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CdS(Se)/graphene oxide (GO) heterostructures have received significant attention due to their potential
application in optoelectronic devices with tunable bandgap, efficient charge transfer, and enhanced

photocatalytic and photovoltaic activity. In this work, Density Functional Theory (DFT) calculations of the

photocatalytic properties of CdS(Se)/GO heterostructures were performed. The results of work function,
band gap, optical absorption, and band edges of CdS and CdSe in the (001) and (110) directions on
graphene oxide are presented. Various approaches to simulate graphene oxide with a different
concentration of oxygen, and their subsequent integration into CdS (Se)-GO heterostructures are

discussed. DFT calculations were employed to determine the equilibrium value and adhesion energy for

various compositions of layers at the interface, as well as different stacking arrangements between

graphene oxide and CdS slabs. The results revealed that some oxygen atoms migrate to the CdS matrix
and form bonds with Cd atoms. It was observed that the semiconductor band gap can be controlled by
the oxidation degree in graphene oxide, and the electronic properties of CdS(Se) depend on the
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semiconductor orientation and slab number. Notably, surface states are found to be responsible for the

negative part of the dielectric function at low frequencies, significantly influencing the electronic
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1 Introduction

The release of toxic chemicals and pollutants into water, soil, and
air has a devastating impact on ecosystems, depleting natural
resources and endangering human health. To tackle this
problem, novel technologies have been developed to enable the
degradation of organic or inorganic pollutants in wastewater.'
By utilizing semiconductor materials and light energy, photo-
catalysis is a promising green process for water treatment. Recent
research has shown that graphene oxide and reduced graphene
oxide (rGO) composite materials have potential for use in photo-
catalysis, supercapacitors, batteries, and solar cells.”> This is
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properties and charge transfer dynamics. The results show that both structures form type |
heterostructures, which is promising for photocatalytic hydrogen generation.

primarily due to rGO's properties such as exceptional carrier
mobility and high electrical conductivity, as well as its large
surface area and additional high reactivity in the case of GO.* In
particular, rGO decorated with copper and silver nanoparticles has
shown remarkable effectiveness in degrading water pollutant in
a short time. Studies have reported a removal efficiency of 100% of
methylene blue (MB) dyes within just after 40 minutes of exposure
to the rGO-copper-silver photocatalyst.* Furthermore, rGO has
proven to be a highly effective enhancer of the photoactivity of
cadmium sulfide (CdS) in nanocomposites. Studies have shown
that the incorporation of graphene oxide into CdS-based nano-
composites results in an increased number of active sites, reduced
electron-hole recombination rates, and improved light absorption
in the visible and infrared regions of the electromagnetic spec-
trum, compared to pure CdS.> CdS exhibits three different struc-
tures at ambient conditions, the wurtzite (WZ)-type structure, the
cubic hawleyite zinc blende structure and the cubic rocksalt
structure.® Properties of CdS can also been manipulated when
doping with different elements of the periodic table. It has been
shown that doping with nonmagnetic elements can enhance the
magnetic properties of materials for use as diluted magnetic
semiconductors (DMS).” Early experimental works have studied
the effect of doping CdS by an amount of N-graphene.® Their
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studies demonstrate that the radiative recombination in the N-
graphene/CdS nanocomposites has been impeded due to the
natural transfer of the excited electrons into the N-doped gra-
phene, resulting in a considerable enhancement of its photo-
catalytic activity. The latter can be further improved by controlling
the systems nanoarchitectures and increasing the interface
coupling in this nanoarchitectures. The study of CdS(0001)/
graphene and CdS/graphene bilayer in ref. 9 suggests that boron
doping strengthens adhesion in the interface of CdS(0001)/
graphene in contrast to the CdS/graphene bilayer where no
effect on the interface was noted. An experimental study of a rGO/
CdS heterojunction using X-ray photoelectron spectroscopy
revealed a strong chemical-interaction at the rGO-CdS interface
which facilitates the photoelectron transfer from CdS to rGO,
which in turn increases the flow of electrons to the solid-liquid
interface, leading to a superior enhancement of the photocatalytic
activity of the rGO/CdS, also used for hydrogen production,*
which lead to a photocatalytic hydrogen production as high as
1701 pmol h™* g~ .1t

