
coatings

Article

One-Step Synthesis of Graphene, Copper and Zinc
Oxide Graphene Hybrids via Arc Discharge:
Experiments and Modeling

Aichata Kane 1,2, Ivaylo Hinkov 3 , Ovidiu Brinza 1, Mongia Hosni 1, Aliou Hamady Barry 2,
Salim Mourad Cherif 1 and Samir Farhat 1,*

1 Université Sorbonne Paris Nord, Laboratoire des Sciences des Procédés et des Matériaux, CNRS, LSPM-UPR
3407, F-93430 Villetaneuse, France; aichata.kane@lspm.cnrs.fr (A.K.); Ovidiu.BRINZA@lspm.cnrs.fr (O.B.);
mongia.zehani@ac-versailles.fr (M.H.); cherif@univ-paris13.fr (S.M.C.)

2 Département de Chimie, Faculté des Sciences et Techniques de l’Université de Nouakchott AL-Assriya,
Nouakchott BP 880, Mauritanie; barryaliouhamady@ymail.com

3 Department of Chemical Engineering, University of Chemical Technology and Metallurgy, 8 Boulevard St.
Kliment Ohridski, 1756 Sofia, Bulgaria; ivaylo.hinkov@gmail.com

* Correspondence: farhat@lspm.cnrs.fr

Received: 7 February 2020; Accepted: 23 March 2020; Published: 25 March 2020
����������
�������

Abstract: In this paper, we report on a modified arc process to synthetize graphene, copper and
zinc oxide graphene hybrids. The anode was made of pure graphite or graphite mixed with metals
or metal oxides. After applying a controlled direct current, plasma is created in the interelectrode
region and the anode is consumed by eroding. Continuous and abundant flux of small carbon, zinc or
copper species, issued from the anode at a relatively high temperature, flows through the plasma and
condenses in the vicinity of a water-cooled cathode leading to few-layered graphene sheets and highly
ordered carbon structures. When the graphite rod is filled with copper or zinc oxide nanoparticles,
few layers of curved graphene films were anchored with spherical Cu and ZnO nanoparticles leading
to a one-step process synthesis of graphene hybrids, which combine the synergetic properties of
graphene along with nanostructured metals or semiconducting materials. The as-prepared samples
were characterized by Raman spectroscopy, X-ray diffraction (XRD), spatially resolved electron energy
loss spectroscopy (EELS), energy filtered elemental mapping and transmission electron microscopy
(TEM). In addition to the experimental study, numerical simulations were performed to determine the
velocity, temperature and chemical species distributions in the arc plasma under specific graphene
synthesis conditions, thereby providing valuable insight into growth mechanisms.

Keywords: graphene; plasma; arc discharge; copper; zinc oxide; hybrids

1. Introduction

Transformation of two-dimensional one-atom-thick sheet of graphene (Gr) into three-dimensional
architectures extends the outstanding properties of graphene [1] to novel graphene hybrid (GrH)
materials such as graphene-semiconducting (GrSC) or graphene metals (GrM). Indeed, graphene
exhibits impressive conjunction of mechanical, thermal, photoelectric and electronic properties such as
excellent thermal conductivity (as high as 5000 W m−1 K−1) [2], high specific surface area (as high as
3000 m2 g−1) [3], high chemical stability and high carrier mobility (as high as 350,000 cm2 V−1

