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HIGHLIGHTS ABSTRACT

e High-quality graphene Nanofilm has been
deposited

o Graphene film nanostructure Layer by Layer
was fabricated and characterized

e Due to its applications in advanced
technologies considerable focus has been
attached to the synthesis of graphene films

Graphene nanofilms were deposited by the spray coating method at different
concentrations (0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 g) and prepared at 120°C. The
prepared nanofilms were characterized in terms of their structural, morphological,
optical, and electrical properties. The results confirm the formation of high-purity
and high-crystallinity graphene nanofilms with a layered nanosheet morphology.
The X-ray diffraction pattern shows the presence of pure graphene with (002)
crystal planes. SEM Images show that the intended graphene films are symmetrical
with few wrinkles on their surface. The graphene films show semi-transparent

ARTICLE INFO behavior with a maximum transmission of 50%. Raman spectroscopy shows that
the relative intensity, position, and shape of the G and 2D Raman peaks change
Handling editor: Makram A. Fakhri with the number of graphene layers. The electrical conductivity increases with
temperature, and the conductivity can be further increased depending on the metal
Keywords: or metal oxide functionalization. The electrical conductivity of the graphene film

deposited at a concentration of 0.3 g was significantly higher than the values
reported for other concentrations. The results of this study suggest that the physical
and electrical properties of spray-coated graphene films can be optimized by
: : controlling the solution concentration, which could have potential applications in
Optical properties transparent conductive films.

Structural properties

Graphene films
Spray coating
Transparent conductive films

1. Introduction

Graphene has attracted much attention due to its exceptional properties, including conductivity, porosity, elasticity, and large
surface area [1]. As the newest member of the nanocarbon family, graphene is a two-dimensional, sp>--bonded carbon material
that exhibits a honeycomb crystal lattice structure with a carbon-carbon bond spacing of about 0.142 nm in a single graphene
sheet [2,3]. Its unique properties have made it a popular choice for various applications such as transparent conducting electrodes
and large capacitors . Graphene also exhibits strong mechanical properties, crucial electrical conductivity [4], high barrier
properties, and good catalytic properties [5-7]. However, the structure and properties of graphene may vary depending on the
production method used. Graphene films have been produced by various methods, such as chemical vapor deposition [8], spin
coating, spray coating, inkjet printing, vacuum filtration, and micromechanical cleavage of graphite [9]. Each of these methods
has its advantages and disadvantages and produces graphene layers of varying thickness and homogeneity. The number of layers
and the dispersion efficiency of graphene layers have a significant impact on their physicochemical properties. One problem
encountered in dried graphene dispersion solutions is the tendency of graphene sheets to aggregate due to van der Waals and p-
p stacking interactions [10, 11]. However, when a graphene sheet interacts with uniformly distributed nanoparticles (NPs) on a
surface, it can lead to a highly defined new graphene with a specific surface area. In addition, NPs can act as stabilizers and
prevent the formation of individual graphene sheets that bind together via strong van der Waals interactions. Many studies have
investigated the interaction of metal oxides with graphene nanoparticles such as TiO», SnO,, and Fe,O3 [12]. The main negative
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aspects of graphene are as follows (i) its fabrication is not scalable, (ii) it has no functional groups (which are required for
adsorption of gasses/vapors), and (iii) it has no band gap [13-15].

The properties of graphene are influenced by factors such as the number and thickness of graphene layers and the density of
defects [16,17]. Due to its ultrathin thickness and unique nanostructure, graphene can act as an impermeable film for small gas
molecules [18]. Several studies have been conducted to fabricate graphene films with highly transparent conductive properties,
such as the 2013 work by Xiying Ma and Hao Zhang, which investigated the CVD process, and the 2014 study by Fatima Tuz
Johra et al. which investigated the assembly of graphene on a solution-based platform. In 2016, Arshad Wazir et al. fabricated
graphene nanosheets by rapidly reducing microwave-induced electrically exfoliated graphene oxide. However, a common
problem in fabricating transparent conductive electrodes with graphene nanomaterials is agglomeration of the nanomaterial on
the surface.

Recently, graphene-based materials have attracted much attention in various fields, including energy storage systems,
electronics, chemical sensors, optoelectronics, nanocomposites, and even in healthcare, e.g., as osteogenic materials [19]. To
overcome the challenges in depositing graphene films, researchers have explored alternative methods such as spray deposition.
Deposition of thin films from solutions by spray deposition has gained interest due to several advantages over conventional
methods. These include the ability to deposit films with large surface area, low-cost preparation, cost efficiency, equipment
without vacuum, and flexibility [20].

