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Abstract
The simultaneous synthesis and application of graphene layers (graphenoid) materials directly onto a
surface, or the direct construction of specific structures with this kind of material, could lead to
significant developments in various scientific fields. In this study, graphene layers were synthesized
directly applied to a target surface using an instantaneous reduction method based on the incidence of
an electric arc that reduce cyclohexane vapor on the surface. The surface evaluated was fiberglass, a
material with a curved shape and high contact angle, representing a challenging or even worst-case
scenario for such depositions. As a result of process features, as well as its evaluation at different time
intervals, graphene layered structures with varying shapes, thicknesses, roughness, porosities, and
topographical profiles were obtained. Furthermore, the obtaining of compact and mechanically resistant
structures was also observed. Throughout the study, the key attributes of this method were presented
and discussed, demonstrating its potential to advance the field of direct graphene-based materials
synthesis and application.

1. Introduction
Graphene remains being a material of great interest for various applications, due to its excellent
properties such as mechanical strength (1,060 GPa), thermal conductivity (∼5,000 W m− 1 K− 1), electron

mobility (2 105 cm2 V− 1 s− 1), Young's modulus (∼1 TPa), surface area (2,630 m2 g− 1) and electrical
conductivity (∼2,000 S m− 1) among others [1]. Thus the development of methods to produce graphene
structures with high quality in a clean way remain been a technological demand for further
developments.

Numerous studies have evaluated the production of graphene or few layers graphene (graphenoid)
materials through discharge arc technologies [2–9]. In these works, different experimental setups and
process approaches have been evaluated and resulted in materials with different characteristics.
According to them, factors such as reaction chambers and electrodes (design and materials) [3–9], arc
distance and gradient of temperature around it [5, 6], applied current [7], carbon source (C3H8 [3], CH4 [4],

graphite [5, 9]), presence of chemicals as buffer gases (Ar, He, N2, H2, NH3, CO2 and air in different
concentrations our mixtures [2–9]), system pressure [3–5], and even the use of magnetic field [3],
resulted in graphene-like materials with different characteristics in terms of composition, morphology,
number of layers, and defects. According to some of these studies, these variables also influence the
materials purity [9], crystallinity [5], specific surface area [3, 5] and oxidation resistance [9].

In a previous study [10], we demonstrated the production of graphene flakes in a single step using a
“bottom-up” approach with cyclohexane as the carbon source in a non-thermal plasma system. The
experiment was conducted in a two-neck volumetric flask, where a voltaic arc was generated between a
316L steel electrode and a mineral graphite electrode, both immersed in cyclohexane under an N2

atmosphere [10]. Additionally, it was verified that graphene could be produced directly applied on a
substrate’s surface, eliminating the need for steps such as inks preparation and application. Therefore,
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this development may enable specific applications of graphene, particularly in scenarios where ink-
based methods are not feasible. Furthermore, compared to chemical routes, this method is faster,
generates no liquid waste and reduces costs in graphene production [10].

In this work, as a next step in our development, we modified the experimental setup and increased
system dimensions. The reaction chamber was adjusted in both size and shape, and the electrodes were
modified in terms of material, size and shape. The addition of the carbon source was changed from
using a reaction chamber filled with liquid cyclohexane to a chamber containing cyclohexane vapor.
Additionally, studies were conducted on graphene depositions using different process times in order to
explore the new experimental setup for obtaining different types of deposits. These studies aimed to
analyze the structures and morphologies produced by the technique and to gather more information
about the process features.

The use of fiberglass as substrate for method evaluation is particularly interesting due to its properties,
such as mechanical strength, lightness and durability [10–12], as well as its extensive application in
sectors like construction, automotive, and aerospace industries [10, 13–15]. These applications could
potentially be expanded to others sectors and technologies through the combination of fiberglass and
graphene layers properties. Furthermore, fiberglass has a curvy shape and exhibits hydrophobic behavior
[10], which tends to hinder the application of other materials on its surface. Thus, the method is being
evaluated under a kind of worst-case scenario.