Other studies aiming to produce high-efficient photo-
catalytic hydrogen generation have synthesized the CoP/CdS/
rGO in the presence of an internal electric field, the electrons,
in the CoP/CdS/rGO photocatalysts, are transferred via “charge
transfer channel” of graphene from CdS to CoP resulting in
a photocatalytic activity of 10* mmol h™".*?

The formation of an active heterojunction in supported-
photocatalysts is crucial for efficient photocatalysis in hydrogen
production and pollutant degradation. However, detailed infor-
mation at the atomic level on these heterojunctions studies is
required to achieve fine tuning of the optoelectronic properties
and device performance. Recently, X-ray absorption studies
revealed that the decoration of graphene oxide (GO) with
CdsS, _,Se, generates bonds between the carbon matrix and Cd, or
between S/Se and the oxygen groups in GO.**'* In that work,
a semi-empirical electronic diagram has been proposed to explain
some experimental properties, including photocurrent genera-
tion. Experimental evidence shows changes in the density of
unoccupied states in CdS;_,Se,~GO compared to pristine
CdS; _,Sey, indicating the injection of conduction band carriers
from the semiconductor into graphene oxide. Moreover, the
photocurrent in GO/CdSSe/GO/FTO multilayers has been found
to be stable, almost independent of the applied electrochemical
potential, while the magnitude of the photocurrent is observed to
depend on the number of GO/CdSSe/GO multilayers.®

By examining the available data and previous studies on
CdS(Se)/GO(rGO), the primary objective of the present work is to
conduct a theoretical investigation of the interface effect on the
electronic and photocatalytic properties. First, the number of CdS
and CdSe slabs necessary to reproduce the bulk properties for both
orientation (110) and (001) is varied systematically to identify the
configuration that best aligns with the bulk behavior observed in
experimental data. Thereafter, the band structure, electronic
properties and electronic diagrams of the CdS/GO heterostructures
are built to assess the potential photocatalytic behavior. Work
functions and band edges are computed in order to explain the
type of heterostructure formed and the mechanisms of charge
transfer between GO and CdS(Se).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2 Computational methods

The first-principles simulations were carried out using the
Quantum-ESPRESSO code.* The exchange-correlation (XC) energy
of electrons was treated with the Perdew-Burke-Ernzerhof (PBE)
scheme' using the Generalized Gradient Approximation (GGA).
To describe ion cores and valence electrons interactions, Projector-
Augmented Wave (PAW) pseudopotentials were used.'”*® For the
optical properties, we used the optimized norm-conserving Van-
derbilt pseudopotentials from D. R. Hamann," with a kinetic-
energy cutoff between 65 Ry for the plane-wave basis set. All our
calculations for CdS(Se), graphene oxide, and heterostructures
were conducted using van der Waals interactions.”***

All structural models were fully optimized until forces were
less than 107> eV A™* with an energy convergence of 107° eV
between consecutive self-consistent steps. To reduce the effect
of periodic images, a vacuum space of 10 A was applied
perpendicularly to the slab.

CdS(Se)/GO heterostructures studied in this work were made
using two orientation, (110) and (001) for both CdS and CdSe.
Fig. 1 represents the CdS/GO heterostructure before and after
relaxation.