·s−1) [4].
Due to its unique band structure with a band-tuning ability, these properties are modular and can
be combined endlessly. However, graphene properties are effective in the planar direction, limiting
the graphene scope and applications. To extend the field of graphene applications, new hybrids are
proposed by combining graphene’s large surface area with carbon nanotubes, nanometric metals or
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semiconducting metal oxides enhancing electron transfer kinetics within new 3D conducting networks.
Synergy between axial properties of nanotubes [5], quantum confined metallic (M) or semiconducting
(SC) nanoparticles [6] and graphene is hence the key issue in determining the performance of these
hybrid nanostructures with great promise for applications. Hybrid materials can be categorized as
structurally hybridized materials (composites) or functionally hybridized materials. In the composites,
the matrix is composed of a metal as copper [7,8] and the graphene with low concentration from 0.5 wt
% to 5 wt % is used as a filler to provide a higher degree of reinforcement of mechanical or thermal
properties. Exceptional mechanical properties of graphene together with its large surface area, good
hydrophobicity and enhanced wettability for organic reactants allows for several industrial applications.
Hierarchical graphene, graphene oxide or reduced graphene oxide mixed with other compounds such
as polymers [9–12], oxides [13] or urea [14] were proposed for the fabrication of new nanocomposites.
This includes, but is not limited to, anion exchange membranes [9], nanocomposites membranes for
CO2 separation [10], membranes for nanofiltration [11], electromagnetic interference shielding [12],
batteries [13] and catalysts for biodiesel production by transesterification [14]. In functionally hybridized
materials, the matrix is mainly composed of graphene, and the metal or semiconductor is used in
smaller quantities but imperatively in nanometric sizes to improve specific functional properties.
Such functionally hybrids are envisaged as an electrode in electronics [15], energy storage [16],
sensing [17,18], photonics and optoelectronics [19–27] or as microwave absorbing materials [28].
The interaction characteristics through Gr-M or Gr-SC could dramatically induce a matter interaction
with the incident electromagnetic radiation, in light harvesting, electric, dielectric or magnetic contexts.
More specifically, metallic copper and semiconducting zinc oxide have great interest because they are
inexpensive and their properties can be controlled during the process synthesis. Copper nanoparticles
have relatively high thermal conductivity (400 W m−1 K−1) and high electrical conductivity. Due to
the localized surface plasmon resonances, copper is a good alternative for noble metals such as
silver or gold. Copper nanoparticles were hence proposed as plasmonic nanoparticles or as selective
catalysts. However, poor chemical stability allows copper nanoparticles to be easily oxidized to form
copper oxide and to agglomerate when attracting forces outweigh the repulsive one. Then intrinsic
properties of copper nanoparticles are hindered, since the surfaces of the agglomerates become the
reference for the transfer of properties, even if the powder crystallite sizes are in the nanometer range.
To avoid these pitfalls, copper nanoparticles could be coated with graphene who acts as passivation
layer to protect the underlying metal surface from oxidation. In addition, GrCu hybrids allow a
strong localization of the field at the Gr–Cu interface. As a consequence, an enhanced intensity of
the localized surface plasmon resonances supported by the hybrid nanostructures induces a much
more enhanced fluorescent intensity from the dye coated hybrid nanostructure [18]. In the other hand,
semiconducting zinc oxide nanomaterials has a wide bandgap of 3.37 eV, relatively high electron
mobility (200 cm2 V−1 s−1 for ZnO as compared to 30 cm2 V−1 s−1 for TiO2), high exciton binding
energy (60 meV), strong room-temperature luminescence, high transparency as well as UV filter,
antifungal and antimicrobial activities. These distinctive physicochemical properties have the potential
to allow the development of new systems, structures and devices to transform energy into optical
or electrical signals for sensing. For example, zinc oxide based dye sensitized solar cells presents
potential advantages including a fast charge transport with an electron mobility and conductivity
of several orders of magnitude higher compared to conventional anatase titanium oxide [29]. For
photochemical/optical sensors, the association of ZnO with graphene allows a better electric response,
enhances adsorption of molecules and increases the signal-to-noise ratio [6]. GrZnO hybrids have been
already proposed to sense molecular hydrogen [30], ethanol vapors [31] and sulfur hydrogen [32]. For
microwave absorption, GrZnO hybrids interact with microwaves of specific frequencies providing
responses to gigahertz-range electromagnetic radiation. This interaction is attributed to the functional
capacity of the metal center to which the oxygen anion is bonded to [28]. Carbon-based nanocomposites
formed between graphene and nanomaterials with a large number of free electrons such as n-type
semiconductors tin oxide (SnO2), or tungsten oxide (WO3) was studied in [33,34]. The presence of
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graphene increases photoluminescence intensity of the semiconductors by creating an additional
pathway for electron transfer from the conduction band of the excited semiconductors to graphene
sheets. This improves the photocatalytic degradation of an organic pollutant using Gr-SC nanostructures
under visible light irradiation. In order to expand the scope of these new graphene hybrids and to
take advantage of these new abilities, synthesis methods require development and improvement.
In this direction, synthesis strategies proposed for graphene hybrids (GrH) could be classified in two
fundamentally different approaches [6]. The in situ method, in which metals M or semiconductors
SC grow directly on the graphene Gr structures or vice versa. The assembly methods, in which Gr
(with less than 10 layers) M and SC are synthesized separately and then assembled spontaneously
via physical dispersion in solutions or by electrostatic or covalent assembly and subsequent solution
processing. In these methods, the source of graphene is either graphene oxide (GO) produced by the
Hummer’s method [35], reduced graphene oxide (rGO), CVD or plasma enhanced PECVD graphene.
For some applications, defects can be intentionally induced in graphene by an electron beam irradiation
in order to improve hydrophilic and photoelectrochemical graphene performances [36]. An alternative
method to Hummer’s [35] and CVD [37–43] or PECVD [44,45] methods is the electric arc discharge
in which carbon is evaporated by implementing direct current DC arc voltage across two graphite
electrodes in an inert gas atmosphere. When the electrodes are brought together, discharge occurs by
consumption of the anode and plasma formation. Arc discharge played an important role in the genesis
and discovery of several carbon materials including carbon fibers and scroll-like whiskers [46–48],
fullerenes [49], carbon nanotubes [50–54] and graphene [55–62]. In 2009, Subrahmanyam et al. [55] have
reported for the first time the synthesis of graphene flakes through the arc-discharge method. They used
a graphite anode rod with different H2-He mixtures to produce graphene flakes with 2–4 layers in
the inner wall region of the arc chamber. As reported for multiwalled nanotube synthesis, reactive
gases as H2 or CO2 could react with carbon radicals at the growing edge of nanotubes thus preventing
their ends from enclosing [84–86]. Karmakar et al. [56] demonstrates that graphene parameters can be
controlled by an external steady non-uniform magnetic field. They succeeded in bulk synthesis of
few-layer graphene by sublimating the graphite anode in an argon atmosphere. The magnetic field,
enhance stacking of carbon precursors preferably along the surface of the cathode, assisting in the
formation of graphene-sheet-like structures. As discussed by Moravsky et al. [52], externally applied
magnetic field can deflect the flow of positively charged particles to enhance arc discharge process.
In graphene context, the uncompensated positive charges that contribute to the cathode deposit could
be limited to improve the graphene yield. Wu et al. [57] synthesized large-scaled few-layered graphene
using carbon dioxide (CO2) and helium (He) mixture as buffer gas, and direct currents of 100–200 A.
The in-plane crystallite size obtained from Raman spectra was 6 nm. Wang et al. [58] synthesized
graphene and carbon nanohorns in the atmosphere of air. The yield of graphene was found to be
dependent on the air pressure, which was varied between 400 and 1000 torr. [59] Keidar et al. [59]
discussed several approaches to improve the controllability of the arc discharge process for graphene
and carbon nanotubes synthesis. This includes experimental improvements of the arc by applying
external magnetic field as well as by proposing deterministic approaches to estimate from multispecies
simulations electron density and temperature distribution. Single or few-layer graphene flakes with
sizes in the order of 0.1–1 µm was obtained [59]. Shen et al. [60] studied the effect of several buffer
gases at different pressures on the yield of few-layered graphene by arc. The graphene sheets produced
in H2–He buffer gases exhibit the best crystallinity and the highest specific surface area.

