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In this work, a ZnO nanowires/graphene nanohybrid was synthesized by a three steps approach. Copper sub-
strates were covered with graphene by chemical vapor deposition, further ZnO nanowires were electrochemically
deposited on the as grown graphene on copper and finally a transfer process was employed for moving the
heterostructure onto a different substrate. A comprehensive structural analysis which included scanning electron
microscopy, X-ray diffraction and Raman measurements revealed that the ZnO nanowires crystallize in wurtzite
structure perpendicular to graphene, the process leading to the formation of a nanohybrid heterostructure. The
band gap energy of the ZnO nanowires deposited on graphene was estimated to be 3.11 eV, as calculated from
the reflectance spectrum analysis. The GGA-PBE+U within Grimme (DFT-D) approach was used to provide an
accurate description of the interface structure in terms of electronic and optical properties, confirming that the
decrease in the band gap energy of ZnO nanowires is caused by the interaction with the graphene surface. The
findings of this study could serve as an experimental and theoretical reference for upcoming studies on ZnO
NWs/Graphene nanohybrid-based optoelectronic applications.

1. Introduction sensors and biosensors, energy storage, electronic and optoelectronic
devices [4-9]. One of the preferred methods of producing good quality
(high conductivity and high transparency) graphene sheets is the

chemical vapor deposition (CVD) on copper substrates [10]. The CVD

Low dimensional carbon materials have opened new potential
lucrative pathways in scientific and technological advancement due to

their unique properties. In particular, graphene (G) is a 2D material that
has generated a great deal of interest due to a set of specific character-
istics, consequence of its low dimensionality. These characteristics
include high mechanical strength and flexibility, high charge carrier
mobility, excellent transparency and thermal conductivity [1-3]. Due to
these outstanding properties, graphene is considered as a promising
functional material in many applications, including photocatalysis,
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route enables the production of high-quality graphene, i.e. low con-
centration of defects and well controlled structure and morphology [11].

ZnO is a wide bandgap (3.37 eV) semiconductor with high electron
mobility, high transparency, wide UV absorption range and high exciton
binding energy [12,13]. ZnO occurs abundantly in nature and is
non-toxic. Zinc oxide is a polymorphic material at nanoscale, various
methods of synthesis leading to the fabrication of different
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nanostructures, such as nanowires [14], nanorods [15], nanotubes [16],
nanoflowers [17] nanosheets [18]. These semiconducting nano-
structures can be further employed as building blocks in fabricating a
variety of electronic or optoelectronic devices with morphology/di-
mensionality tailored properties.

A ZnO/Graphene heterostructure is an interesting combination of
materials due to the fact that both its components present excellent
electronic and optoelectronic properties and thus open the path towards
a variety of applications, such as photocatalysis, supercapacitors, sen-
sors, and solar cells [19-22]. Moreover, the strong electronic combina-
tion between the nanostructured ZnO and the low dimensionality
carbon material in a nanohybrid system can dramatically change the
ZnO band structure. By tuning the process parameters for the ZnO
growing on top of a graphene covered substrate, the morphology/aspect
ratio, the orientation, and the density of the resulting ZnO nano-
structures can be controlled [23].

However, our comprehension of the atomic-level details at the
interface between graphene and ZnO remains incomplete. Although a
prior theoretical investigation demonstrated enhanced field emission
properties in ZnO/graphene composites [24,25], there remains a lack of
a comprehensive understanding of how the interface impacts the elec-
tronic characteristics of graphene when subjected to ZnO modification.
In semiconductor research, a material’s structure plays a pivotal role in
dictating its electronic behavior, and in the context of heterostructures,
the interfaces between semiconductors wield significant influence over
their properties. Factors such as stacking order, dislocation, interfacial
atom species, and boundary arrangements all exert substantial effects on
the electronic and optoelectronic properties. The wave functions of
these interfacial atoms determine the occurrence of chemical bonds or
physical adsorption, while the relative positions of electronic bands on
both sides of the interface profoundly influence conductivity and charge
transfer. Understanding this intricate relationship between interface
structure and electronic properties is imperative for the advancement of
electronic applications. Consequently, to harness the potential of this
hybrid structure composed of two distinct nanostructures, it is essential
to establish a theoretical model that delineates its specific properties and
compares them with experimental results. In pursuit of this objective,
Density Functional Theory calculations with Hubbard U correction
(DFT+U) stand out as a potent methodology that offers profound in-
sights into the electronic structure and optical properties of the syn-
thesized nanohybrid material at the atomic level [26-29].

