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Abstract

In this study, we aimed to design a mechanically durable material consisting

of Molybdenum disulfide (MoS2) as 2D material and polyvinyl pyrrolidone

(PVP) enhanced Polyacrylamide (PAAm) composites. Composites containing

different amounts of MoS2 were synthesized via a free-radical crosslinking

copolymerization method. They were characterized using UV–visible spectros-

copy, fluorescence, and mechanical techniques to illuminate band gap energy,

absorption, slow release kinetics, and modulus of the composites. Further-

more, the effect of swelling on the elasticity of the composites was investigated.

It was observed that the elasticity exhibited similar band gap energies with

respect to the MoS2 content. The results demonstrated that the MoS2 content

strongly influences the optical and mechanical properties of the composites

and consequently physical parameters of the composites have been correlated

with the various amounts of MoS2.
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1 | INTRODUCTION

A number of studies have shown that the new-
generation biocompatible, flexible, sturdy, and light-
weight materials incorporated with 2D materials can
improve their durability, hardness, shape, flexural
strength, porosity, and density according to the applica-
tions of biomedicine, food packaging, wound healing,
and biosensors can be designed by taking advantage of
the centuries-old experience of nature.1–7 Highly flexible
structural materials that can tolerate mechanical impact
and exhibit higher in macro and nanoscale flexibility
can be created as a result of the combination of nano-
scale organic components with inorganic nano grains
hierarchically designed by natural organisms.8 A similar
system can be obtained by bonding Molybdenum disul-
fide (MoS2) two-dimensional layers (inorganic material)
with poly vinyl pyrrolidone (PVP, organic material) in
the Acrylamide (AAm), which can be used as a host

matrix. AAm is an organic compound that is a well-
known member of the hydrogel family. Like most other
materials in the hydrogel family which belongs, AAm
can be differentiated by their equilibrium swelling
grade. High-swelling-grade hydrogels exhibit strong per-
meability and biocompatibility.9 It is often used in eye
care procedures, drug rehabilitation, food packaging,
and water filtration.10

MoS2 is one of the most important two-dimensional
(2D) materials because of its electronic behavior and
mechanical properties.11,12 In addition, it has been
thought that the MoS2 has an effect to regulate mechani-
cal properties when incorporated into basic molecular
hydrogels.13 In contrast, Polyacrylamide (PAAm), the
most common hydrogel, is inexpensive, can be cast into
desired shapes, and can be tuned to match biological
materials.14 In fact, the use of PVP, a hygroscopic, bio-
compatible, and hydrophilic material,15 together with
MoS2, is predicted to have a combination of the
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properties of these materials, which are suitable for bio-
medical, wound healing, and biosensor applications.16

This paper focuses on the influence of 2D MoS2 con-
tent on the optical, mechanical, absorption, and slow
release kinetics of well-dispersed MoS2 and PVP
enhanced PAAm composites prepared by a free-radical
copolymerization method. MoS2/PAAm/PVP composites
containing various amounts of MoS2 were then character-
ized using both UV spectroscopic and fluorescence tech-
niques to show optical properties, absorption, and slow
release kinetics of the composites where pyranine was
used for the monitoring studies. The absorption and slow
release kinetics of hydrogels are crucial for various appli-
cations such as drug release, bio-artificial skin, and
organs.17 Moreover, the band gap energies were evalu-
ated by measuring the transmittance spectra of the com-
posites of the UV spectrophotometer. And also, the
mechanical properties of the composite with various
MoS2 contents were examined. Thus, the compression
modulus of the composites presented a reverse behavior
as MoS2 content in the PAAm is increased.

2 | MATERIALS AND METHODS

2.1 | Materials

Acrylamide (AAm), Ammonium persulfate (APS),
N,N0-methylenebis-acrylamide (BIS), N,N,N0,N0-
Tetramethylethylenediamine (TEMED), Pyranine, MoS2,
and PVP were purchased from Sigma-Aldrich. The reaction
solvent was distilled water prepared in the Chemistry Lab-
oratory of the Kadir Has University (KHU).