Compared to spin coating, spray coating does not require adding organic additives to the solution to increase adhesion or
prepare the substrate surface to improve adhesion. This technique is easy to use, adaptable, and affordable, and it does not require
any chemicals or substrate preparation. Researchers have studied the structural, electrical, and optical properties of spray-coated
graphene sheets at different concentrations. In particular, a concentration of 0.3 g yielded significantly higher values compared
to recently reported results at other concentrations. The properties of spray-coated graphene sheets can be used for various
purposes, including transparent conductive films.

2. Materials

Slides of the soda-lime glass of about (2x1.5 cm) were used as substrates for the deposition of graphene films. It is important
to clean the substrates as impurities will affect them. To remove impurities and dust before deposition, the glass substrate was
washed with alcohol and placed in an ultrasonic bath for 20 (minutes). Then the substrate was washed with distilled water and
dried with dry nitrogen gas. To prepare the graphene film, 20 (mL) spray solutions were used at concentrations of 0.05, 0.1, 0.2,
0.3, 0.4, and 0.5 (g). The solutions were sprayed onto the substrate, which was heated to a temperature of 120 (°C). The flow
rate of the solution was (5 mL/min), and the carrier gas was compressed air. The distance between the substrate and the nozzle
was 30 (cm). Dimethylformamide (DMF), one of the most commonly used solvents to prepare graphene, was used to scatter
these graphene samples. DMF with a purity of 99.9% was purchased from Sigma-Aldrich (Sigma-Aldrich Company Ltd.,
Gillingham, UK) for use in this study. Use a magnetic stirrer for 60 (minutes) to prepare homogeneous solutions.

After spraying, the substrates were kept on a heater and cooled to room temperature. An X-ray diffractometer (XRD6000,
Shimadzu, Japan) with Cu Ka-line radiation (A = 1.5406A) was used to analyze the crystalline structures and phases. The
morphology of the deposited films was characterized with an atomic force microscope AFM (Ntegra NT-MDT). The spectral
transmission was measured with a UV-Visible/NIR spectrophotometer (JASCO V780). Scanning electron microscope (SEM),
(TESCAN, Vega III, Czech Republic) was used for Raman spectroscopy (Senterra Raman Microscope, Bruker, Germany).

3. Results and Discussion

Figure 1(a-f) represents the XRD patterns of graphene films produced at a deposition temperature of 120°C with different
concentrations of graphene . The diffraction peak at 20 approximately 26.5° is seen in the figure which is due to the stacking of
graphene layers at the substrate surface with different graphene concentrations 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 (g). The crystal plane
showed the typical (002) diffraction peaks indicating the formation of graphene through spray pyrolysis. The intensity of the
(002) peak tells us something about the thickness of the nanosheets. The diffraction spectrum shows that the intensity of the
preferred direction increases with increasing graphene concentration. The XRD result of graphene is in good agreement with the
previously published reports on graphene [20].

SEM was used to examine the surface morphology of the films as they were being deposited (SEM). Typical SEM pictures
of a graphene sheet are shown in Figure 2. The SEM images show that the intended graphene films are symmetrical with few
wrinkles on their surface. Characteristic wrinkled transparent regions are observed. The flaky appearance and tortuous intrinsic
nanosheets of graphene are both inherent properties of the material [21].

The three main bands of interest (G-band, D-band, and 2D-band) in the Raman spectra of graphene are shown in Figure 2.
The bands represent the number of graphene layers and the sample quality. D and 2D bands are always present, with the D band
observed only in samples with defects. The G-band, which is localized around 1580 (cm™), is the most essential spectral property
of graphene. It is extremely sensitive to stress effects and is related to the number of graphene layers. The status of the G-band
shifts to lower frequencies as the number of layers increases. Also, the G-band is susceptible to doping. The D band, also known
as the perturbation band, is created by a shift in the lattice away from the center of the Brillouin zone and has a frequency
dependency on the laser. The Raman spectra of a graphene structure can be seen in Figure 3, which normally includes three
primary bands: D at 1352 (cm™), G at 1584 (cm™), and 2D at 2660 (cm™). When the Raman shift is 1352 (cm™), there is a
prominent D peak caused by a structural fault inside the graphene's carbon lattice. The D band, also known as the disorder band
or the defect band, illustrates a ring breathing mode from sp2 C rings, however, it is only active when it is close to a graphene
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edge or a defect. With high-quality graphene, the D band is often weak as well. If the D band is significant,it indicates that the
graphene has many defects. The intensity of the D band is related to the amount of flaws in graphene.When the Raman shift is
1584 (cm!),the in-plane vibration of an sp2 hybrid carbon atom produces the other G peak.When the Raman shift is 2660 (cm"
1,the stacking mode between C atoms induces a 2D peak, however,the intensity of the 2D peak is not significant. As a result,
even when no D band is present, the 2D band is always strong in graphene and does not reflect imperfections. Apart from the
three unique peaks stated above, the spectrum also features an order Raman scattering peak with a Raman shift of 2910 (cm™).
As aresult, graphene nanosheets have a multi-layered structure [22-25].
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Figure 2: SEM Image of the graphene film deposited on glass at 120 (°C) with different concentrations
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Figure 3: Raman Spectroscopy analysis for graphene films at different concentrations