The present work reports the growth of ZnO nanowires (NWs) on
CVD-graphene/Cu using an electrochemical deposition method, fol-
lowed by the transfer of this hybrid material from copper to a SiO5/Si
substrate via electrochemical delamination. A comprehensive analysis,
employing scanning electron microscopy (SEM), X-ray diffraction
(XRD), Raman spectroscopy, as well as reflectance spectroscopy (R%),
was used to explore the influence of the graphene substrate on the
structural, micromorphological, and optical properties of the ZnO
nanowires embedded in this particular heterostructure. Further, we
provide a theoretical investigation employing density functional theory
with Hubbard U correction (DFT+U) to elucidate the impact of the
graphene substrate on the structural, electronic, and optical character-
istics of ZnO nanowires. This research contributes to advancing our
understanding of the promising electronic applications and fundamental
properties of ZnO NWs/graphene nanohybrid, addressing the pressing
need for both theoretical modeling and experimental validation in this
emerging field.

2. Experimental and theoretical details
2.1. Synthesis of ZnO nanowires/CVD-graphene
Graphene was synthesized on copper foil substrates through the

chemical vapor deposition (CVD) method using a AS-One Rapid Thermal
Processor system. Initially, the Cu substrates, sized at 2 x 2 cm? with a
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thickness of 25 ym, were subjected to ultrasonic cleaning in acetone and
isopropyl alcohol for a duration of 10 min to eliminate any organic
residues. The first phase of the process involves annealing of the Cu
substrate in a hydrogen atmosphere for 30 min at a pressure of 10
millibars to reduce existing oxides and promote the growth of larger
copper crystallites [30]. The subsequent step consists in the actual
growth of graphene in a mixed gas atmosphere of hydrogen (H) and
methane (CHy4) with a flow ratio of 10:25, respectively, for a duration of
10 min. The final stage of the process includes rapid cooling of the
sample using an argon (Ar) atmosphere. Subsequently, the growth of
ZnO nanowires on CVD-Graphene/Cu substrates was performed using
the electrochemical deposition method as we have done in our previous
work [23]. Further, a film of polymethyl methacrylate (PMMA) was
deposited by spin coating in order to protect the ZnO
NWs/CVD-graphene during manipulation and thus to facilitate the
transfer. A 4,5% PMMA solution was dropped on the ZnO
NWs/CVD-graphene/Cu, the process being carried out at 3000 rpm for
40 s. During a subsequent heating step, at 120 °C for 2 min the PMMA
film solidified. Finally, the transfer of ZnO NWs/G nanohybrid deposited
on a Si0Oy/Si surface was carried out according to a method well
described in the literature for graphene method based on the electro-
chemical delamination from the metallic substrate [31]. In order, to
initiate the delamination, a potential of — 1.8 V vs. a Red Rod reference
electrode was applied while the film was slowly dipped into the elec-
trolyte (0.5 M NaCl aqueous solution), resulting in the complete sepa-
ration of the PMMA/ ZnO NWs/G film from the Cu substrate. The typical
time required for separation was about 2 min. The process leads to the
PMMA coated ZnO NWs/G floating on the surface of the electrolyte
solution. Afterwards, the floating film was placed on a SiO/Si substrate,
the PMMA being removed by dissolving it in acetone followed by
thoroughly rinsing with isopropanol. The process of obtaining ZnO
NWs/G nanohybrid on SiOy/Si is schematically illustrated in Fig. 1.

2.2. Characterization

A Bruker D8 Advance diffractometer (Bruker AXS, Karlsruhe, Ger-
many) using CuKa radiation (A = 1.54178 A) was employed to charac-
terize the crystal structure of the films in the 20-70° range. For the
morphology analysis of ZnO NWs/G/Cu and ZnO NWs/G/SiOy/Si a
Gemini 500 scanning electron microscope (Zeiss, Obercohen, Germany)
was used. The Raman spectra of the ZnO nanowires/graphene were
recorded using a LabRAM HR Evolution Raman spectrometer (Horiba
Jobin-Yvon: Edison, Palaiseau, France), with a He-Ne laser emitting at
633 nm, focused by an Olympus 100 x objective on the surface of the
film. A PerkinElmer Lambda 45 UV-Vis spectrophotometer (Waltham,
Massachusetts, USA) was used to record the reflectance spectra.

