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A B S T R A C T

DFT calculations using Material Studio (2019) were used to ascertain the changes in electronic properties of
recycled expanded polystyrene (rEPS) after modification with nanoparticles of ZnS and ZnO. The nanocomposites
were obtained using rEPS and suitable metal salt precursors via a solvothermal method. The XRD analysis was
conducted to obtain the crystallography data of the new rEPS-based nanocomposites. Using Material Studio
simulation software, the potential photocatalytic properties of the new prepared material was predicted and
information on the electronic band structure was extracted. The calculated band gap values for rEPS and
ZnS–ZnO-rEPS nanocomposite were 4.217 eV and 2.698 eV, respectively. Furthermore, our results showed that
the nanocomposite is a p-type semiconductor. From the electronic structure and the band gap narrowing, these
nanocomposites obtained from a waste material may have some potential in photocatalytic applications.
1. Introduction

In general, rapid population growth, increased urbanization, indus-
trialization and continual economic growth have been major contrib-
uting factors to the increase in the amount of generated municipal solid
waste in developing countries, and around the world [1]. Municipal solid
waste is generated from various anthropogenic activities, and has been
linked to several health issues experienced by members of the public, and
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degradation of the local environment [2, 3]. Many nations around the
world are now faced with diverse problems arising from poor municipal
solid waste management; one particular problem is due to modern reli-
ance and use of certain types of polymeric materials, which on disposal
then eventually become waste plastics. Plastics, as a waste material has
continued to grow in the general biosphere and several efforts have been
made to reduce the impact of plastic waste in the environment because of
the health and environmental implications. Some recent research trends
dungu).
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in the open literature have shown a growing interest in combining
inorganic metallic precursors with recycled plastics to form nano-
composites. Such nanocomposites can have various improved properties
when matched appropriately with the primary material [4, 5]. Thus,
fundamental research to create novel nanocomposites with better
physical-chemical properties, and at the same time mitigate some of the
challenges associated with waste management, can provide new strate-
gies to reduce the harmful impact to public health and help improve and
protect the natural environment [6, 7, 8].

Polymer nanocomposites can have semi-conductive properties when
combining polymers with semiconducting materials [9]. Nanoparticles
have been used as a filler for the enhancement of the physical-chemical
properties of polymeric materials. Some examples include SiO2, Al2O3,
TiO2, and ZnO nanoparticles, either as reinforcement materials, or as a
means to improve the optical or photo-catalytic properties [10, 11].
Alternatively, polymers can be processed into nano-particulate forms and
used in a wide range of applications; such as nanoreactors, coating ma-
terials, electrochemical biosensors, drug delivery, nanocarriers, catalysts
and polymer composite fabrication [12]. In terms of some early reports
on the application of nanoparticle-polymer composites, a titania iron
oxide photo-catalysts supported on polyethylene was used as an effective
material for degradation of resorcinol [13]. The interest in such early
work highlights the potential to investigate the use of recycled expanded
polystyrene (rEPS) as a catalyst support, and furthering efforts to convert
waste materials to value added material. Prior or parallel to any experi-
mental work that can explore the potential of a semiconductor
nanoparticle-polymer nanocomposites as a photocatalyst, computational
simulation studies can provide some valuable insights. Researchers have
carried out studies on electronic and other properties using computer
simulation methods. Computer simulation methods, also known as
computer experiments, can complement experimental work in the labo-
ratory and as such serve as a bridge between laboratory experiments and
theoretical calculations [14]. Based on the relevant information available
in the open literature, studies that analyse the electronic properties of
polymer composites and their photocatalytic performances are very
limited. In this work, DFT calculations were used to analyse the effect of
ZnO, and ZnS on the rEPS NCs nanocomposite's electronic properties and
to predict its semiconducting properties.

2. Experimental

2.1. Synthesis

The rEPS was obtained from a recycling facility in Johannesburg,
South Africa and was used in the development of the nanocomposites.
The nanocomposites were synthesized as per the methods reported in our
previous study by Ayeleru et al. [15]. Briefly, rEPS was crushed and then
impregnated with metallic precursors, placed in an autoclave reactor,
and then this was placed in an oven that had been pre-heated to 250 �C,
and then heated for 3 h. The resulting products were subsequently
characterized and analysed as potential photocatalytic materials.

2.2. Characterization

XRD patterns were obtained to determine the crystallographic infor-
mation of the developed rEPS NCs using an X-ray diffractometer (PAN-
alytical Empyrean) with Cu-Kα1 radiation. The crystallography
information obtained from the XRD results (Table 1 and Figure 1) were
then used in the simulations and DFT calculations.