2. Experimental

2.1 – Direct graphene synthesis
In this study, the reaction chamber used was a cylindrical glass electrochemical cell with a diameter
around 18 cm and a height of 12 cm. Its lid had openings with a diameter of ~ 1.0 cm, which allowed the
passage of electrical wires and hoses for supplying reagents, and were closed with a polymeric film. In
this chamber, two electrodes (graphite plates) with face dimensions of approximately 7.0 x 4.0 cm and
thickness of 2.0 cm were parallelly positioned, with a distance of around 2.0 cm between their surfaces.
The substrate to receive the direct synthesis of graphene layers (also referred to as “deposition”
hereafter) was placed on a electrode surface and exposed to the inert atmosphere. The carbon source
(cyclohexane vapor) was introduced by adding ~ 1.0 ml of liquid cyclohexane (analytical grade, from
Aldrich) into the reaction chamber per minute of experiment, allowing it to evaporate. Nitrogen (N2) was
used as the inert gas. The Fiberglass-E-glass substrate (54% SiO2, 14% Al2O3, 6% B2O3, 22% CaO, and

traces of MgO, K2O, Na2O, Fe2O3 and F2, each below 1%) [10] was purchased from Casa da Resina - Belo
Horizonte, Brazil.

A 60 kW DC power generator [10] was connected to both electrodes, to establish a potential difference
between them generating voltaic arcs, to reduce the reactant vapor forming solid materials. Such
deposition procedure was performed at durations of 5, 10 and 30 minutes. These samples were
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respectively designated as fiberglass with short time deposition (Fg-Short-dep), fiberglass with mid time
deposition (Fg-Mid-dep), fiberglass with long time deposition (Fg-Long-dep), and for comparison the
fiberglass without deposition (Fg-no-dep) is also characterized and presented in results section. The
produced samples were washed with deionized water and then dried for 1 hour in an oven at 60°C.
Figure 1 illustrates the experimental setup.

2.2 - Characterization
The materials were characterized using Transmission Electron Microscopy (TEM) performed in a JEOL
JEM-2100 operating at 200 kV, Scanning Electron Microscopy (SEM) with a Jeol JSM-6701F and X-Ray
Diffraction (XRD) using a Miniflex II diffractometer, with a Cu kα radiation of 0.15406 Å, set at a 2Ɵ range
of 10–90°, with 2° min− 1 scan speed. The Raman spectra were collected using a MacroRam from Horiba
Scientific, with a laser at 785 nm. Atomic Force Microscopy (AFM) was performed in a Multimode 8 from
Bruker, under ambient conditions, using Peak Force Tapping mode with ScanAsyst-Air probe - resonant
frequency ~ 70 kHz, spring constant ~ 0.4 N/m from Bruker).

3. Results and Discussion
The potential difference established between the electrodes in the evaluated experimental arrangement
resulted in the formation of electric arcs between them, as expected. These arcs instantaneously
reduced the cyclohexane vapor upon contact. By adjusting the experimental setup (section 2), the
reduction process occurred continuously, producing solid reduced material on the surface of the “target
substrate”.

The Raman spectroscopy analysis (Fig. 2A) allows us to verify that: (I) due to the increase in deposition
time, the Raman signal of the fiberglass structure, which presents a broad peak with a maximum
intensity point at 1388 cm− 1 (red dashed line), was progressively suppressed, and (II) the peaks related
to the deposited materials (black dashed line) appeared close to 1328 cm− 1 and 1585 cm− 1, which
correspond to graphene D and G bands, respectively [1, 16, 17]. The comparison between Fg-Long-dep
(30 min deposition) and Fg-Mid-dep (10 min deposition) allows the verification that the called
suppression also occurs at others wavenumber (3253, 2560, 1972, 1765, 1513, 1160, 897, 565 cm− 1) of
the Raman spectra.

In turn, the 2D band of the deposited materials are located at 2583 cm− 1, indicating depositions with few
layers [1, 10, 16, 17]. It is interesting to observe that the 2D band appears in Fg-Mid-dep with greater
intensity than in Fg-Long-dep, which initially might seem unexpected, since the D and G peaks are more
intense in Fg-Long-dep due to the longer deposition time. However, the 2D band is formed due to a
resonance event involving photons and is influenced by the structure and stacking of the graphene layers
[1]. Thus, it is possible that the characteristics of the deposit obtained, on the curved surface of the
fiberglass, have attenuated the resonance as more layers were stacked. This could occur due to a less
regular stacking of graphene layers compared to what would happen on flat surfaces and/or due to



Page 5/15

structural disorder inducing out-of-phase vibrations, thereby reducing the resonance and consequently
the intensity of the 2D peak. This is supported by the defect index (ID/IG) from Raman spectrum. The
ID/IG calculated for Fg-Long-dep, which has D and G bands well defined is 1.53, while for Fg-Mid-dep is
1.38 corroborating that the increasing in deposition time could promote increasing in structural disorder.
The value of ID/IG obtained for Fg-Short-dep is 1.03; however (although consistent with the others), this
measurement may be inaccurate due to the influence of the fiberglass spectral response in this analysis
(as stated before). Therefore, since high-quality graphene prepared through the graphite exfoliation
method presents ID/IG close to 1.0 [1, 17], and the direct synthesis method used in this study involves
the superimposition, reduction, and joining of individual molecules, the obtaining of deposits with some
irregularities and defect index until 1.53 can be considered satisfactory.