2.3. Computational method

In the present study, the structure simulations and all the other
properties were calculated using The Cambridge Serial Total Energy
Package module (CASTEP) [32]. The correlation and exchange effects
between electrons were considered with the generalized gradient
approximation of Perdew-Burke-Ernzerhof [33] (GGA-PBE). Further-
more, the calculations were carried out using the ultra-soft plane wave
pseudopotential method [34] with valence electron configurations of
4 523d1° for Zn, 2 s%2p* for O, and 2 s%2p? for C to describe the in-
teractions between the ionic core and the valence electrons and to allow
the present calculation to be performed with a cut-off energy of 450 eV.

Furthermore, in the case of metal oxides, the on-site Coulomb in-
teractions are notably strong for localized d and f electrons, but they are
also significant for localized p orbitals. Using GGA or LDA methods often
underestimates the band gap energy in these systems. Therefore,
GGA+U had potentially improved the insufficient description of
strongly localized electrons. In our study, the Hubbard U correction
(GGA+U) was employed to enhance the accuracy of our electronic
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Fig. 1. Representation of CVD graphene growth, electrochemical deposition of ZnO NWs on G/Cu surface, and the ZnO NWs/G nanohybrid transfer process onto
SiO,/Si substrate by electrochemical delamination of the Cu substrate.

Fig. 2. SEM images of ZnO NWs deposited on G/Cu (a,b) and ZnO NWs/G transferred onto SiO,/Si substrate (c,d).



1. Boukhoubza et al.

structure calculations. We adopted specific values for U, set at 10 eV for
Zn(3d) and 9 eV for O(2p), as reported in [35]. The Brillouin zone in-
tegrations generated automatically by the Monkhorst-Pack method were
performed over a 5 x 5 x 4 grid size for pure ZnO and 6 x 6 x 1 grid
size for a ZnO molecule adsorbed on the graphene layer. Furthermore,
the Grimme’s DFT+D2 method was employed to characterize the
adsorption energies and to correct the intermolecular forces between
ZnO and graphene. All the calculations were carried out with spin po-
larization; the convergence threshold for self-consistent iteration being
fixed at 10> eV/atom, and the lattice constants and all atomic positions
for each supercell being totally relaxed until the maximal force on each
atom was less than 0.03 eV/[D\, the internal stress was below 0.05 GPa,
and the displacement of each atom was below 0.01 A. Furthermore, a
3 x 3 graphene 2D structure was constructed with a k-point mesh of
6 x 6 x 1. A vacuum space of around 15 A was employed to prevent
inter-slab interactions.

3. Experimental results
3.1. Morphological characterization by SEM

Fig. 2(a, b) displays scanning electron microscopy (SEM) images,
obtained at different magnifications for ZnO nanowires grown on gra-
phene/Cu substrates. It can be seen that the ZnO nanowires are uniform
and dense, completely covering the substrate. The average diameter and
length of the nanowires are in the range of 20-40 nm and 100-300 nm,
respectively. Most of the nanowires exhibit a hexagonal cross-section,
both perpendicular and oblique angle orientations relative to the gra-
phene/Cu substrate being observed (Fig. 2(b)). The differences in
orientation are probably a consequence to the graphene’s wavy struc-
ture, created during the CVD-growth [36]. Although controlled depo-
sition of tailored, functional materials on graphene from an aqueous
medium is a challenge, owing to the 2-dimensional material’s highly
hydrophobic surface, the electrochemical deposition method has suc-
cessfully enabled the growth of ZnO nanowires [37]. Fig. 2(c-d) shows
the images of ZnO NWs/graphene film transferred onto SiO,/Si after
delamination from the Cu substrate and PMMA removal. It can be
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observed that, the ZnO nanowires uniformly cover the graphene surface
(see dark part in Fig. 2(c)) and that the high-quality graphene was still
present after the transfer. Additionally, it should be noted that a rela-
tively large-scale (few square centimeters), uniform, layer of graphene
was coated by nanowires and manipulated in a controlled way. As can be
easily seen in Fig. 2(c-d), the transfer of the ZnO NWs/G layer was
successfully achieved without destroying the specific architecture of the
heterostructure.

