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Polymer nanocomposite films based on poly(vinyl alcohol) (PVA) containing
copper sulfide nanoparticles (CuS) were prepared using in situ chemical
reduction and casting techniques. The synthesized nanocomposites were
analyzed using x-ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FTIR), scanning electron microscope, and ultraviolet—visible spec-
troscopy. The XRD pattern reveals that the CuS nanoparticles incorporated in
the PVA showed a crystalline nature. The observed FTIR band shifts indicate
the intermolecular interaction between the CuS nanoparticles and the PVA
matrix. The absorbance of nanocomposite samples increased with increasing
CuS concentration. The optical band gap energy was estimated using Tauc’s
formula and it decreased with increasing dopant concentration. The conduc-
tivity and dielectric behavior of the samples were studied over the frequency
range of 300 Hz to 1 MHz in the temperature range of 30-110°C. The ac
conductivity was found to increase with the increase of dopant concentration
as well as frequency. Moreover, the variation of frequency exponent (s) indi-
cated that the conduction mechanism was the correlated barrier hopping
model. The experimental results reveal that the optical and electrical per-
formance of PVA can be enhanced dramatically by the addition of a small
amount of CuS nanoparticles. This improved properties of the PVA/CuS
nanocomposite suggest uses in optoelectronic devices.

Key words: Polymer nanocomposites, PVA, copper sulfide, optical band gap,
ac conductivity, dielectric constant

INTRODUCTION

The field of polymer nanocomposites has attracted
strong interest in today’s materials research in view of
their wide applications in electronic and optical
devices.! The optical absorption spectra of polymer
nanocomposites provide essential information about
the band structure and energy gap in polymer matri-
ces.? It has been shown that the electrical, optical and
structural properties of polymers can be suitably
modified by the incorporation of a few weight percent-
ages of inorganic filler in the polymer matrices.>* The
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properties of particulate polymer nanocomposites
mainly depend on the particle shape, size, and concen-
tration, and the way in which the particles are dis-
persed and interact with the polymer matrix, which can
achieve impressive enhancements of the polgfmer prop-
erties as compared with the pure polymers.

The incorporation of functional nanoparticles in
the polymer medium has been a subject of immense
interest in recent years because of their uniquely
promising properties and applications.®

Water-soluble poly(vinyl alcohol) (PVA) is one of the
most promising polymers due to its unique properties
such as high transmittance, easy processability, non-
corrosive nature, and good thermal stability over a wide
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range of temperature,” making it an ideal matrix for
optoelectronic applications.

Copper sulfide (CuS) has been reported as one of
the most important p-type semiconductors in solar
cells, and has been studied extensively, not only
because of its excellent optical, electrical, and
chemical properties at room temperature but also
owing to its potential applications in many fields,
such as corrosion science, solar _energy converter,
photocatalysis, and biosensors.®'? Therefore, sig-
nificant efforts are being focused on the ab111ty to
prepare and control the nanoscale structures via
innovative synthetic approaches.'®* A number of
methods have been developed for the synthesis of
CuS nanostructures including the solid-state reac-
tion route,'®'® sonochemical synthesis,!”'® the
mlcroemuls1ons route,'® the pickering emulsmn
route,?’ microwave 1rrad1at10n techniques,?>?? the
hydrothermal route,?>?* pyrolysis of single source
precursors® and so on.

In this paper, we prepared CuS nanoparticles that
were well dispersed in PVA polymer matrices film via
in situ chemical reduction and casting techniques. The
investigation focuses on the effect of synthesized CuS
nanoparticles on the optical and electrical behavior of
PVA polymer. The optical absorption spectroscopy is an
established tool to investigate the effect of CuS on | the
band structure and electronic properties of PVA.* In
addition, the study of dielectric properties as a function
of temperature and frequency is a convenient method of
investigating the structure of polymer
nanocomposites.”®

MATERIALS AND EXPERIMENTS
Materials

The chemicals used in this study were poly(vinyl
alcohol) (PVA) [CoH O], (98%—99% hydrolyzed, low
molecular weight), supplied by Alfa Aesar, as a
capping, and distilled water was used as a solvent
for the polymer. The salts used to prepare CuS
nanoparticles were copper nitrate (Cu(NO3)2) with a
molecular weight (241.54 g mol ') which was pur-
chased from Merck, and sodium sulfide nonahy-
drate (NasS: 9H20) with a molecular weight
(240.18 g mol ) purchased from Sigma-Aldrich.
These materials were used without any purification.