CdS has wurtzite structure, and graphene oxide has hexag-
onal 2D structure, to avoid the mismatch problem between both
structures, we use a 4 x 2 supercell of graphene oxide
combined with a 3 x 2 supercell of CdS and CdSe to introduce
a minimal mean absolute strain of 2.4% during the optimiza-
tion of the CdS/GO heterostructure, a notable phenomenon was
observed where certain oxygen atoms migrated into the CdS
matrix, establishing bonds with Cd atoms. This finding aligns
with the experimental results reported by Colina et al’
Furthermore, it was observed that carbon atoms exhibit a slight
displacement within the first plane at the interface with CdsS,
while the other planes remain unchanged.

To assess the photocatalytic behavior, the valence and
conduction band edge were computed using the following
empirical equations:*

@ Catoms

& Cdatom

@® Ooxygen
Suffer atom

Fig.1 Crystal structure of CdS/GO (a) top view (b) side view for CdS in
110 direction and (c) CdS/GO in 001 direction.
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Eyp = Edp + E, (2)
where E° is the energy of free electrons on the hydrogen scale
(4.5 eV), x is the affinity of the semiconductor, E, is the
bandgap, and ESs and E2g are the valence band maximum
(VBM) and the conduction band minimum (CBM) at pH = 0,
respectively.

3 Results and discussion
3.1 CdS, CdSe and GO band structure

Before analyzing the CdS(Se)/GO heterostructure, the electronic
structure of each individual component was examined. Fig. 2
and 3 display the results for CdS and CdSe in the (110) and (001)
crystallographic orientations, respectively, with an 8-slab
configuration. In the (110) direction, the CdS band gap
approximates 0.78 eV with just 2 slabs, gradually increasing
with more slabs, where the band gap is indirect. Conversely,
CdSe exhibits semiconductor behavior with a direct band gap
when using 2 slabs in the same orientation as CdS. In the (001)
direction, surface states appear at the Fermi level up to 8 slabs,
with the system showing semiconductor characteristics.

In Fig. 4, the band structure of CdS along the (110) direction is
depicted, by employing the hybrid function (HSE) to rectify the
band gap. This adjustment yields a direct band gap of 2.78 eV.
The limited number of bands displayed is a consequence of the
small number of atoms incorporated into the crystal cell struc-
ture. For CdSe the same the behavior was observed, with a band
gap of 0.92 eV regarding graphene oxide, it was found that the
crucial parameters influencing the band gap and electronic
properties are the oxygen contents and the number of graphene
layers. Furthermore, the differences are observed between gra-
phene oxide in hexagonal (oxygen at sheet top) and zigzag (oxygen
at both sides of carbon sheet) forms, Fig. 5 presents the band
structure of GO in hexagonal form with a C/O ratio of 50%.

The band structure exhibits characteristics such as bandgap
opening, which is absent in perfect graphene, and a localized
state within the bandgap due to the presence of oxygen groups,
affecting the conductivity and optical properties of the material.

Energy (eV)
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Fig. 3 Energy band structure CdS of 001 (8 slab) using GGA-PBE.

3.2 CdS(Se)/GO heterostructure stability

To assess the stability of the CdS/GO or CdS/graphene hetero-
structure, it is necessary to evaluate several parameters such as
lattice mismatch and binding energy. As mentioned, the
mismatch and strain were set to 2.4%. To further assess
stability, oxygen atoms were introduced at the top of the carbon
atoms and the interface binding energy (E},) was calculated after
relaxation as defined in eqn (3):*

E, = E — ECd]f[(Se) — Ego 3)

where Eio, Ecqs and Ego are the energies of the heterostructure,
isolated CdS and GO (or G) monolayer, respectively; and N is
atom number in each structure. The obtained values, as pre-
sented in Table 1, indicate that the formation of CdS/GO and
CdS/G heterostructures is possible, and CdS/GO is relatively
more stable than CdS/G.

3.3 Electronic properties of CdS/GO

Fig. 6 presents the projected band structure of (a) CdS(001)/GO,
(b) CdS(110)/GO and (c) CdSe(110)/GO respectively. As expected,
the p states of oxygen atoms are localized near the Fermi level,
in conjunction with the p orbitals of carbon atoms while, p

Energy (eV)

Fig. 2 Band structure in (110) orientation for CdS (left) and CdSe (right) using GGA-PBE.
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Fig. 4 Calculated band structure of CdS along the (110) direction
using HSE approximation.