3.2. X-ray diffraction and Raman analysis

The X-ray diffraction patterns of ZnO NWs/G/Cu and ZnO NWs/G/
Si0,/Si heterostructures are shown in Fig. 3(a). For the ZnO NWs/ G/Cu
sample, the characteristic peaks at 31.89° (100), 34.56° (002), 36.4°
(101), 47.57° (102), 56.6° (110), 62.9° (103), and 68.07° (112) were
observed, and correspond to crystal planes of a hexagonal wurtzite
structure of ZnO (ICDD PDF no.00-036-1451) [35]. It is clear to see that
the additional characteristic peaks appeared at 20 = 43° and 51° are
accounted for the reflections from the (111) and (200) planes of the
copper substrate (ICDD PDF no. 04-009-2090) [38-40]. After the
transfer of ZnO NWs/G on SiO,/Si substrate, these two peaks dis-
appeared completely only the similar peaks of ZnO being preserved
comparing with the XRD data of ZnO NWs/G/Cu. Furthermore, it can be
observed that the intensity of the (002) peak in both cases is the highest,
which indicates that the ZnO nanowires have a preferential orientation
on the c-axis direction. Generally, graphene has diffraction peaks at
26.2° and 44.3° [41]. These peaks were not detected in the present
graphene containing heterostructure. This absence can be attributed to
the strong crystallinity of ZnO nanowires within the nanohybrid, which
weakens the diffraction patterns of carbon atoms in graphene [42].
Moreover, the ZnO NWs effectively covered the entire graphene surface,
resulting in prominent diffraction peaks. This observation aligns with
previous research, such as Yoo et al. findings, which noted that XRD
peaks for graphene were challenging to detect due to the limited
quantity and low diffraction intensity of graphene [43]. Additionally,
Zeng et al. reported that the graphene derivatives-related peak becomes
significantly weakened after the growth of nanowires, suggesting
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Fig. 3. (a) XRD Spectra and (b) Raman spectra of ZnO NWs/G/Cu and ZnO NWs/G/SiO,/Si nanohybrid.
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comprehensive coverage by ZnO nanowires [44].

Raman spectroscopy analysis of the ZnO NWs/G/Cu and ZnO NWs/
G/SiO,/Si using an excitation wavelength of 633 nm, showed the D, G,
D' and 2D graphene bands located at 1326, 1582, 1615 and 2658 cm’l,
respectively (Fig. 3(b)). According to the literature [45,46], the D band
is related to a ring specific mode of vibration of sp? carbon, being also
adjacent to a defect while the G band corresponds to the stretching of the
C-C bond being observed in all sp?-containing carbon materials. The
weak 2D band is the second order of the D band but is related to the
number of layers and not to a neighboring defect.

The characteristic Raman peaks for ZnO are: 291 cm™! (multiple-
phonon scattering processes), 429 em™! (E2nigh) confirming the hexag-
onal wurtzite of ZnO nanowires, and 610 cm ! (TA+A1(LO)) [47,48].
The peak at 520 em™? corresponds to the phonon band of Si substrate
[49]. These results confirm the uniform dispersion of ZnO nanowires on
graphene layer.

The low D peak to G peak intensity ratio confirmed the presence of a
graphene layer with low concentration of defects (for ZnO NWs/G/Cu
(Ip/Ig = 0.97) and for ZnO NWs/G/SiO2/Si (Ip/Ig = 0.78)), as seen in
Fig. 3. Based on the Iyp/Ig intensity ratio, most of the graphene can be
identified as being a bilayer graphene.

3.3. Diffuse reflectance analysis

The optical band gap value (Eg) of ZnO NWs/G nanohybrid was
calculated from the slopes of the diffuse reflectance (R) spectra (Fig. 4
(a)) using the Kubelka-Munk function F(R) [50]:

(1 — R%)*
2R%
By putting F(R) instead of a in the following equation:

F(R) =

( x hv)* = A(hv — E,)

where h is the Planck constant, v is the photon’s frequency, E; is the
band gap energy, and A is a constant. The measured reflectance spectra
can be transformed to the corresponding absorption spectra by applying
the Kubelka-Munk function. This yields the form :

(F(R) x hv)* = A(hv — E,)

Fig. 4(b) presents the Eg value of ZnO NWs/G nanohybrid calculated
based on the linear part extrapolation of the function (F (R) x hu)2
which is the Tauc’s plot equivalent, as a function of photon energy axis,
ho (eV). In this case, it was found that the ZnO nanowires layer has a
band gap energy of 3.11 eV, which is lower than the bulk ZnO band gap
(~ 3.37 eV). In the subsequent section, a theoretical study is presented,
study which could be useful in order to understand at the atomic scale of
the experimental observations.
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4. Theoretical results
4.1. Adsorption of ZnO molecule on graphene layer

