store electrical energy is limited. To address this
issue, two strategies have been suggested. The first
involves adding high-x dielectric fillers, such as
ferroelectric ceramics, to a polymer matrix to
increase its permittivity while maintaining other
desirable properties [1, 2]. The second strategy
involves incorporating conductive fillers, such as
carbon and graphene nanomaterial, into the polymer
matrices to create a percolating system. [3, 4].

Recently, the advances in understanding the optical,
thermal, and electrical properties of layered
nanomaterials have allowed the incorporation of them

sensing, catalysis, and energy storage
applications. MoS;, a transition metal dichalcogenide
(TMD), has garnered significant attention due to its
unique electrical properties [5-7]. Besides, MoS;
nanosheets have weak van der Waals forces between
the layer structures and thus they can be exfoliated
into a few-layer or even single-layer. Generally, a
physical method is used for the exfoliation process
[8, 9]. MoS; nanosheets have magnetized a lot of
attention because of their unique semiconducting
feature [10], ratable band gap [11, 12], and tunable
dielectric constant [10]. Layered nanomaterials have
promising features that enable them to tune the
electrical properties of polymer-based composites.
Recent advances in our understanding of the
electrical and thermal properties of these materials
have made it possible to incorporate them into
different applications, including energy conversion,
optical and electrical sensing, and catalysis.
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Nowadays, most of the layered nanomaterial
procedures of the MoS,/polymer nanocomposite are
based on the exfoliation method [13-16]. However,
the exfoliation procedure of the MoS; is suffering
from re-aggregation [17, 18] and is a halt in front of
industrial mass use in energy devices [19]. Worthy
mentioning that restacking of layered nanomaterial
during processing may significantly alter the desired
properties for particular applications. The processing
of layered materials is sensitive to working
conditions and hard to scale up for industrial
production. For economical and practical reasons, it
is necessary to search for easy and scalable methods
for the production of ready exfoliation layered
nanomaterial. Hydrothermal synthesis (HS) is an eco-
friendly and closed system in which solvent can be
recycled. However, the most important technological
advantage of HS is that atoms assemble in solution to
form nanostructure, which stabilize and arrest at any
phase [20-22]. With proper processing techniques,
the produced nanostructure can be preserved like
exfoliated nanosheets [20].

The electrical conductivity of the layered
nanomaterial of MoS, was enhanced by adding
conductive polymers. As a conductive and
ferroelectric  polymer,  polyvinylidene  fluoride
(PVDF) has been widely used due to its unique
electrical and mechanical properties [23, 24]. So,
doping PVDF with the MoS; nanosheets synthesized
by the hydrothermal method results in forming a
ferroelectric polymer composite (MoS2/PVDF). This
composite has great advantages like low cost, eco-
friendly, wide band gap energy, variable dielectric
properties, high-energy storage density, and stable
mechanical properties [25-27]. The electrical energy
storage capacity of composites was found to increase
with low MoS; content while high loading enhanced
the permittivity [26]. The repeatability and the
simplicity of the fabrication of large-scale
MoS,/PVDF nanocomposite using the hydrothermal
method makes it more applicable in many
applications such as anticorrosion, electrical energy
storage, and supercapacitor devices. However, a
detailed documentation of the role of MoS;
nanostructures in the electrical properties of polymer
nanocomposites has been lacking. Therefore, in the
present article, the ready-to-use exfoliated MoS;
nanosheets were synthesized by a one-pot
hydrothermal method based on wet chemical
synthesis, which was then introduced into the PVDF
matrix at different concentrations, i.e. from 0.1% up
to 20%. A high-resolution transmission electron
microscopy (HRTEM) was utilized to describe the
MoS; nanosheets. Differential scanning calorimetry
(DSC), derivative thermogravimetry (DTG)m and,
thermal gravimetric analysis (TGA) were performed
to measure the thermal properties of the MoS2/PVDF
nanocomposites. At room temperature, the broadband
dielectric  spectrometer (BDS), and the AC
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conductivity were used to demonstrate the dielectric
properties of the present MoS,/PVDF
nanocomposites over a wide range of frequencies.

2. Experimental Setup Chemical and Reagents
Ammonium molybdate tetrahydrate with > 99%
purity ((NHi)sM07024-4H,0) and thiourea were
purchased from Sigma-Aldrich. For the experimental
work, a Milli-Q ultrapure water was used. The
aqueous solutions were prepared by deionized water.
Synthesis of M0S2/PVDF nanocomposite films
Exfoliated nanosheets of MoS, were synthesized by
hydrothermal processing using a homemade
autoclaved setup. 0.004 moles of ammonium
molybdate tetrahydrate and 0.06 moles thiourea were
dissolved in 140 mL ultrapure water. The resulting
solution was transferred to a Teflon-coated stainless
steel autoclave and kept at 200°C with stirring speed
of 350 RPM for 24 h. After that, the autoclave was
allowed to cool down and the final product was
filtrated and washed with ethanol multiple times. To
prepare plain PVDF and different wt. % ratios (x:
0.1, 0.3, 0.5, 1, 3, 5, 10, and 20%) of MoS,/ PVDF
nanocomposite films. Further information about the
preparation of the MoS,/PVDF nanocomposite films
was given elsewhere [27].