2.3. Computational method

A simulation box consisting of rPES, ZnO, ZnS structures was
created using Material Studio 2019 based on the experimental XRD
data from this work, which are presented in Table 1 and Figure 1. The
calculations were done based on first-principle theory using
2

Cambridge serial total energy package [16]. The generalized gradient
approximation (GGA) functional with the Perdew-Burke-Ernzerhof
(PBE) type were used to model the exchange and correlation in-
teractions [17]. The cut-off kinetic energy of the electron wave func-
tion ranged from 460 to 600 eV and 6 � 6 � 6 was selected as the
medium quality of the k-point sampling. When the primitive cell was
created, the geometry optimization task with a maximum number of
100 iterations was applied to investigate the composites lattice struc-
ture. In the geometrical optimization, the convergence of all forces on
atoms were set to less than 0.05 eV/Å. The maximum stress was 0.1
GPa with the maximum displacement of 0.002Å. The band gap, density
of state (DOS), and projected density of state (PDOS) were calculated
by Generalized Gradient Approximation (GGA) [18], which is
considered accurate with these types of calculations [19]. The
considered lattice parameters and their corresponding angles are
presented in Table 1.

3. Results and discussion

3.1. Structural properties

3.1.1. XRD
The XRD patterns for rEPS, ZnS–ZnO and ZnS–ZnO-rEPS nano-

composites are presented in Figure 1. The diffraction peaks for rEPS were
observed at 19.8� and 10� 2θ (Figure 1), and are due to the crystalline
and amorphous phases of rEPS, which agrees well with the reported data
cards (JCPDS no. 33-0664). The sharp XRD peaks in ZnS–ZnO and
ZnS–ZnO-rEPS nanocomposites indicate that the synthesized nano-
composites were crystalline.

The hexagonal ZnO and cubic ZnS phases were identified and the
peaks agree with reference codes of JCPDS no. 01-1136, and 02-0565,
respectively. In addition to the characteristic peaks of ZnO and ZnS,
two broad peaks located at 19.8� and 10� 2θ were observed and these
were attributed to rEPS, which confirmed the presence of rEPS in the
nanocomposite. This information from the XRD data, and data from our
previous work [15], were then used in building the molecular structure
by simulation.

3.2. Molecular structure

In this study chains of rEPS were used as a substrate to create
ZnS–ZnO-rEPS nanocomposite. Figure 2 represents the whole composite
containing a total of 3054 atoms in x, y, and z coordinate system. The
nanocomposite structure contains ZnO layers with 966 Zn and O atoms,
and ZnS layers with 966 atoms of zinc and sulfur. This structure was set in
a supercell (8 � 8 � 2 Å3) and its angles were fixed at 90�.

3.3. Electronic properties

To study the electronic properties, the band gap structure and DOS
are important. These two parameters give details about the electronic
and optical properties of the prepared samples.

3.3.1. Band structure
The energy band structure extracted for rEPS, ZnO–ZnS and

ZnS–ZnO/rEPS are shown in Figure 3 and the information have been
presented in Table 2. The band gap of rEPS was 4.217eV, and the band
gap of ZnS–ZnO/rEPS nanocomposite was 2.698 eV. As the band gap
reduces, the chances of charge recombination increases and the smaller
band gap changes the optical properties such that the material can absorb
electromagnetic radiation within the UV-visible range. This reduction in
the band gap, and the ability to absorb light within the UV-visible range,
can consequently increase the generation of electron-hole pairs, and this
potentially improves the photocatalytic activity of the nanocomposite
[20, 21]. This prediction, which is based on the lattice constants obtained
by experimental characterization shows that ZnS–ZnO-rEPS should have



Table 1. Lattice constants for rPES, ZnO and ZnS.

Nanocomposite rPES ZnO ZnS

Lattice constants (Å) a 21.90 3.2420 5.40

b 21.90 3.2420 5.40

c 6.65 5.1760 5.40

corresponding angle α 90� 90� 90�

β 90� 90� 90�

γ 90� 120� 90�
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better optical absorption performance than the parent polymer material.
From the calculated conduction band and valence band (VB) values
(Table 2), the VB values shifted to higher values (0.4459 eV) for
ZnS–ZnO-rEPS. The values reported in Table 2, and the results from the
simulations showed that the ZnO–ZnS sample exhibited a direct band gap
similar to the reported results in previous studies [22, 23]. The
ZnS–ZnO-rEPS sample, shows an indirect band gap and the calculated
Figure 1. X-ray powder diffraction pattern

Figure 2. Molecular structure of ZnO–ZnS-rEPS nanocomposite, ZnO atoms with (Z
yellow), and rEPS (Carbon atoms in dark grey, and Hydrogen atoms in white). a) si
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band gap value for the nanocomposite of rEPS with ZnO and ZnS has not
been reported elsewhere. Although it has been reported that materials
with direct band gaps are good for the photons absorption; however, an
indirect band gap improves the life-time of the photo-generated carriers
[24]. This further highlights the excellent photocatalytic potential for the
nanocomposite.