The infrared analysis (Fig. 2B) shows that the fiberglass exhibits its main spectral response in a peak at
895 cm− 1 which corresponds to the Si-O-Si bond vibrations. The peak at 695 cm− 1 concerns to the Si-O
bond vibrations. Peaks of low intensity between 1300 and 2400 cm− 1 correspond to the presence of

other oxides, including CO2 (~ 2350 cm− 1) [18] from the analysis room, and a band centered at 3400

cm− 1 is associated with the Si-OH bond and OH groups [19–21]. Similar to the Raman spectra, the
graphene deposits attenuated the response of the fiberglass in the infrared spectra (FTIR), which
reduced the intense peaks of the fiberglass below 1200 cm− 1 and, above this wavenumber, resulted in
the obtaining of a noisy baseline.

In graphene synthesized through traditional methods, such as graphite exfoliation, the reactions often
introduce oxygenated species into the sheets, resulting in the formation of reduced graphene oxide
(RGO). This material can be identified in the infrared (IR) spectrum by characteristic peaks, such as the
C–O stretch (1220–1250 cm⁻¹), C = O stretch (1720 cm⁻¹), and O–H stretch (~ 3400 cm⁻¹) [22–24].
Beyond these, a weak peak related to the vibration of C = C sp² bonds is typically observed at ~ 1620
cm⁻¹ [7, 16, 23–26]. However, in pure graphene, due to the symmetry of its structure, the vibrational
modes that appear in the Raman spectrum do not generate a response in the IR spectrum, leading to the
absence of well-defined peaks in the IR spectrum [27–29]. Thus, the absence of observable peaks
related to oxygenated species and to C-C sp2 vibration (~ 1620 cm− 1) in the infrared spectra (Fig. 2b)
suggests that the direct synthesis method, using only cyclohexane and electrons (from the arc) in
nitrogen atmosphere, produced graphene without inclusions of oxygenated species.

The X-Ray Diffraction (Fig. 2C) of the fiberglass without any deposition shows an amorphous profile with
a broad band of higher intensity around 30° in 2Ɵ. For all fiberglass samples that received graphene
deposition, the XRD patterns exhibit a broad band with maximum intensity between 22 and 25° in 2Ɵ,
which are attributed to the formation of graphene flakes on these fibers [10, 30]. These broad peaks have
low intensities, indicating that the deposits are thin, i.e., correspond to few-layer structures, in agreement
with Raman data. Additionally, the increase in deposition time results in a higher intensity of the peak
near 22° in 2Ɵ, reflecting an increase in the thickness of the deposited material, which also aligns with
Raman observations. Since the X-ray diffraction technique reveals defined peaks only for materials with
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regular crystalline structures, the broad and low-intensity pattern observed in Fig. 2c indicates that the
deposits made are quite irregular, which also is consistent with Raman data.

In this work, the characteristic random propagation of voltaic arcs (i.e., along the trajectory between two
points with lower resistivity [30]), combined with others process variables — such as the concentration
and flow of the chemical vapor being reduced at each instant, as well as its mixture with other gases
(possibly formed as reaction products in the medium) — results in a point-to-point non-linear increase in
material deposition on fiberglass surface over time. Similarly, these features also enable the formation
of deposits with various morphologies. Thus, the presentation of micrographs (SEM and AFM) aims to
elucidate how the different deposits were obtained.

The micrograph in Fig. 3A shows a fiberglass with little deposits (Fg-short-dep) of graphene (lighter tone
structures) in a localized manner. This kind of application is possible because the deposition only occurs
when there is the Vapor Precursor of the Deposit (VPD) close to the surface of the target material and
this VPD receives the incidence of the voltaic arc. Thus the concentration of the VPD on the 'target
surface' and the incidence and intensity of the arc are process variables capable of promote a point-to-
point graphene deposition.