In 2013, Huang et al. [61] reported a gram-scale and high-quality graphene sheets synthesis by an
arc-discharge method using graphite as the carbon source and ZnO or ZnS as catalysts. Since zinc
oxide (ZnO) has a similar hexagonal crystal structure as graphene, they supposed that carbon atoms
prefer to graphitize on the surface of ZnO to form graphene sheets. Karmakar et al. [62] obtained
few-layer graphene in an external magnetic field modulated DC carbon arc in different non-reactive
buffer gases N2, Ar, He and their mixtures. The crystallite size of the as-synthesized sheets was
estimated to be 136 nm. Cotul et al. [63] obtained high purity graphene nanoflakes by the electric arc
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discharge technique and helium, nitrogen and their mixtures were used as the reactor atmosphere.
The degree of purity of the synthesized samples was increased by increasing both the current and the
electrode diameter. Since the first arc discharge experiment of Krätschmer et al. in 1990, and in spite of
three decades of intensive research, carbon nanomaterial growth by arc discharge has been hampered
by the lack of quantitative understanding of the process [59]. The major inconvenience of this process
remains the difficult in situ control of the final material purity and physical properties. Indeed, the
non-equilibrium reacting gas flow leads to the emergence of interdependent fluxes and gradients over
a wide range of time and space scales, making arc discharge modeling very complex [53].