2.2 | Preparation of MoS2/PAAm/PVP
composites

Magnetic and mechanical stirring were used to dissolve
500.0 mg AAm monomer, 1.0 mg MoS2, and 6.1 mg
PVP inside 5 ml distilled water in the beaker placed for
the ultrasonic treatment, respectively. The ultra-
sonication process allowed homogenization of the MoS2
2D structures inside the gel. Then, 30.0 mg of BIS
cross-linker, 8.0 mg of APS initiator, and 5.0 μl of
TEMED were added to the solution. After vigorous stir-
ring, the solutions became gels. Each gel was prepared
at room temperature (23�C, Humidity: 42%). As
TEMED was used as a catalyst, the solutions were
immediately transferred to a quartz cuvette after the
addition of TEMED. The process was repeated for MoS2
in various amounts (1.5, 2.0, 2.5, 3.0, and 4.0 mg).
Thus, MoS2/PAAm/PVP composites were prepared

using the free-radical crosslinking copolymerization
(FCC) technique.18 Figure 1 shows the preparation of
the composites.

2.3 | Characterization

After completion of copolymerization, the composites
were carefully removed from the pattern. The composites
were prepared with inner diameters of 10 mm, and
lengths of 4 mm as discs in their dry state. The dimen-
sions of the composites were measured by a calibrated
digital compass (Mitutoyo Digimatic Caliper Series
500, resolution: 0.01 mm) before and after absorption,
and slow release, respectively. After absorption, and slow
release processes, the optical band gap was performed by
UV–vis spectrometer (Shimadzu 1800) in the spectral
range of 250–800 nm wavelengths.

Absorption and slow release measurements were car-
ried out using a Perkin-Elmer Model LS-55 spectrometer.
All measurements were made at the 90� position, and slit
widths were kept at 10 nm. The experiments were per-
formed in round glass tubes of 0.99 � l0�2 m internal
diameter. Then, samples were attached to the upper side
of the tubes, and the aqueous solution of pyranine
(10�4 M) was put into the cell. Composites were placed
next to a wall on the upper side of the tube. They were
carefully immobilized using a plastic holder piece for the
absorption and release experiments as shown in
Figure S1a and b, respectively.

Unbound pyranine molecules in solution were excited
at 340 nm wavelength and the emission intensities of the
molecules were monitored per minutes at 511 nm with
the spectrofluorometer. The selected wavelengths are
based on our previous steady-state fluorescence study
monitoring pyranine.19 Since the monitoring of pyranine
is performed in the water phase, the excitation and emis-
sion wavelengths of pyranine are assumed to remain con-
stant, and a single wavelength measurement was
conducted. As the samples were placed at the upper side
of the cuvette, the excitation beam has never come to
contact with the samples. Figure S1a and b presents the
tube, the positions of the sample for absorption, and the
slow release process, respectively. After the absorption
process was completed, a slow release process was real-
ized in the presence of distilled water without pyranine,
as given in Figure S1b.

In order to test the elasticity behavior of MoS2
reinforced PVP/PAAm composites, the uniaxial com-
pression tests were conducted using INSTRON 3345
model. A load cell of 500 N, crosshead speed of
0.1 mm/s, and probe size of 10 cm were used to per-
form for all samples.
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3 | RESULTS AND DISCUSSION

3.1 | Optical band gap studies

UV–vis Spectrophotometer used in the experiments
allows measurements of transmittance at a wavelength
range between 250 nm and 800 nm. Transmittance ver-
sus wavelength graph is shown in Figure 2a. Optical
absorbance values can be calculated with the following
well-known formulation20 between the absorbance A and
transmittance T (percentage transmittance):

A¼ 2� log10 %Tð Þ ð1Þ

The absorbance and transmittance have a logarith-
mic relationship, as given in Equation (1). Figure 2a
shows that the transmittance curves of composite mate-
rials containing various quantities of MoS2 can be
divided into two wavelength regions: short and long
wavelength. In these two regions, the composite mate-
rial's optical properties vary. As can be seen in
Figure 2a, an increase in the amount of MoS2 appears
to promote the material's opacity in the long-
wavelength region. However, the composite materials

manifest a low transmission in the ultraviolet region
which is a short-wavelength region, which means that
they absorb UV light very well. This is protein-based
with a high content of aromatic amino acids, which is
suitable for absorbing large amounts of UV light.21 Con-
sequently, these composites can be used to suppress
UV-induced lipid peroxidation22 and delay light-induced
oxidation in food and biomedical applications, and/or
as packaging materials.23