Energy (eV)

Fig. 5 Projected band structure of hexagonal graphene oxide with
a C/O ratio of 50%; red and green colors represent the p states of O
and C respectively.

states of sulfur are localized between —2 eV and —1 eV, and the
d states of cadmium are moved to deep levels.

CdS/GO in 001 direction shows metallic behavior, as shown
in Fig. 6a, Additionally, the results indicate the formation of
surface states near the Fermi level from the p states of C and O,
however for 110 direction (Fig. 6b and c¢) CdS and CdSe keep
their semiconductor behavior, and the self-consistent calcula-
tions yield band gap values of 0.16 and 0.11 eV, respectively.

CdS along the [001] direction appears to exhibit a surface
layer with possible asymmetrical termination, as indicated by
the arrangement of Cd and S atoms. This configuration could
suggest a polar surface, depending on the stacking sequence
and charge distribution within the bulk structure.

In contrast, CdS along the [110] orientation may exhibit
a non-polar nature due to balanced terminations. In this case,
Cd and S atoms are arranged within the same plane, ensuring

Table 1 Binding energy of CdS(Se)/rGO and (CdS(Se)/G)
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that positive and negative charges are evenly distributed and
neutralized.

Surface states play a critical role in shaping the electronic
properties of thin films, significantly influencing charge carrier
transport at the interface between the layer and other materials.
Polar surfaces, in particular, often exhibit unique properties,
such as strong adsorption, band bending, and surface recon-
struction. The charge distribution shows that negative charges
are localized on oxygen atoms, creating surface states. These
states appear in the band structure as flat bands (Fig. 6b and c),
which can enhance electronic mobility and improve electrical
conductivity.

3.4 Optical properties. Dielectric function of GO/CdS(Se)
heterostructure

The optical properties were computed from dielectric function
&(w) depicted in eqn (4), which describes the response of
a material to an external electric field:**

e(w) = & + ey (4)

where ¢; and ¢, are the real and imaginary dielectric functions,
respectively. The imaginary part of the dielectric function is
related to the absorption and the real part is related to the
energy dissipation and reflectivity, so the information about
optical properties is stored in dielectric function.

Fig. 7 illustrates the calculation of the real and imaginary parts
of the dielectric function for CdS(001)/GO when light is incident
from the x, y, and z directions. At high-frequency values, the real
part of the dielectric function exhibits a negative value for the
polarized electric field along both the x and y axis. Similarly, the
imaginary part along the z direction starts at 0.7 eV, indicating
significant absorption. Additionally, for both x and y compo-
nents, there is notable absorption at very low frequencies, which
can be attributed to surface states at the CdS-GO interface
described above. These observations highlight the intricate
interplay of polarization and absorption phenomena at the
material and the influence of the CdS/GO interface.

Furthermore, the orientation of the system can control the
behavior of the dielectric function, as depicted in Fig. 8, where
for CdS(110)/GO, only one component shows a negative value in
the real part, while the other components exhibit positive values
at lower energies. In addition to anisotropic of the system, this
orientation-dependent behavior adds an additional layer of
complexity and versatility to the optical properties of the
material.