Preparation of PVA/CuS Nanocomposite Films

Poly(vinyl alcohol) solution was prepared by dissolv-
ing 2 g of PVA in 30 mL distilled water with magnetic
stirring for 1 h at 90°C until a clear homogenous
viscous polymer solution was formed. Copper nitrate
(Cu(NOs3)s) as a source of cations and sodium sulfide
(NayS) as a source of anions were separately dissolved
in 5 mL distilled water with different molar concentra-
tions (0.01 M, 0.02 M, 0.03 M, and 0.04 M) at room
temperature. Different concentrations of nanosize CuS
was prepared in PVA by adding the two solutions
dropwise with a ratio of 1:1 to the homogeneous

aqueous solution of PVA under stirrin, ng. The dissolved
Cu”* ions react with the released S* to form CuS
nuclei. The PVA polymer acts as a stabilizer and a
capping agent, which effectively protects the nanopar-
ticles from aggregation.?” The final solution turned
deep blue, consistent with the color of the CusS covellite;
thus, CuS nanoparticles were formed. To achieve
maximum dispersion, the solutions were sonicated for
5 min. The homogeneous solutions were poured into
Petri dishes 5 ¢cm in diameter. The whole assembly was
placed in a dust-free chamber maintained at 30°C, and
the solvent was allowed to evaporate completely in air
for 2 weeks to allow films to form. Then, the films were
transferred into desiccators with silica gel for further
drying. The prepared films were uniform with a
thickness in the range of 4060 ym.

Characterization Techniques

The x-ray diffraction (XRD) patterns of the pre-
pared pure PVA and PVA/CuS polymer nanocom-
posite films were collected wusing an x-ray
diffractometer (X’PERT-PRO) equipped with CuKu
radiation (1 = 0.154 nm) i in the 20 range 10°—60° at
a scanning rate of 2° min~!. The Fourier transform
infrared (FTIR) spectra of the pure and doped PVA
films were analyzed in the range 400-4000 cm '
using a Perkin Elmer 1nstrument in transmission
mode with a resolution of 1.0 cm™'. Scanning elec-
tron microscope (SEM) micrographs were taken
using a CamScan 3200 to investigate the morpho-
logical appearance of the prepared nanocomposite
samples. Optical absorption studies were carried
out in the wavelength range 190-1100 nm using a
double beam ultraviolet—visible (UV-Vis) spec-
trophotometer (Perkin Elmer, Lambda 25). The
obtained data were further analyzed to estimate
the optical band gap energy of the prepared films.

The electrical properties were measured using a
precision inductance—capacitance-resistance (LCR)
meter (Agilent/HP 4284A) operating at a frequency
range from 300 Hz to 1 MHz and in the tempera-
ture range 30-110°C. The 2.5-cm-diameter films
were sandwiched between two aluminum electrodes
under spring pressure. In order to measure the
temperature-dependent conductivity, strip heaters
were used to heat a chamber and a K-type thermo-
couple (accuracy +0.1°C) was used to measure the
temperature of the sample.

RESULTS AND DISCUSSION
X-ray Diffraction (XRD) Analysis

The structural identification of the PVA/CuS
nanocomposite was carried out using XRD analysis.
Figure 1 shows the XRD patterns of pure and doped
PVA films with 0.04 M CuS. The broad peak observed
at 20 =~ 19 26° for both samples is due to the PVA
matrix.?®?® The observed additional diffraction peaks
of the nanocomposite film at scattering angles
20 = 29.61°, 32.08°, 33.32°, and 48.31° correspond to
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Fig. 1. The x-ray diffraction patterns of pure PVA, and a PVA +0.04 M CuS nanocomposite.

(102), (103), (006), and (110) crystal planes, respec-
tively.>*3! The position and the relative intensities of
these peaks are well matched with the standard data
recorded in _the JCPDS card no. 06-0464:
a=b=38793 A, c =16.347 A, space 2gl"oup P63/mmc,
with hexagonal unit cells (covellite).>>* The average
grain size D of CuS in nanocomposite films was
calculated using the well-known Debye—Scherrer
equation.>

092
~ Peosl

(1)

where /1 is the x-ray wavelength (in nm), f is the
peak width of the diffraction peak at half-maximum
height (in radians), and 0 is the diffraction angle of
the peak.