(0.05,0.1,0.2,0.3,0.4,0.5) g

The visible light transmission rate of graphene samples is shown in Figure 4. When graphene concentration is increased.
The optical transparency decreases with increasing film thickness. In contrast, the transparency of the low-focus sample increases
by 50% in the visible wavelength range of 400-800 (nm) and increases with wavelength. At long wavelength light range 600-
800 (nm), the films of graphene were transparent. The higher transmittance is extremely beneficial for optoelectronic devices
because the light in (400-800 nm) range has high energy. The transmittance of graphene samples (in the 1000-3000 nm)
wavelength near-infrared region. The transmittance was constant in the infrared wavelength range, except 2750-3000 (nm), when
it increased by approximately 2.5%. The lowest transmittance of the samples in the visible and near-infrared region was more
than 50%, which is consistent with the optical case of the transparent conductive films. The transparency of graphene reduced
dramatically as its thickness increased. The exceptional transparency of our samples can be due to the graphene films' many
graphene flakes, which allow light to pass through small holes between the flakes [26].
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Figure 4: Average transmission with graphene content and light transmission of graphene

sample range from (400 -1300 nm)

The electrical resistance of the prepared films was measured by heating the films at 30-150°C and determining the change
in resistance of the films at different temperatures. One of the characteristics of semiconductors is the continuous increase in
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conductivity values with increasing temperature. Figure 5 displays the change in (Inc) as a function of temperature for graphene
film. The electrical conductivity increases with increasing temperature, and the conductivity of graphene can be increased
depending on metal or metal oxide functionalization. Graphene conducts electricity because it has free electrons moving along
its structure. The two-dimensional hexagonal structure of carbon allows for the free packing of electrons in the graphene material.
The electric flux travels easily through graphene, making it a superconductor of electricity. Graphene conducts electricity due to
the drift of electrons that can carry electric current and pass electric flow through the material.
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Figure 5: The variation of (Inc) as a function of the reciprocal of temperature for graphene films

Figure 6 of merit (FOM), which is an optimization between electrical conductivity and optical transparency, can be
determined from an estimated FOM, and the performance of the transparent conductive film can be evaluated using the following
Equation 1:

F.0.M = 1/p1nT (1)

where p is sheet resistance (Q2.cm) and T is the average of transmittance, Derived from FOM in this study, (0.3) was much higher
than recently reported values at other graphene concentrations.
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Figure 6: The figure of merit with graphene concentration
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4. Conclusion

In this study, graphene films at different concentrations (0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 g) were deposited on glass substrates
using the spray coating method at a temperature of 120°C. The structural properties confirmed the formation of a layered
nanosheet morphology, and high-purity and high-crystallinity nanofilms were produced. X-ray diffraction showed the typical
(002) diffraction peak, indicating the formation of graphene by spray pyrolysis. SEM Images showed that the graphene films
were symmetrical with few wrinkles on their surface. Raman spectroscopy showed that the relative intensity, position, and shape
of the G and 2D Raman peaks changed with the number of graphene layers. The optical properties of the graphene films allowed
the formation of semi-transparent films with a maximum transmittance of 50%. The electrical conductivity of the films increased
with increasing temperature, and the conductivity of graphene can be increased depending on metal or metal oxide
functionalization. The FOM value of the graphene film deposited at a concentration of 0.3 g was much higher than recently
reported values at other concentrations. The results show that the physical and electrical properties of the spray-coated graphene
films can be optimized by controlling the solution concentration. The high transparency and conductivity of the films suggest
potential applications in transparent conductive films. These findings may be valuable for further research and development of
graphene-based materials for various optoelectronic applications.
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