Absorbance of light A and the absorption coeffi-
cient α are all measures of a medium's ability to
absorb light (photons). Monochromatic light is trans-
mitted through a solution with an incident intensity
of I0. Beer–Lambert Law can be written as
I¼ I0e �αLð Þ, where I is the transmitted light intensity.
Using the definition of absorbance A¼ log10

I0
I

� �� �
, and

the Beer–Lambert Law, it is simple to deduce the absorp-
tion coefficient;

α¼ Aln 10ð Þ½ �
L

ð2Þ

where L (the unit is meter) is the optical path length of
a homogeneous medium for a collimated light beam.24

FIGURE 1 Schematic representation of MoS2/PAAm/PVP prepared by FCC technique [Color figure can be viewed at

wileyonlinelibrary.com]
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The thickness of the substance is L in bulk samples.
The composite material used in this study includes both
PVP and PAAm. As a result, both film and bulk

content laws can be applied to this modern composite
structure. The width of the quartz cuvette is 1 cm, so
L equals 1 cm.

FIGURE 2 (a) Transmittance of MoS2/

PAAm/PVP composites with various MoS2
amounts. (b) Tauc plots of MoS2/PAAm/PVP

composites with various MoS2 amounts. (c) Tauc

plot of MoS2/PAAm/PVP composite contains

4 mg MoS2 to calculate band gap energy [Color

figure can be viewed at wileyonlinelibrary.com]
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The optical band gap (Eg) of MoS2/PVP/PAAm com-
posites can be determined using the Tauc's relation25

given in Equation (3), where α is the linear portion of the
absorption coefficient, hν is the photon energy and B is a
constant.

αhvð Þ¼B hv�Eg
� �r ð3Þ

The quantity of hν on the x-axis and the quantity of
αhvð Þ1=r on the y-axis forms a Tauc's plot. This graph has
a distinct linear regime that shows the start of absorption.
As a result, extrapolating this linear section to the axis
reveals the energy of the material's optical band gap. The
transformation is indicated by the value of the exponent
r. This exponent term, r, can take the values 1/2, 3/2, 2, 3
for direct allowed, direct forbidden, indirect allowed,
indirect forbidden transitions, respectively. For MoS2/
PVP/PAAm composites, the direct transition takes place.
Hence, Tauc's plots of these composites with various
MoS2 amounts are shown in Figure 2b. Figure 2c depicts
the Tauc's plot of MoS2/PAAm/PVP composite contains
4 mg MoS2 to calculate band gap energy. The Tauc's plot
always contains a sigmoidal part, and all materials have
different characteristics just to the right and left of the
particular selected region (in Figure 2c, between 3.7 and
4.3 eV). Therefore, this selected region gives the informa-
tion about a distinctive value for the material. This value
is the band gap energy value. Band gap energies of the
composites were calculated from the extrapolation of lin-
ear part of these curves to the photon energy. The optical
band gap energy was determined from its corresponding
graphical representation clearly indicating the resultant
linear fit, fitting range, and R2 goodness-of-fit measure.26

Data points near the center of the sigmoidal curve that
contain the linear part were tried to find out which data
points fit the best for the linear fit with respect to R2

value. In Figure 2c, the data point part that gives the best
R2 value was shown in red.

In Figure 3, band gap energies with respect to MoS2
amounts are shown. Narrow band gap energy can be

attributed to the high electrical conductivity of the mate-
rial.27 In this case, it is obvious to see that, the increase in
the MoS2 amount leads to the decrease in band gap
energy that corresponds to the increase in conductivity as
expected.28 The values of band gap energy found by
Rawat et al. for PVP/PAAm blends in the range of 4.70–
5.10 eV,28 the band gap values calculated for MoS2/PVP/
PAAm composites with different amounts of MoS2 were
found in the range of 3.10–3.81 eV. The energy band gap
energy, Egap was obtained by using the Equation (3) for
pure PAAm which can be seen that the value of Egap is
3.016 eV.29 Thus, it can be seen that the value of Egap

increases until 1 mg content of MoS2 in the PAAm. After
1 mg content of MoS2 in the PAAm, the optical band gap
decreases with respect to the increase in the content of
MoS2 in the PAAm.