The obtained particle size of the CuS nanoparti-
cles embedded in PVA polymer films was in the
range 39.50—46.54 nm. The results indicated that
the average particle sizes gradually increased with
increasing CuS concentration, which may be attrib-
uted to the nanoparticles aggregation in the sam-
ples with increasing CuS amount.

FTIR Spectroscopy Analysis

FTIR analysis was performed to determine the
possible intermolecular interaction between the
PVA matrix and CuS nanoparticles, which can be
deduced from the band shifting.* The FTIR spectra
for pure PVA and PVA/0.04 M CuS nanocomposite
films are shown in Fig. 2. Both spectra exhibit the
characteristic absorption bands of pure PVA. A
strong broad absorption band observed between
3171 cm ! and 3460 cm ! is assigned to a hydroxyl
group and the bonded O-H stretching vibration of
PVA.?® The bands observed at 2942 cm ' and
1092 cm ! suggest the presence of C-H stretching
and C-O stretching vibrations on the PVA back-
bone.?” The two peaks at 1427 cm ™! and 1331 cm ™!
are due to the stretching vibrations of CHz and CH,,
respectively.>®

There is no appearance of an additional peak in
the PVA/CuS nanocomposite spectra; however, a
slight shift to a lower wavenumber in the peak
position of the band corresponds to the O-H stretch
and C—O-C stretch vibrations of PVA, indicating a
physical interaction between the CuS nanoparticles
and the hydroxyl groups of PVA.

Scanning Electron Microscopy (SEM) Analysis

The morphology of PVA/CuS polymer nanocom-
posites was characterized using SEM imaging at the
fracture surface of the nanocomposite films. Fig-
ure 3 shows the surface morphology of different
compositions of PVA/CuS polymer nanocomposite
films. The SEM images show CuS nanoparticles
(white spots) homogeneously dispersed within the
polymer matrix. It is also clear that the increase in
copper nitrate and sodium sulfide concentrations
causes the development of CuS average particle
sizes due to the agglomeration of the nanoparticles.

Optical Characterization

The study of the optical absorption edge in the UV
and visible regions provides very useful information
to elucidate the optical transitions and electronic
band structure of the materials.>3° The law of the
absorption of light was used to calculate the absorp-
tion coefficient () according to Lambert’s law, which
can be calculated from the optical absorbance
spectrum using the relationship:

o)) = 2.303A£;) 2)

where d is the sample thickness, / is the wavelength
of the incident photons and A is the absorbance
defined by A =log (I,/I), where I, and I are the
intensities of the incident and transmitted beams,
respectively.

The UV/Vis spectrophotometric scans for all the
samples were measured in the wavelength range
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Fig. 2. FTIR spectra of pure PVA, and PVA/0.04 M CuS nanocomposite films.
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Fig. 3. SEM images of PVA/CuS nanocomposite fiim (a) 0.02 M
CusS, (b) 0.04 M CusS.

190-1100 nm. The variations of absorbance with
wavelength for all the prepared films are shown in
Fig. 4. The nanocomposites sample shows a

notable absorption in the near infrared region
(characteristic of covellite) due to the localized
surface plasma resonances of the CuS nanoparti-
cles.*®*!" Meanwhile, the absorbance gradually
enhanced with the increase of the CuS content,
indicatin% the good dispersion of CuS in the polymer
matrices.’®*? Overall, the PVA/CuS nanocomposite
shows high absorbance compared to the pure PVA
polymer.

Further, the observed shifts of the spectra
towards the higher wavelength side with the
increasing concentration of CuS indicates a change
in the optical band gap of the films. This shift in the
absorbance spectra towards the higher wavelength
side suggests a reduction in the band gap value.*?

The energy band gap of the films was estimated
using fundamental absorption, which refers to the
electron excitation between the valence band and
conduction band.*® The energy band gap E, of the
films was calculated using the Tauc/David—Mott
model*** described by:

ohv = B(hv — Eg)’ (3)

where hv is the incident photons energy, f is a
proportional constant related to the extent of the
band tailing and depends on the transition proba-
bility, and y is the power which characterizes the
nature of electron transition process in the K-space.
Specifically, y is 1/2, 3/2, 2 and 3 for transitions
direct allowed, direct forbidden, indirect allowed
and indirect forbidden, respectively.*6:7