Instrumentation

The High-resolution impedance analyzer
spectrometer (Schlumberger Solartron 1260) was
used to measure the dielectric properties. The
permittivity (¢'), the dielectric loss (¢"), and the AC
conductivity (oac) were concerned. These properties
are related to each other and can be calculated from
the output parameters, i.e. capacitance C(w), and loss
tangent (zan o) as follow:

£'(@) =5e,C €
&' (w) = e'tand (2)
Ogc(@) = g,we" 3)

The thickness of the sample (in meters) was
represented by 'd', while the surface area (in square
meters) was represented by 'A'. The permittivity of
free space was denoted by &, (8.854 x10*? Fm') and
the angular frequency was represented by (), which
is equal to 2zf (f is the applied field frequency). The
dielectric properties of MoS,/PVDF nanocomposite
films were measured at room temperature before and
after annealing at 160°C for 5 hours. The
measurements were conducted over a wide range of
frequencies (101-10° Hz).

The differential scanning calorimetry (DSC),
derivative thermogravimetry (DTG), and the thermal
gravimetric analysis (TGA) were used to measure the
thermal properties of the MoS,/PVDF nanocomposite
films at different concentrations of MoS,, using
Shimadzu Simultaneous DTG-60H thermal analyzer,
Japan. All thermal measurements were conducted
under a nitrogen atmosphere at a flow rate of 30
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mL/min. The measurements ranged from 20 to
1000°C with a heating rate of 10°C/min.

3. Results and Discussions

Morphology of the MoS2/PVDF nanocomposite
The morphology of the synthesized nanocomposites
was further characterized using HRTEM to elucidate
the microstructural properties, morphology, and
dispersion of exfoliated nanosheets of MoS; in the
PVDF. The morphology of the as-prepared films
shows MoS; nanosheets assemblies that are poorly
stacked few-layer MoS; with interlamellar spacing.
Fig. 1 displays exfoliated nanosheets of 3 wt% MoS;
doped in PVDF prepared by Hydrothermal
processing. The surface contains combinations of the
MoS; nanosheets distributed and  retained
homogenously in the composites, Figure 1(A). The
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Figure 1. HRSEM image of MoS2/PVDF nanocomposite film (A) and the corresponding electron
diffraction pattern (B).

Thermal  Analysis of the  MoS2/PVDF
nanocomposites
The thermal decomposition of the MoS;

nanocomposite doped in the PVDF nanocomposites
was studied at different loading ratios of MoS;
nanoparticles (5, 10, and 20 wt%). Figure 2 shows
the derivative mass loss (DTG) and the differential
scanning calorimetry (DSC) curves at a temperature
range from room temperature up to 700°C with a
heating rate of 10°C/min under a nitrogen
atmosphere. The pure PVDF undergoes thermal
decomposition in a single step process, and its
maximum decomposition temperature is around
472.5°C. The addition of MoS; resulted in a gradual
increase in the thermal stability of PVDF. For
example, when the MoS; content in the film was 10
wt%, the maximum decomposition temperature was
found to be 362°C, which is higher than that of pure
PVDF (350°C), leading to an enhancement in the
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exfoliated nanosheets of MoS; originated from the
superstructures during the hydrothermal process of
the MoS,/PVDF nanocomposites. The density of the
exfoliated nanosheets depends on the weight percent
of the doped MoS; in PVDF and it increases as the
concentration of MoS, increases. The electron
diffraction pattern of MoS2/PVDF film shows
diffused rings caused by short-range ordering of
MoS,, with few diffraction spots indicating the
formation of an ordered structure in two dimensions
(2D), mainly the hexagonal structure of the MaS..
The electron diffraction pattern of MoS; supports the
hybrid  crystal  structure  of  MoS,/PVDF
nanocomposites. The dispersion of the exfoliated
nanosheets of MoS; through the PVDF matrix has an
important role in the thermal and dielectric properties
of their composites.

10 1/na

Y CERE—

(B)

thermal stability of PVDF. This increase in thermal
stability is attributed to the hindered spread of
volatile  decomposing  products  within  the
nanocomposites. The amalgamation of MoS;
nanoparticles leads to the PVDF polymer's huge
molecular chains becoming more anarchism and
tangledly arranged, which hinders the movement of
the polymer pieces at the interfaces between the
PVDF and MoS, surface [28-30]. This, in turn,
increases the thermal stability of PVDF.