3.3.2. Density of states (DOS)
The determination of the density of states (DOS) is another important

analytic tool in investigating the electronic properties of a material. The
density of states provides information on the number of electron or hole
states per unit volume at a given energy level. The total density of states
of rEPS and ZnS–ZnO and its composite ZnS–ZnO-rEPS are illustrated in
Figure 4 (a-c). The three samples exhibit different patterns as expected,
and the ZnS–ZnO-rEPS sample displays a configuration indicative of a
semiconductor structure. This seems to predict an electronic structure
conducive to photocatalytic applications for the ZnS–ZnO-rEPS nano-
composite, since its DOS patterns are relatively similar to the structure of
for rEPS, ZnS–ZnO and ZnS–ZnO-rEPS.

n atoms in blue, Oxygen atoms in red), ZnS (Zn atoms in blue, Sulfide atoms in
de view, b) top view.



Figure 3. Calculated band structures for (a) rEPS (b) ZnO–ZnS (c)ZnS–ZnO-rEPS.

Table 2. The band gap information for the starting materials and the prepared materials.

Material Bandgap (eV) Band type Conduction band (eV) Valence band (eV)

rEPS 4.217 Direct 3.852 0.365

ZnO–ZnS 1.389 Direct 1.106 0.283

ZnS–ZnO-rEPS 2.698 Indirect 2.2521 0.4459
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Figure 4. Density of States for (a) rEPS (b) ZnO–ZnS (c)ZnS–ZnO-rEPS.
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the ZnS–ZnO sample, and the electronic structure around the VB and CB
are very close.

3.3.3. Projected density of states (PDOS)
The projected density of state (PDOS) of the prepared nano-

composites samples were plotted to further study the electron
5

distribution and the migration path of the charge carrier (Figure 5).
Fermi levels were determined at 0.3937, 0.291 and 0.5708 eV for rEPS,
ZnO–ZnS and ZnS–ZnO-rEPS, respectively. However, since the fermi
level remains at the VB for the prepared samples, this is indicative of the
P-type nature of semiconductors [25]. For the rEPS sample (Figure 5a),
the indicated orbitals distributed equally around the fermi level. The



Figure 5. Projected density of states of (a)rEPS, (b)ZnO–ZnS and (c)ZnS–ZnO-rEPS.
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Zn-d and S-p electrons, mainly contribute to the electron density for the
ZnO–ZnS sample. The O-p and Zn-d orbitals contributes to the conduc-
tion and valence bands with lower contribution of O-s. These results are
in fair agreement with the experimental findings mentioned in a previous
study [26]. Finally, the ZnS–ZnO-rEPS sample shows an interesting PDOS
pattern, were all the Zn-d, S-p and O-p orbitals were in both the valence
and conduction bands. Although in both the VB and CB the Zn-d orbital
had the highest contribution, then the O-p had the second highest
contribution to the valence band and S-p was the second highest for
conduction band.
6

4. Conclusions

A rEPS-based nanocomposite was synthesized through a solvothermal
method, and a simulation-based study was conducted using the data
obtained from the characterization of the synthesized recycled expanded
polystyrene (rEPS) nanocomposites. The structural and electronic prop-
erties of the prepared samples were obtained using DFT calculations. The
band gap of rEPS was found to be 4.217eV, and after combining ZnO and
ZnS with rEPS to form a nanocomposite, the bandgap of the ZnS–ZnO-
rEPS nanomaterials was 2.698 eV. The calculated bandgap value for the
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ZnS–ZnO-rEP nanocomposite indicates the material is a semiconductor
that may absorb electromagnetic radiation in the UV-Visible range. It was
found that the obtained nanocomposite, ZnO–ZnS-rEPS, is a p-type
semiconductor. Most importantly, the calculated band gaps, showed the
potential of the ZnO–ZnS-rEPS nanocomposite as a photocatalytic ma-
terial with activity in the visible region. This also could open up a novel
method for recycling of EPS and utilizing it for other applications such as
nanoreactors, coating materials, electrochemical biosensors, nano-
carriers, and catalysts.
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