Figure 5 shows the plots of (¢Av)? versus photon
energy hv for all the prepared films. The E, values
were determined by extrapolating the linear portion
of the curves to zero absorption.”” The band gap E,
of the pure PVA was calculated to be 6.27 eV, and
was found to decrease by increasing the CuS
content to 5.375eV, 525eV, 5.00eV, and
4.776 eV for 0.01 M, 0.02 M, 0.03 M, and 0.04 M of
CusS, respectively. Many other researchers have also
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reported the decrease of the optical band gap of PVA
with increasing the weight percent of the nanopar-
ticles in the systems PVA/ZnS,*” PVA/Cr,03,*® PVA/
CaF,,* and PVA/Ag.?°

The gradual decrease in the value of E, by
increasing the CuS concentration may be attributed
to the generation of localized states (increase in the
number of traps) between the highest occupied
molecular orbital and lowest unoccupied molecular
orbital energy bands, making the lower energy
transitions feasible.’’®® The reduction in energy
gap value in PVA after embedding CuS makes them
efficient materials for optoelectronic devices, since
such those requiring band gap tunability.*®

Electrical Characterization

The values of ac conductivity (o,.) of the present
polymer nanocomposites have been calculated to
obtain a better understanding of the conduction
process. The frequency dependence of ¢, at room
temperature is plotted in Fig. 6 for the prepared

samples. The ac conductivity was calculated using
the following relationship®®:

dGs
o @)

where Gy is the measured conductance and A is the
electrode cross-sectional area. As shown in Fig. 6,
the conductivity appears to be frequency-dependent.
In the low-frequency range, conductivity tends to
acquire constant values approaching its dc value,
while a critical value varies exponentially with
frequency.®® This type of behavior is common in
disordered solids, appears to be in accordance with
the so-called ‘ac universality law’, and is considered
as a strong indication of charge migration via the
hopping mechanism.?®°> The increase of o, with
increasing temperature suggested the thermally
activated process from different localized states in
the band gap.”® Meanwhile, the increase of ac
conductivity with increasing CuS concentration
can be attributed to the increasing of charge
migration in the matrix.*®

Oac =
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Fig. 6. The ac-conductivity as a function of frequency at different temperatures for (a) pure PVA and (b) PVA/0.04 M CuS nanocomposites.

It is well known that, in highly disordered
systems, over a wide range of frequencies, the ac-
conductivity ¢,. obeys Jonscher’s universal power
law®":

Gac = Bo® (5)

where B is a frequency-independent, temperature-
dependent parameter, w = 2znf is the angular fre-
quency, and s is the dimensionless frequency expo-
nent, which is a measure of the degree of interaction
with the values 0 and 1 for an ideal Debye dielectric
dipolar-type and an ideal ionic-type crystal, respec-
tively. The typical values of s, between 0 and 1
indicate the charge—carrier interactions during the
hopping conduction mechanism.?®%°

The frequency-dependent ac-conductivity (o,.)
data have been fitted by using Jonscher’s universal
power law, as shown in Fig. 7. The value of s can be
obtained from the slopes of log (0,.) versus log (w)
for all samples at different temperatures. The
obtained values of s versus temperature are

presented in Fig. 8. The value of the frequency
exponent s can characterize the type of electrical
conduction mechanism. Many theoretical models
have been put forward to explain the behavior of the
s value.?®

It is clear from Fig. 8 that the value of s has a
higher value at room temperature and decreases
with increasing temperature to a minimum value.
According to the correlated barrier hopping (CBH)
model, the value of s ranges from 0.7 to 1 at room
temperature, and should show a decreasing trend
with increasing temperature.®® This description is
in a good agreement with the obtained experimental
results; therefore, based on the CBH model, ac-
conductivity o,. can be explained in terms of the
hopping of electrons between pairs of localized
states at the Fermi level.®®

The variation of dielectric constant (¢/), and
dielectric loss factor (¢”) with frequency have proven
to be a very useful tool to study the structure,
dynamics and relaxations of polymeric systems. The
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dielectric constant (¢) and dielectric loss (¢") were
evaluated using the two equations:

, C _cd

©TC, A ©
n _ Oac
¢ _806() (7)

where C, is the vacuum capacitance of any configura-
tion of electrodes and C is the capacitance with
dielectric material filling the space, and ¢, = 8.85x
1072 F/m is the permittivity of free space. The
dielectric constants have been analyzed in terms of
temperature, frequency, and CuS content. Figure 9a
and b depicts the variation of dielectric constant (¢')
with respect to frequency for pure PVA and PVA/CuS
nanocomposite at 0.04 M CuS content, respectively, at
different temperatures. The measurements were made
isothermally in the temperature range 30-110°C in the
frequency range from 300 Hz to 1 MHz.