3.2 | Absorption studies

Figure 4a shows the variation of the fluorescence inten-
sity, I of free pyranine molecules at 511 nm during the
absorption process for various MoS2 contents for 1, 30,
and 190 min, respectively. Fluorescence intensities of
pyranine in solution decreased during dye absorption by
composites. MoS2 reinforced PVP/PAAm composites
exhibited the most rapid absorption behavior of the vari-
ous MoS2 contents due to decreasing amount of Py mole-
cules in water. The intensity, I from the maximum values
at 511 nm, versus time was monitored for the absorption
experiments where Py intensity I decreased as absorption
time increased for all composites. Since I is directly pro-
portional to the number of Py molecules during absorp-
tion process by MoS2 reinforced PVP/PAAm composites
in different amounts, then these processes can be treated
by using the Moving Boundary model.30

When the absorption coefficient is discontinuous at a
concentration c, that is, the absorption coefficient is zero
below c and constant and finite above c, then the total
amount, Mt of diffusing substance absorbed and/or

FIGURE 3 Band gap energies of

MoS2/PAAm/PVP composites with

various MoS2 amounts [Color figure can

be viewed at wileyonlinelibrary.com]
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released by the unit area of a sheet of thickness a at time
t is given by the following relation

Mt

M∞
¼ 2

D
πa2

� �1=2
t1=2 ð4Þ

where D is the absorption coefficient at concentration c1.
Here M¼ ac1 is the equilibrium value of Mt. If one
assumes that the absorption coefficient of polymer seg-
ments in the gel is negligible compared to the absorption
and/or desorption coefficients, D then Equation (5) can
be written as follows

I
I∞

¼ 2
D
πa2

� �1=2
t1=2 ð5Þ

Here it is assumed that Mt is proportional to the pyranine
intensity, I at any time, t, and I∞ is the final data for the
absorption and slow release process, respectively.

The fit of the Equation (5) to the intensity (I) versus
time data is presented in Figure S2a, from where
D values are produced and is given in Figure 5a. It is seen
in Figure 5 that absorption coefficient, D increased as

MoS2 amount was increased from 1 to 4 mg. Here it is
observed that, with increasing MoS2 contents in the com-
posites, the absorption coefficients are increased, which
predicts that higher MoS2 contents create more pores in
PVP/PAAm composites. In one study, graphene-like lay-
ered molybdenum disulfide (g-MoS2) was prepared by
the hydrothermal synthesis method.31 Absorption kinet-
ics were investigated. Compared with g-MoS2, the com-
posites showed higher absorption with 4 mg MoS2
reinforced PVP/PAAm composites.

3.3 | Slow release studies

After completing the absorption processes, the measure-
ments of dimensions and weights of composite were con-
ducted, and then the samples were placed in a tube as
given in Figure S1b. Incident intensity, I is directed to

FIGURE 4 Fluorescence spectrum from pyranine versus

wavelength during (a) absorption process, (b) slow release process,

respectively

FIGURE 5 Effect of various MoS2 content on (a) absorption,

(b) slow release, and (c) modulus (S) of MoS2/PAAm/PVP

composites, respectively
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water to detect the releasing pyranine molecules out of
the composites. Figure 4b is presented the fluorescence
spectra during slow release processes for 10, 50, and
100 min., respectively. I at 512 nm increases as the time
of slow release is increased for all samples. Under this
picture, it can be suggested that the slow release process
can be treated again by using the Moving Boundary
absorption model given in Equation (4).30