To understand the interaction mechanisms between ZnO and the
graphene surface, we focus on the adsorption of ZnO on graphene. This
interaction plays a crucial role in the subsequent formation of ZnO/
graphene. By studying the adsorption behavior, we gain insights into the
binding energies, charge transfer processes, and possible changes in the
electronic structure, all of which are essential for understanding the
stability and functionality of the ZnO/G. In order to estimate the sta-
bility of ZnO coated graphene layer at various sites, the molecular
models of ZnO and graphene are shown in Fig. 5(a, b), the bond lengths
being for Zn-O (1.992 A) and for C-C (1.419 A). The adsorption energies
for three type specific sites of ZnO on graphene monolayer were taken
into account Fig. 5(c-e)): ZnO on the top of the carbon atom (Top-site),
on the mid of the C-C bond (Bridge-site), and on the center of the
hexagon (Hollow-site), the values being listed in Table 1. The calcula-
tion formula of the adsorption energy of ZnO on the G layer is defined as
follows [51,52]:

Eaa = Er@zno/c) — Ec — Ezno

where Er(z,0,/) represents the total energy of the ZnO adsorbent on the
graphene layer, Egrefers to the energy of the graphene monolayer and
Ezsocorresponds to the energy of a ZnO molecule.

The angle and the length of the Zn-O bond are 108.04° and 1.99 A,
respectively, which are very close to the previous theoretical results [26,
35,53]. As is well-known, the structure is more stable when the
adsorption energy is lower, otherwise being unstable. According to
Table 1, ZnO/ G (T-site) has the minimum adsorption energy,
— 1.93983 eV, versus ZnO/G (B-site), and ZnO/G (H-site). In addition,
the Zn atom is located at 1.797 A from the nearest carbon atom, which
closely matches the Van der Waals equilibrium spacing of 3.133 A, as
reported by Hu et al. [54]. As a result, when ZnO is coated onto the
graphene monolayer, the C-C bond length increases slightly, while the
Zn-O bond length changed slightly, which weakens the C-C bond
strength bond.

4.2. Charge density difference

In order to investigate the interaction between graphene surface and
the adsorbed ZnO molecule; we calculate the charge density difference
for the three position as shown in Fig. 6, where the charge loss and the
charge gain around atoms are represented by yellow and sky-blue color
lobes, respectively.(see Fig. 6(b)).

The differential charge density was calculated by the following
equation:

35
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28|
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Fig. 4. (a) Reflectance spectra of ZnO NWs/G/SiO,/Si; (b) Kubelka—Munk function versus photon energy of ZnO NWs/G/SiO,/Si nanohybrid.
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Fig. 5. Molecular models of ZnO (a) and graphene (b). Top views of the model adsorption structure; (¢) ZnO/G (Bridge site), (d) ZnO/G (Top site), and (e) ZnO/G

(Hollow site).

Table 1
Total energy, adsorption energy, Zn-C distance and schematic representation of
ZnO/G composites: B-site, T-site and H-site, respectively.

Structures Erznosc) (V) Eyq (eV) Distance (A)
Zn0/G (T-site) -4935.81569 -1.93983 1.795
ZnO/G (B-site) -4935.81183 -1.93597 1.648
ZnO/G (H-site) -4935.78697 -1.91111 2.214

Ap = p(graphene + ZnO) — p(graphene) — p(ZnO)

As we can see in Fig. 6, a significant amount of electron transfer took
place between the ZnO molecule and the graphene monolayer in all
three adsorption positions, indicating that the interaction between them
is much stronger. Indeed, the oxygen atoms has lost charge in favor of
the Zn and carbon atoms on the surface. In fact, the accumulation of
charge between the ZnO molecule and the carbon atoms is greater on the

(a)

-5.405e

+5.16e

two, hollow, and top, sites than on the bridge site. According to the
Bader charge analysis, the bridge, top, and hollow sites exhibit trans-
ferred charges of —0.245 |e|, —0.545 |e|, and —0.338 |e|, respectively,
indicating that the adsorbed ZnO molecule has lost a large amount of net
charge on the top site. Hence, based on the adsorption energies given
above, it can be concluded that the preferred site for ZnO molecule
adsorption is the top site.

4.3. Electronic structure properties

After finding the most stable geometry of ZnO NWs/G, we firstly
optimized a 2 x 2 x 2 supercell of ZnO (Zn;6016) crystallized in a hex-
agonal wurtzite structure (Fig. 7(a)), which belongs to the space group
P63mc and has lattice parameters a =b = 3.249 A and ¢ =5.215A
(0 =p =90° and y = 120°). Clearly, the computational results are in
good agreement with the experimental results [15,55,56] as well as with
the present findings. In fact, the deviation in lattice parameters between

Fig. 6. (a) ZnO/G (Bridge site), (b) ZnO/G (Top site), and (c) ZnO/G (Hollow site) model adsorption structures; The isosurface value for the spin charge is 0.005

e/A3.
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Fig. 7. Schematic representation of the structure of (a) ZnO NWs (b) ZnO NWs/graphene layer; the Zn atoms are marked with blue spheres, the O atoms with red

spheres and the C atoms with black spheres.

the calculated and standard values (ICDD PDF no.00-036-1451) was
less than 1%, suggesting that our calculations after optimization are
reliable and demonstrate the validity of our model. Recently, a lot of
research has been carried out on composite materials consisting mainly
of graphene and metal oxides [57,58].