The results indicate that, at low frequencies, the
dielectric constant attained higher values in all
samples, which reduced rapidly with frequency. It is
clear that (¢') decreases monotonically with increas-
ing frequency and attains a constant value at higher
frequencies. Similar behaviour has been observed
for different polar polymer composites.’® This is
because, for polar polymers, the initial value of the
dielectric constant (¢) is high, but as the frequency
increases the value begins to drop, which could be
due to the dipoles not being able to follow the field
variation at higher frequencies.?® Hence,the dielec-
tric constant (¢') decreases with the increase of the
frequency in all the PVA samples.®>%? Also, it has
been found that the value of the dielectric constant
(¢) increases gradually due to the increase of CuS in
the PVA polymer matrix. Enhanced values of (¢)
can be attributed to increases in dipolar polariza-
tion, especially in the high-frequency region.®®

The increase in (¢/) with temperature can be
ascribed to the fact that the orientational
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Fig. 9. The dielectric constant (¢') against frequency at different temperature for (a) pure PVA, (b) PVA/CuS 0.04 M.
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polarization is related to the thermal motion (vibra-
tion) of the molecules, so dipoles cannot orient
themselves at lower temperatures. When the tem-
perature increases, the orientation of dipoles is
facilitated, which leads to increases in the value of
orientational polarization and, consequently, the
value of the dielectric constant ¢.5°

The dielectric loss factor ¢’ versus frequency for
various samples are shown in Fig. 10. The nature of
the variation of dielectric loss ¢’ with frequency is
the same as that of the dielectric constant & with
frequency. It is clear that ¢’ decreases exponentially
with the increase in frequency and attains a con-
stant value at higher frequencies due to the polar
nature of the PVA polymer. At low frequencies, the
dipoles have sufficient time to orient themselves in
the electric field before changing their direction and
consequently, the dielectric loss is very high.5§
However, at higher frequency, the polymer dipoles
cannot follow the field variation, leading to a

Abdullah and Saleem

decrease in the dielectric loss value. This result
indicates the lossless nature of the samples at
higher frequencies. Moreover, these results suggest
that the dc-conductivity process is more significant
than the interfacial polarization in the present
samples.®® The higher value of ¢ at the low-
frequency range could be due to the the existence
of mobile charges within the polymer backbone,
while the increases in ¢’ value with CuS content can
be understood in terms of electrical conductivity
which is associated with the dielectric loss.%”

The dispersion behavior of the dielectric constant
and dielectric loss for the investigated samples are
significant for practical purposes because the dis-
persion factor plays an important role in designing
optical devices, garticularly in the field of optical
communication.®® It is also evident that the values
of both ¢ and ¢” increased steeply with increasing
temperature and CuS content. Increases of dielectic
constants and dielectric loss with increases in
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Fig. 10. Variation of dielectric loss (¢”) against frequency at different temperatures for (a) pure PVA, (b) PVA/CuS 0.04 M.
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nanoparticle content have also been reported for
CuS nanoparticles incorporated in polypyrrole
matrices.

CONCLUSIONS

Polymer nanocomposites have been prepared
from CuS-embedded poly(vinyl alcohol) (PVA) using
the solution casting technique. XRD analysis con-
firmed the formation of CuS nanocrystals embedded
in the PVA film with an average particle size
between 39.50 nm and 46.54 nm. FTIR analysis
showed that the interaction between the CuS
nanoparticles and the PVA chains occurred at the
hydroxyl (O-H) and ether (C-O-C) groups. The
characteristic properties of the prepared samples
have been studied using UV-Vis spectroscopy and
dielectric spectroscopy. The reduction in the optical
energy gap value of the PVA after embedding CuS
make it an efficient material for optoelectronic
devices. Also, the temperature dependence of the
frequency exponent in the Jonscher formula sug-
gests that the conduction mechanism can be
explained according to the CBH model. Moreover,
the increases in ac conductivity, dielectric constant,
and dielectric loss of the nanocomposite samples
corroborate the enhanced electrical behavior of PVA
with increasing the embedded CuS nanoparticles.
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