By increasing the deposition time, as observed for sample Fg-Mid-dep (Fig. 3B), the deposition becomes
more extensive, indicating the stacking of multiple layers of reduced VPD on the 'target surface'.
Figure 3C (Fg-long-dep) shows the section (fracture) of a thicker graphene layer, in which can be seen
depositions with morphologies varying in roughness and porosity point-to-point. This occurs because,
when the voltaic arc remains over the same region of the 'target surface' for several seconds, the gases
produced by the reduction of VPD in the presence of N2 may limit the availability of VPD in that area, and
this lack of VPD prevents further deposition. However, when the voltaic arc moves across the surface,
the diffusion of VPD inside the electrochemical cell increases its concentration in previously deficient
areas, allowing new depositions to occur. Consequently, the movement of the voltaic arc and the
structure formed around the last deposition point can make the subsequent deposition occur with a
certain 'distance' from the surface of the previous application. Thus, this process results in deposits
more or less 'porous' depending on variables such as VPD concentration, N2 concentration, the products
of VPD reduction, and the movement of the voltaic arc.

The images in Fig. 4 demonstrate that, with the appropriate set of variables, graphene deposition can
result in a compact structure with strong adhesion. Figure 4A shows several fibers joined by the
graphene deposition, and this union was strong enough to prevent their detachment. In fact, these fibers
were subjected to mechanical stress aimed at separating them, and the fibers fractured in regions that
did not receive any deposition, instead of separating or breaking in areas where the graphene was
deposited. This highlights the adhesion strength provided by this graphene deposit. Figures 4B and 4C
reveal that the graphene deposition created a three-dimensional structure with several micrometers in
length and morphology exhibiting fine and varied details on a fiber. This demonstrates that the process
can be refined to achieve deposits with controlled details at smaller scales. It is worth noting that this
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structure, despite having small support points relative to its dimensions, remained attached to the
fiberglass surface through storage, transportation, and sample preparation for SEM analysis, which is
also evidence of the mechanical resistance provided by this compact graphene deposition. The
evaluation of mechanical properties, such as adhesion or tension strength, is beyond the scope of this
study, but could be addressed with appropriate characterization in future studies.

In order to analyze surface morphology, AFM, a very useful tool for studying topography due to its ability
to provide information on the Z scale, was used in Peak Force Tapping mode to obtain data from the
samples with and without graphene deposition. The Fb-no-dep sample shows the irregularities of the
fiberglass surface, as observed in the height and 3D view images (Figs. 5A and A’). After the deposition
process begins, a different structure is formed on the fibers surface, as can be seen in Figs. 5B, C and D.
On the left side of Fig. 5B can be seen a structure that is the edge of a graphene deposit. This structural
pattern may be attributed to a change in the direction of the voltaic arc during the deposition process
along a specific trajectory. By increasing the deposition time and analyzing different regions of the fiber,
graphene growth can be observed to occur in an overlapping manner, producing stacked layers. In
Fig. 5C, this growth likely occurred when the voltaic arc “oscillated” or ”moved” multiple times between
two points on the fiber surface, applying layers one by one in each pass along the aforementioned
trajectory. Figure 5D shows the intersection between groups of graphene layers formed in two directions,
in a “V” shape. This deposition pattern was obtained by the alternated movement of voltaic arc between
two trajectories, i.e., after applying graphene layers along one trajectory for some time, the arc changed
direction and deposited layers along another trajectory, and so on, resulting in the organized three-
dimensional structure. The controlled preparation of this type of graphene structure is particularly
promising for electronic devices (e.g., tracks in microprocessors) or biomaterials (e.g., scaffolds for
implants).

The white lines in Fig. 5A to 5D represent the trajectory used for the cross-section analysis, with the
respective profiles shown in Fig. 5A” to 5D”. In the Fb-no-dep sample (Fig. 5A”), which has a curved and
irregular surface, these irregularities generally exhibit heights on the order of 10 nm, occasionally
reaching values close to 100 nm. As previously mentioned, the formation of graphene structures on the
fiberglass surface was achieved through the stacking of several layers. At the edge of the graphene
deposits (Fig. 5B”), the heights vary by a few nanometers from point to point and approximately 30 nm
between peaks and valleys. Similar structures are observed in the stacked layers shown in Figs. 5C and
5D. In Fig. 5C”, the topographic profile reveals graphene layers stacked in a steps-like pattern, with
heights ranging from 12 to 56 nm. In turn, the graphene layers alternately stacked in a “V” shape
(Fig. 5D”) exhibit topographic heights ranging from 24 to 204 nm. These results demonstrate that, under
the studied conditions, several layers of graphene were deposited simultaneously. Regarding surface
roughness, the root-mean-square (RMS) analyses shows a decrease from 22 nm on the fiberglass
surface (dashed square in Fig. 5A) to 1.3 nm on the graphene surface (dashed square in Fig. 5D), an
expected result since the graphene surface is smooth.
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The results demonstrated that the method was capable of synthesizing graphene directly on the target
surface — in this case, the challenging curved, irregular, and hydrophobic surface of fiberglass. Graphene
deposits were obtained with diverse thickness, roughness, porosity, and topographic profiles, as well as
compact structures with nanometric details. As stated before, the hydrophobic nature of both fiberglass
and graphene typically hinders their union to other materials through conventional methods, such as ink
formulation and application. However, the method evaluated in this study successfully overcame this
obstacle, creating graphene layers strongly bonded to the target surface.