The combination of these components with new physical properties
leads to a wide range of optoelectronic applications. In this study, we
optimized a supercell of ZnO which is already built on graphene layer
(Fig. 7(b)). According to our DFT calculations, ZnO prefers to be
perpendicular to the graphene plane, with the Zn atom on the top of C-C
bonds. Furthermore, the optimized cell parameters and distances be-
tween atoms in ZnO and ZnO/G composites are listed in Table 2.

The electronic properties of ZnO NWs and ZnO NWs coated graphene
layer in the Top-site case are plotted to estimate the effect of graphene
layer on the band structure of ZnO (Fig. 8). Furthermore, a schematic
description of the gap energy of ZnO and ZnO NWs on graphene is given
in Fig. 9. For pure ZnO, the band structures and density of states (TDOS
and PDOS) of ZnO NWs are shown in Fig. 8(a, b), respectively. As can be
seen in Fig. 8(a), the valence band maximum (MVB) occurs at Fermi
level at OeV, as directed by the Oxygen O-2p orbits, whereas the mini-
mum of the conduction band (MCB) lies at G point and is dominated by
Zn-4 s orbits (see Fig. 9(a)). Both MVB and MCB are located at G points
of the Brillouin zone, confirming that ZnO has a direct band gap. From
DFT calculations, for pure ZnO, only an approximate band gap of
0.74 eV may be obtained. This is far from that of 3.37 eV experimentally
obtained [51,52]. We therefore found 3.37 eV of pure ZnO using the
GGA+U method, with Up(2p) = 9 eV and Uz,(3d) = 10 eV, avoiding the
commonly lower value in the band gap calculation caused by the DFT
method. These results are in accordance with the experimental and
theoretical results [59-62].

Furthermore, Fig. 8(b) shows the total density of states (TDOS) and
partial density of states (PDOS) of pure ZnO, which combines both spin-
up and spin-down channels, showing that the valence band is essentially
composed of contributions from O-2p, O-2s and Zn-3d orbits. The con-
duction band mainly consists of O-2p, Zn-4s and Zn-4p orbits. Between
16 and O eV, the valence band is separated into three sections. In the
lower energy part of the VB from — 15.5 to — 13.8 eV is mostly
composed of the O-2s orbits with a small contribution of Zn-3d orbits.
Within the region of 8.8 to — 5.4 eV shows sharp and tight peaks which
are mainly formed of Zn-3d and partial O-2p orbits. The upper region of
— 5.4-0 eV consists mainly of the O-2p orbits with a partial contribution
of Zn-3d, as a result of d-p coupling. Further, the components of the
conduction band contain the Zn-4s, Zn-4p orbits and small contribution

Table 2
Calculated cell parameters, volume, total energy and equilibrium distances of
ZnO NWs and ZnO NWs/ G nanohybrid.

Cell parameters

a(d) cd Volume (A%) Total energy (eV)
ZnO NWs 3.249 5.215 47.696 -4292.57
ZnO NWs/G 3.354 5.316 51.732 -4447.12

of O-2p orbits.

Fig. 8(c, d) presents the electronic properties of ZnO NWs-coated
graphene in the top-site case. The total density of states (TDOS) and
partial density of states (PDOS), combining both spin-up and spin-down
channels, shown in Fig. 8(d) indicate that the VB is dominated by 3d
orbits of Zn and 2p and 2s orbits of O and C, whereas the CB is dominated
by 2p and 2s orbits of C, 2p orbits of O and 4s and 3d orbits of Zn. It can
be observed from Fig. 8(c), after the introduction of the graphene
monolayer, that the electronic properties in the range of — 20-20 eV are
modified, causing the appearance of new transition defects around the
Fermi level. In fact, this type of defect corresponds to the transition of
electrons from graphene to pure ZnO due to the presence of carbon
defects [63].