Figure S2b shows the intensity of releasing pyranines
going into the pure water, with respect to t1/2 by obeying
Equation (5). The produced slow release coefficients,
DSL, are presented in Figure 5b. The values of DSL

increase as the content of MoS2 is increased as expected.
This result also predict that high MoS2 content compos-
ite possesses more pores structure. Our previous study
about releasing pyranine from pure acrylamide showed
that slow release coefficients, DSL were between 2.01–
9.31 � 10�10 m2/s from 20�C to 60�C, respectively.32

Compared to the coefficients, DSL of MoS2 reinforced
PVP/PAAm composites which are found to be higher
values of as 6.68–11.67 � 10�10 m2/s than the DSL of
pure acrylamide. Therefore, it can be said that MoS2
plays a crucial role in the applications as the biocompat-
ible materials.33

3.4 | Mechanical properties

After completing the slow release process, absorbance,
the measurements of dimensions and weights were real-
ized. Then, compression measurements were performed
for each sample. Force versus compression curves of the
swollen MoS2 reinforced PVP/PAAm composites were
shown as exponential growth behavior. The reason for
this behavior can thermodynamically be explained in the
theory of rubber elasticity.34,35

τ¼ Sλ ð6Þ

Here S is the compression modulus, τ is the force per
unit area, and λ¼ Δl

l0
, Δl¼ l� l0 where l and l0 are final

and initial distances. The stress versus strain displays a
linear relationship at a given content of MoS2 for low
strains, which agree with Equation (6), from where the
compression modulus is produced.

Figure S3 shows strain–stress curves for MoS2
reinforced PVP/PAAm composites with 1, 2, 3, and 4 mg
of MoS2 contents, respectively. It is also seen in Figure S3
that the composite presents a smaller strain of around
0.4% after swelling for each MoS2 content in PVP/PAAm
composites. The modulus of MoS2 reinforced PVP/PAAm
composites with various MoS2 contents were calculated
from Figure S3 and Equation (6).34,35 The modulus of the

composites with respect to various MoS2 contents are
given in Figure 5c. The inclusion of MoS2 in the compos-
ite causes low modulus and high elasticity. Our findings
are compatible with the elasticity measurements where
inclusion of MoS2 from the literature.36–38 The expansion
of the effective volume fraction is presented to the contin-
uous phase with consequences for absorption and immo-
bilization, which provides a high capacity for transferring
the stress from the polymer matrix to MoS2 nanosheets.

36

Figure 5 presents (a) the absorption coefficients,
(b) slow release coefficients, and (c) the modulus of the
composites with respect to various MoS2 contents, respec-
tively. Figure 5a and b show reverse behavior with respect
to Figure 5c. In other words, when absorption and slow
release coefficients were increased, due to the porosity of
composites, the modulus was decreased. In other words,
the lower the modulus, the higher the elasticity due to
inclusion of MoS2, which causes high elasticity, as pres-
ented in Figure 5c. The compression modulus of pure
acrylamide is 0.0358 MPa.39 It should be noticed that the
modulus of pure acrylamide has smaller than the modulus
in comparison with 1 mg of MoS2 contents in the compos-
ite system presented in Figure 5c and supported with
Evingür and Pekcan.39,40 Therefore, MoS2 plays a critical
role in producing a smart behavior in the PVP/PAAm com-
posites. Thus, the composites can be suggested for flexible
and sturdy wearable electronic skins and artificial tissues.37

4 | CONCLUSION

Well-dispersed MoS2 and PVP enhanced PAAm composites
were prepared by a free-radical copolymerization method.
The increase in the amount of MoS2 decreases the trans-
mittance intensity, which leads to make the composite
opaque. Optical band gap energies of the composites were
determined from the extrapolation of Tauc's plots of com-
posite materials for direct transition. On the other hand,
fluorescence studies showed that composites with high
MoS2 amount present high absorption and slow release
coefficients. The behavior of the modulus was explained by
the theory of rubber elasticity. The mechanical properties
of the composites are dependent on MoS2 content. It is
important to note that compression modulus of the com-
posites is larger in the low MoS2 content of the composites
than in the high MoS2 content, high elastic region. There-
fore, when all these peculiar properties of MoS2 reinforced
PVP/PAAm composites compare to similar hydrogel com-
posites, the composites can be suggested for biomedical
and biosensor applications.
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