In addition, since voltaic arcs propagate randomly, (along the path between two electrodes with the
lowest electrical resistivity), the distance between the electrodes and their shape are variables that could
enable greater control over the deposition process. Furthermore, parameters such as the diameter and
intensity of the electron beam (generated as a voltaic arc), as well as the flows of VPD and inert gas (N2),
could be optimized to achieve better control over the structure of the deposited material. In this sense,
the ability to control gas flows in the voltaic arc trajectory through a specific injection system is an
important aspect for future developments. These improvements might enable the synthesis of graphene
structures with: (1) selective deposition at specific points on the target surface (creating regions with
applied material or empty spaces, as required), and (2) control over the formation and type of pores in
the deposited material, both allowing the construction of three-dimensional (3D) structures. This
capability of direct graphene synthesis with three-dimensional architecture is promising for applications
in electronic devices, bioimplants, and other fields.

As mentioned, during the process, the concentration of VPD can be influenced by gases that could be
formed in the medium during VPD reduction, and these gases may limit the continuous supply of VPD to
the substrate surface, consequently affecting the characteristics of the deposited material. Thus, the
verification of gas formation, their identification and quantification, as well as the assessment of their
effects on the characteristics of the deposited material also require further studies. Improvements
aimed at eliminating the adverse aspects of these possible gases, as well as developments aimed at
controlling their flows or removing them from the medium, may be considered if necessary. The
evaluation of these characteristics, as well as the handling and use of this information in controlling
deposition and pore formation, should also be addressed in future works.

In parallel with the mentioned efforts to optimize the deposition process, further development focusing
on miniaturization could enable this method to fabricate graphene structures with sub-nanometric
thicknesses, i.e., dimensions even smaller than those achievable using current lithography with gold or
other materials [31].

In both cases, the establishment of a finely controlled material deposition method based on voltaic arcs
would offer advantages over Physical Vapor Deposition (PVD) and Chemical Vapor Deposition (CVD),
because such a method enables the creation of structures with morphological characteristics controlled
point by point. A technique with these features could open new possibilities for the development of
devices and applications of graphene with customized properties for diverse technology fields.



Page 9/15

4. Conclusion
The conducted study demonstrated that, despite being subject to optimization, the method is capable of
producing pure graphene structures with diverse morphologies and topographic profiles even on
challenging surfaces, such as the glass fiber cloth used as the target substrate. The various
characteristics observed under the different deposition conditions could be clearly correlated with the
process parameters. Through developments, this technique could give rise to systems for localized
application of graphene (or other 2D materials) on other surfaces, with shapes and morphology
controlled “point by point”, which is of broad interest to various industry sectors, especially for
applications in microelectronics and biomaterials.
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Figures

Figure 1

Illustration of the experimental setup for graphene direct synthesis.
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Figure 2

Analysis of fiberglass with and without graphene depositions: (A) Raman spectroscopy, (B) Infrared
spectroscopy, and (C) X-ray diffraction.
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Figure 3

SEM images of (A) Fg-short-dep; (B) Fg-Mid-dep; (C) Fg-Long-dep.

Figure 4

SEM images of Fg-Long-dep.
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Figure 5

AFM images obtained in Peak Force Tapping mode for Fb-no-dep (A to A”), fiberglass with graphene
deposit edges (B to B”), fiberglass with graphene deposited in multiple layers (C to C”), and fiberglass
with groups of graphene layers alternately stacked in two directions (D to D”). The images are presented
as Height maps (A to D), 3D views (A’ to D’), and cross-section profiles along the indicated lines in the
respective images (A” to D”).