The introduction of graphene causes the displacement of VBs and
CBs to lower energy regions, affecting the electronic contribution posi-
tions of the orbitals with respect to pure ZnO, and resulting in a gap
energy of 3.10 eV, this energy arising from the VBM (O-2p) and CBM
(Zn-4 s) separation. This value of the gap energy (Eg.zno nws/G), could
equally be caused by the hybridization of O 2p and C 2p orbits shown in
Fig. 8(d). Furthermore, based on Fig. 9(b) coupled with the PDOS
analysis (Fig. 8(d)), part of 2p orbits of the carbon atom contribute to the
occupied orbits near the Fermi level, causing the reduction of the band
gap energy between the VB and CB, which is due to a large concentration
of electrons placed in the conduction band (CB) which can reduce the
band gap when ZnO is coated in the top-site on graphene layer. Our
results demonstrate that the calculated band gap value of ZnO NWs
coating a graphene layer using GGA+U is about 3.10 eV, which is lower
than pure ZnO and is consistent with the experimental value obtained
from the slopes of the diffuse reflectance (R) spectra (Fig. 4(b)). The
decrease on the electronic band gap could be also attributed to the
stacking of graphene layer with ZnO NWs, resulting in the energy level
division near the Fermi level [64]. In addition, the Dirac cone of gra-
phene (zero band gap) is clearly seen from Fig. 9(c). Our study of the
electronic characteristics of ZnO NWs and ZnO NWs/G reveals that the
decrease in the band gap is due mainly to the appearance of new tran-
sition defects around the Fermi level. Secondly, due to the presence of
these carbon defects, the positions of the electronic contributions of the
orbitals are modified compared to pure ZnO NWs, resulting in an up-
ward shift of the bottom of CB and a downward shift of the top of VB.

4.4. Optical properties

The optical properties of ZnO NWs and ZnO NWs/G, such as the
complex dielectric function (e(®)), reflectivity (R(®)), absorption coef-
ficient (a(®)) and optical conductivity are quantitatively calculated. In
this context, the dielectric function is regarded as the fundamental and
most significant characteristic for assessing other optical properties. The
complex dielectric function is defined using the relation:

e(w) =& (w) +ig;(w)

The values of the real part €, (@) are calculated from the imaginary
part &;(w) of the dielectric function using the Kramers-Kronig relations
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where o, P, u, Q, e and k are the incident photon frequency, the main
value of the integral, the polarization of incident electric filed, the unit
cell volume, the electronic charge and the reciprocal lattice vector,
respectively. The valence band is denoted by the superscript v, while the
conduction band is represented by the superscript c. Therefore, the ab-
sorption coefficient a(®), and reflectivity R(®) are described respec-
tively using the relations:

1/2
a(w) = \/C—iow[ £1(0) + & (0)* — & (a))]
R(0) = isl(m) tien(0) - 1 2
Ve (0) +ig(w) + 1

where ¢y is the speed of light in vacuum.

For a more detailed analysis of the optical properties of ZnO NWs and
ZnO NWs/G system, it was necessary to calculate the complex optical
conductivity 6(w) being given by [66]:

o(w) = 01(w) + iy (w)

61 (0) = 2nk(%)

()

o) = [1 = (" = )] (5

)
4.4.1. Dielectric function

To confirm the optical absorption properties and to explain the
electronic transitions under the operating conditions, the imaginary part
€2(w) of the complex dielectric function is presented in Fig. 10. For ZnO,
it can be observed that the dispersion spectrum starts to increase at
around 2.2 eV in the visible region and approaches its maximum value
of 2.94 at ~15.53 eV in the UV region. Three major peaks appear
around 3.2-4.5 eV, 6.5-10 eV and 15.53 eV. The first peak at 3.2-4 eV is
due to the electronic transitions in the highest VB (O-2p) to the lowest
BC (Zn-4s) [67]. The second and third peaks mainly arise from direct
electronic transitions between Zn-3d in the VB to O-2p and Zn-3d of VB
to O-2s of CB respectively [62]. For ZnO NWs coated graphene layer, a
new peak at 2.98 eV with a maximum value of 5.60 appeared. This
appearance is associated to the direct electronic transitions from the
0-2p to C-2p states [68]. As compared with ZnO NWs, the optical
transition shift suggests that the band gap energy is reduce, which is
consistent with the band structure results. Moreover, the e5(®) curve
increases in the UV and visible range after coating ZnO NWs on the
graphene layer, owing to the electronic transitions of C-2p states in the
CB.