In contrast of CdSe(110)/GO from the band structure and
self-consistent calculation, there is small band gap for CdSe/
GO, and this behavior is confirmed in the imaginary part of

€ds(001)/GO

Cds(110)/GO

CdSe(110)/GO Cds/G CdSe/G

Ey, (eV per atom) —30.88 —0.86

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Projected band structure of (a) CdS(001)/GO, (b) CdS(110)/GO, (c) CdSe(110)/GO.

dielectric function as displayed in (Fig. 8c and d), where the
imaginary and real parts of the dielectric function for CdSe/GO
are presented for three different directions. Notably, the
dielectric constants differ at zero energy along these directions.
The absorption characteristics, as illustrated in the imaginary
part exhibit similarities for both the x and y directions,
a significant difference between CdSe/GO and CdS/GO, partic-
ularly in the real part at low energy. The most noteworthy
change is the appearance of a negative sign in the real part of
CdS/GO, indicating a phenomenon known as “negative
permittivity”. This means that the electric field and the induced
polarization in the material are in opposite directions, leading
to unconventional electromagnetic properties, similarly to the
interaction between magnetic field and diamagnetic systems.
Such behavior leads to unique optical effects and has

XX
—Yy
5+ zZz
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= LA
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<
=2
g - /
2
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Energy (ev)

Fig. 7 Dielectric function of CdS(001)/rGO along the x, y and z axis.
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a profound influence on the interaction of light with the
material.

According to the Debye model, the concept of permittivity
connects the displacement vector (D) and the electric field
vector (E). The ratio of these amplitudes is described by the
permittivity tensor (D/E).

e When ¢ (real part of permittivity) is positive, D and E point
in the same direction.

e When ¢; is negative, D and E become perpendicular,
leading to unique electromagnetic behaviors.>

In summary, manipulating the CdS orientation offers the
potential to mitigate or eliminate the abnormal behavior of the
dielectric function observed at low frequencies. This orientation
manipulation emerges as a promising strategy for addressing
and improving the observed behavior.

—xx
=y

Imaginary part of diclectric function

Energy (eV)
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Fig. 8 Real (a) and (b) imaginary part of dielectric function of 110 orientations, for CdS and (c) dielectric function of CdSe/GO, (d) imaginary part

along x, y and z axis for CdSe/GO.

3.5 Work function and photocatalytic properties

To evaluate the photocatalytic activity for CdSe/GO and CdS/GO
heterostructures, we first analyze the overall behavior of the
electrostatic potential investigating its average value along z
direction as shown in Fig. 9, and the charge density difference
which is defined as:

Ap = p(CdS/GO) — p(CdS) — p(GO) (5)

In eqn (5), p(CdS/GO) is the electronic charge density for the
combined system, p(CdS) and p(GO) the electronic charge
density for CdS and graphene oxide respectively. On the other
hand, the work function (¢) was also computed, expressed as

("

GO

planar average potential (eV)

S &
.O
o 1

Cds Vaccum

Accumulation|zone

Depletion zon

T v T T T
40 60 80

length Z (A)

T
100 120

Fig.9 Charge density difference (left), and planar-averaged electron density p(z) (right), for CdS(001)/GO heterostructure, where the yellow and
blue colors represent charge accumulation and reduction, respectively.
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Fig. 10 Calculated band edge positions of CdSe, CdS, GO and
CdS(Se)/GO with respect to vacuum potential and NHE (Normal
Hydrogen Electrode). The green dashed lines are water redox
potentials.

the difference between the energy of the Fermi level (Er) and the
energy of the vacuum level (Ey).>®

® = Ey — Ep (6)

Materials with a high work function are more likely to attract
photo-generated electrons to their surface, while materials with
a low work function attract holes.””

As shown in Fig. 9, the electronegativity difference between
the O and C atoms induces a charge transfer region (indicated
by yellow and blue regions) and the development of a dipole
moment, oriented from the O atom to the C atom. This estab-
lishes a built-in electric field.

To investigate charge transfer across the CdS(001)/GO
interface, the work functions of CdS, CdSe and GO are
comptued. Due to the higher work function of GO (¢ = 5.37 eV)
compared to CdS (¢ = 4.73 eV), electrons transfer from CdS to
GO, resulting in a dipole moment pointing from GO to CdS,
which is antiparallel to the intrinsic dipole moment of GO. In
contrast, for CdSe/GO, electron transfer occurs from GO to
CdSe.