The dielectric study

The dielectric  properties of  MoS2/PVDF
nanocomposite films with different concentrations of
MoS, (0, 0.1, 0.3, 0.5, 1, 3, 5, 10, and 20 wt. %)
before and after annealing at 160°C for 5 hours, were
investigated as a function of frequency at room
temperature, as shown in Figure 3. The study
examined the permittivity (¢'), dielectric loss (¢"), and
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AC conductivity (oa). The study focused on the
electrical properties of the treated and untreated
composite films loaded with 0.3 and 3 wt % MoS;
(Figure 3, right). In general, ¢’ for all nanocomposite
films were much higher values in the low- frequency
region (~10% due to the contribution of all
polarization components (space charge, dipolar,
ionic, and electronic) [31]. At higher frequencies, &’
decreased and became almost constant, showing
much lower values (~10). Such a decrease in &’ at
high frequencies is attributed to that some types of
polarization components became less effective, i.e.
total polarization decreases.

Similar behavior is noticed for &” with the exception
that it increases at frequencies higher than 10° Hz. At
low frequencies, ¢ shows high values which lead to
imperfect charge transport, similar to DC
conductivity (oac) [32]. odc mainly comes from the
long-range movements and alignments of free-charge
carriers in response to the electric field, resulting in a
net flow of charge through the materials. oqc effect
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appears as plateau-like behavior, particularly for the
composites loaded with 1 wt. % MoS;, or higher.
Above 1 wt. % of MoS,, the effect shifts to higher
frequencies, indicating that a percolating of the MoS;
network throughout the composites has been
enhanced. Basically, the electrical conductivity of
MoS,/PVDF nanocomposites can be enhanced upon
loading with MoS; nanosheets. Above a critical
frequency called hoping frequency (wp), the
conductivity rapidly increases as the frequency
increases, obeying the universal power law Aw® [32,

33].
For being MoS,/PVDF nanocomposites
heterogeneous  (have different  phases), the

accumulation of the free charge carriers (electrons,
holes, ions) at these interfaces may also dominate the
dielectric properties. This phenomenon is well known
as interfacial polarization or Maxwell-Wagner-Sillars
(MWS) polarization. As a result, the high values seen
in ¢"” could be due to the superposition of o, and
MWS effects.
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Figure 2. DTG-DSC thermograms of PVDF at different loading ratio of MoS; nanoparticles (5.0, 10.0, and 20.0

Wt%).
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Figure 3. The frequency dependence of permittivity (&), dielectric loss (¢"), and AC conductivity (oac) for all
MoS,/PVDF nano-composite films before annealing (a, ¢, and e) and after annealing for only 0.3 wt.%
MoS,/PVDF and 3 wt.% MoS,/PVDF at 160°C for 5 h (b, d and f)

The impact of MoS, on the permittivity of
PVDF/MoS; nanocomposites was studied in detail.
Figure 4 illustrates the relationship between MoS;
loading and ¢' at 1 Hz. In the figure, ¢’ may exhibit
percolation-like electrical characteristics. It increases
slowly with increasing MoS; loading until it reaches
a critical concentration (1 wt.%), after which it
significantly increases at higher concentrations. This
may be correlated to the decrease in the optical band
gap, regardless of whether the samples were annealed

or not. Moreover, upon loading with 20 wt. % MoSs,
&' showed much higher values (~3125), which is six
orders of magnitude higher than that of the pure
PVDF. Additionally, the values are ten times higher
than those recently reported for the same composites
[26]. These findings suggest that MoS; nanosheets
can significantly enhance the permittivity and the
electrical conductivity of PVDF/MoS;
nanocomposites, making them useful as High-
dielectric constant (high-x) materials.
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Figure 4. MoS; content dependence of the permittivity (¢'), and AC conductivity (oac) at 1Hz for PVDF/MoS;
nano-composite films before annealing.
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4. Conclusion

A simple casting method using the hydrothermal
approach was used to prepare different concentrations
(0.1, 03, 05, 1, 3, 5 10, and 20%) of MoS;
nanosheets. These nanosheets were then doped into a
PVDF polymer matrix, forming MoS,/PVDF
nanocomposite films. MoS; significantly enhanced
the electrical properties of these films. When the
concentration of MoS, nanosheets was particularly
high (20 wt %), the permittivity of MoS,/PVDF
composite film reached values much higher (~3125 at
1 Hz) than that of pure PVDF (~10 at 1 Hz). This
research has the potential to pave the way for
constructing MoSy-based composites for high-
dielectric constant materials and electrical energy
storage applications.
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