In this paper, a modified arc process is proposed for one step synthesis of graphene and copper
(GrCu) and zinc oxide (GrZnO) graphene hybrids. The issued materials have been investigated
using high resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD) and Raman
spectroscopy. Since all the parameters of the arc process are interdependent, an attempt to adjust only
one of them will lead to inevitable variation of the others. Therefore we performed simulations of the
arc conditions using the commercial computational fluid dynamics (CFD) code ANSYS Fluent in order
to calculate the gas convection and temperature profiles under specific graphene conditions. When
copper or zinc oxide is added to the anode material, plasma composition was estimated from chemical
equilibrium calculations.

2. Materials and Methods

2.1. Materials

Graphene films were grown in the arc-discharge reactor. The cathode is made in pure graphite
with external diameter of 27 mm and length of 20 mm. The movable anode is a graphite rod with
external diameter of 6.15 mm and length of 76 mm (Alfa Aesar, with a spectral purity of 99.99 weight %)
with a hole of 3 mm in diameter and 30 mm of length. For buffer gas we used helium from Air Liquide
with a purity of 99.95%. For the graphite filler we used synthetic graphite powder with a size of 1–2 µm
purchased from Sigma-Aldrich. For copper filler we used commercial powder (Merck powder, max.
particle size 50 microns and purity of 99%). For zinc oxide, we used homemade nanorods with an
average diameter of 35 nm and a length of 110 nm indexed (NR35) and synthesized by the polyol
process. For their elaboration we used acetate dihydrate (Zn(OAc)2· 2H2O) with a purity of 99%,
purchased from Sigma-Aldrich, sodium hydroxide NaOH pellets with 98% purity from Acros Organic,
diethylene glycol DEG (O(CH2CH2OH)2) with a purity of 99.5% from Panreac. Solvents acetone and
96 vol. % ethanol are from VWR Chemical.

2.2. Characterization Techniques

To identify crystalline quality and graphene thickness, we used Raman spectroscopy (HR800,
HORIBA Jobin-Yvon) working in a confocal mode in air and with the back-scattering configuration,
excitation wavelength of 632.8 nm. To further confirm the graphene phase and morphology, X-ray
diffraction was taken in the 2θ angle range from 20 to 120◦. The XRD analysis was performed
using 2INELTM diffractometers with Co-Kα radiation. Different locations were sampled in order to
reliably describe each sample. Morphology and structure analysis of the samples was carried out
on transmission electron microscope (JEOL 2011) (JEOL (Europe) SAS, Croissy-Sur-Seine, France)
with an accelerating voltage of 200 kV and high-resolution transmission electron microscope HRTEM
(JEM-ARM200F) (JEOL (Europe) SAS, Croissy-Sur-Seine, France). In addition, spatially resolved
electron energy loss spectroscopy (EELS) (JEOL (Europe) SAS, Croissy-Sur-Seine, France) and energy
filtered elemental mapping was used.