This charge transfer results in an electron-rich region on the
CdS layer's surface, leading to the formation of a two-
dimensional electron gas (2DEG).*® The interface shows

E vs Vaccum ¢ Vs NHE
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55 'f .
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-6.5 4 2+
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a significant decrease in potential at 15 A, accompanied by clear
charge redistribution due to the charge depletion on the GO
surface. Notably, the most substantial electron depletion occurs
at the position of C-O bonds, suggesting that this system may
exhibit higher electron mobility.

3.6 Photocatalytic activity

Under illumination, both GO and CdS (CdSe) experience exci-
tation of electrons from their valence bands to their conduction
bands. As a result, photo-generated electrons in the conduction
band of CdS can spontaneously transfer to the conduction band
of GO due to the strong generated electrical force. Simulta-
neously, photo-generated holes in the valence band of GO
transfer to the valence band of CdS(CdSe). This process creates
a negatively charged layer on GO and a positively charged layer
on CdS, forming an n-p heterojunction. This interfacial charge
separation enhances electron-hole photo-generation by sup-
pressing recombination (Fig. 10 and 11). The bands positions
for both heterostructures are shifted above the H'/H, potential,
suggesting the potential for hydrogen production.

The determination of p-type or n-type characteristics in CdS
and graphene oxide (GO) relies on factors such as the work
function, intrinsic Fermi level, and it's depended on the layer
numbers of graphene oxide as well as the O atom ratio. For
instance, when a single oxygen atom interacts with CdS, the work
function is measured at 5.1 eV. However, upon introducing two
oxygen atoms to the CdS matrix, the work function experiences an
increase to 5.91 eV. In the case of graphene oxide, with an oxygen
ratio of 14%, the band gap and work function stand at 3.17 eV
and 4.13 eV, respectively. Upon reducing graphene oxide by 50%,
these values undergo a transformation, resulting in a band gap of
0.83 eV and a work function of 3.14 eV. However, the most
compelling insights are illustrated in Fig. 10, demonstrating the
potential to form either type I or type II heterostructures,
dependent to the layer numbers of graphene oxide or CdS
orientation. Within the GO layer, surface charge depletion
induces observable charge redistribution.

The transferred charge to the Cd-S substrate amplifies the
potential on the Cd atoms' side, prompting additional charge
transfer from C-O bonds to Cd atoms to maintain equilibrium.

Eg=1,0eV

CB=-0,53 eV

© VB=153 eV

After contact

Fig. 11 Charge transfer and band edge before and after contact between CdS and GO.
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Theoretical expectations, depicted in Fig. 11, suggest that the
electric field should be oriented from Cd to GO. However,
variations in charge density reveal that the electric field orien-
tation depends on the number of oxygen atoms connected to
CdS compared to graphene. These findings imply that the
controlling the O-to-graphene ratio can enable the manipula-
tion of electric field orientation or charge transfer.

4 Conclusions

Based on the study of the electronic and optical properties and
charge transfer dynamic of the CdS/GO and CdSe/GO hetero-
structures by using DFT calculations while analyzing the ob-
tained results of different physical quantities of interest several
conclusions can be drawn:

1. Both CdS/GO and CdSe/GO form type II heterostructures,
indicating that there is a staggered energy alignment at the
interface between the materials. This alignment promotes
charge separation and enhances the possibility of hydrogen
production.

2. The surface states present in the heterostructures play
a crucial role in determining the negative part of the dielectric
function at low frequencies. These surface states may influence
the overall electronic properties and charge transfer processes.

3. The orientation of CdS combined with graphene oxide can
affect the results, potentially altering the electronic structure
and charge transport characteristics of the heterostructure.
Different configurations may lead to varied energy band align-
ments and charge separation efficiencies.

Manipulating the oxygen content in the combined system
allows control over the band gap of the heterostructure. This
can be a valuable approach to fine-tune the electronic properties
and optimize the material for specific applications, such as
hydrogen production.
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