4.4.2. Absorption, reflectivity and optical conductivity
The calculated absorption and reflectivity spectra versus incident
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Fig. 9. (a, b) Schematic description of the gap energy of ZnO NWs and ZnO NWs/G nanohybrid, respectively and (c) schematic description of Dirac cone formation;
The Fermi level is set to 0 eV for both the band structures and the total and partial densities of states of ZnO NWs and ZnO NWs/G nanohybrid.

photon energy of ZnO and ZnO NWs/G are ploted in Fig. 11. As given in
Fig. 11(a), ZnO exhibits a maximum absorption peak of approximately
15.5 eV. Most of the absorption intensities of ZnO are confined to the
ultraviolet region, owing to the low Zn-4s orbits in its conduction band
minimum (see Fig. 8(b)) and its wide band gap. In addition, the absence
of photo absorption in visible region for ZnO NWs is caused by the large

value of the band gap (3.37 eV). The optical absorption of the ZnO NWs/
G is enhanced compared to the ZnO NWs with the appearance absorp-
tion peak in the visible range around 1.5 eV. These absorption properties
of ZnO NWs/G of reveal an excellent visible light response. In addition,
the absorption curve shifted to lower energy regions from 16.6 eV for
ZnO to 15.8 eV for ZnO NWs/G. This red shift obtained in our work is
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due to the electron transition from the O-2p to the C-2p orbits (Fig. 8(d)).
Furthermore, the observed red shift in the absorption spectra of ZnO
NWs/G induced by electron transitions from O-2p to C-2p orbits repre-
sents a promising way to tune the optical properties of the material. This
tunability improves the adaptability of ZnO NWs/G in various applica-
tions. For example, it proves to be extremely advantageous in photo-
catalytic processes, as the increased absorption leads to the generation
of more electron-hole pairs, which leads to higher photocatalytic

Journal of Alloys and Compounds 976 (2024) 173109

activity. Fig. 11(b) revealing that the reflectivity of ZnO NWs is less than
0.07 in the visible region and increases in the UV region with a
maximum peak value of 0.25 at around 17.21 eV. For the ZnO NWs
coated graphene layer, the reflectivity of ZnO NWs/G is higher than that
of ZnO in the range 0-25 eV and shifts in the visible light direction with
the maximum reflectivity peak value of 0.98 at 1.97 eV.

In Fig. 11(c, d), the real o1 (w) and imaginary o, (®) parts of the op-
tical conductivity for ZnO NWs and ZnO NWs/ G are presented as a
function of photon energy. For both cases, the optical conductivity in the
visible and UV ranges of ZnO on graphene layer is higher than that of
ZnO, the first peak of o7 (w)appearing at 3.10 eV which corresponds to
the bandgap of ZnO NWs/G nanohybrid. The higher energy peaks of the
ZnO NWs/G shifted toward a lower energy region observed for the ZnO
NWs. As a result, the photoconductivity of ZnO NWs/G increases in the
visible region due to the enhanced optical absorption. This confirms that
graphene as a supporting substrate has enhanced the specific optoelec-
tronic properties of ZnO NWs. This is most likely caused by the existence
of defects, leading to an increase in total electron transfer and an in-
crease in optical conductivity. Therefore, the higher optical conductivity
in the visible region means that ZnO NWs/G are suitable for various
optoelectronic applications, such as: light-emitting diodes (LEDs), solar
cells and photovoltaic devices, in which efficient charge transport and
efficient absorption in the visible spectrum occur, are crucial.

5. Conclusion

ZnO nanowires on graphene heterostructures were prepared by
combining the CVD method with electrochemical deposition and
transfer procedure. The obtained experimental results revealed that the
ZnO nanowires crystallize in a wurtzite structure with a favored orien-
tation along the c-axis (002), being dense, homogeneous, and almost
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vertically aligned on the graphene layer. Most of the prepared nanowires
have diameters between 20 and 40 nm and lengths from 100 to 300 nm.
It was found that the coupling of the ZnO nanowires with the graphene
layer reduced the band gap of ZnO. Further, using the DFT study, under
GGA-PBE+ U and DFT-D2 methods, the density of states, band struc-
tures and optical properties of ZnO NWs/G were calculated. The
adsorption energy shows that the structure of the ZnO top site on gra-
phene layer is more stable. Further, it was found that ZnO NWs/G
nanohybrids have an enhancement in optical properties and optical
conductivity in the UV and visible light ranges compared to ZnO. We
assume that the present study will provide consistent fundament for
understanding the potential of ZnO NWs/G nanohybrids in optoelec-
tronic devices, especially in sensor applications and will inspire addi-
tional research.
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