2.3. Methods

Experiments were designed and conducted to synthesize graphene (Gr) and graphene hybrids
(GrH) using the same laboratory scale arc discharge reactor developed earlier for nanotube
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synthesis [53,54]. Obtaining high yields of graphene requires careful control of experimental conditions.
The reactor chamber consists of a water-cooled stainless steel with two water-cooled electrodes as
shown in Figure 1a. Both electrodes were in graphite fixed on the water-cooled copper holder. Due to
its high thermal capacity and conductivity, water is suitable for the absorbing part of the 6 kW input
power, to prevent damage that might otherwise occur when the plasma is in contact either with the
cathode or the anode holder [52]. Anode was filled with graphite, copper or zinc oxide powders in
different proportions as schematically shown in Figure 1c. The direct current (DC) arc operates in a
3 mm gap between the electrodes that are horizontally installed in a water-cooled chamber filled with
helium gas at sub-atmospheric pressure. The pressure was kept at 530 mbar, and direct current of
120 A and 150 A was employed for the purpose of comparison.

Coatings 2020, 10, x FOR PEER REVIEW 5 of 24 

 

conditions. The reactor chamber consists of a water-cooled stainless steel with two water-cooled 

electrodes as shown in Figure 1a. Both electrodes were in graphite fixed on the water-cooled copper 

holder. Due to its high thermal capacity and conductivity, water is suitable for the absorbing part of 

the 6 kW input power, to prevent damage that might otherwise occur when the plasma is in contact 

either with the cathode or the anode holder [52]. Anode was filled with graphite, copper or zinc 

oxide powders in different proportions as schematically shown in Figure 1c. The direct current 

(DC) arc operates in a 3 mm gap between the electrodes that are horizontally installed in a water-

cooled chamber filled with helium gas at sub-atmospheric pressure. The pressure was kept at 530 

mbar, and direct current of 120 A and 150 A was employed for the purpose of comparison.  

 

Figure 1. Arc discharge set-up: (a) schematic; (b) photography of the luminous plasma zone created 

between the anode and the cathode and (c) anode composition. 

The filled part of the anode is consumed in the arc, whereas a cylindrically shaped cathode 

deposit is grown on the cathode as shown in Figure 1b. Efficient operation is assumed to exist when 

the discharge is stable and the anode erosion rate is constant. This can be achieved by maintaining a 

constant voltage between the electrodes, which is closely related to the stabilization of the electrode 

spacing. Under these conditions the arc gap and the voltage drop across the gap remain constant, 

ensuring constant evaporation and condensation. The plasma is first ignited by contact between the 

cathode and the anode, which elevates the temperature of the contact point until evaporation of the 

anode material. Then the anode was manually moved toward the cathode by adjusting the desired 

distance between the electrodes. An active plasma zone is created and could be observed through a 

quartz window in the reaction chamber. A magnified image of the luminescent plasma is projected 

from this window on a screen and allowed to continuously adjust the distance between the anode 

and the cathode. This hot plasma zone produces carbon and metal or metal oxides vapors, which 

then diffuse to the cooled reactor regions rich in helium. The high temperature near the anode and 

the high energy density in the plasma ensure vaporization of most of the anode material. The 

water-cooled cathode and reactor walls lead to a high quench rates and high levels of super cooled 

or supersaturated mixed carbon and metal vapor with soot propagating away from the gap that 

deposit on the cold rector surfaces. The efficiency of graphene synthesis is determined primarily by 

the choice of the buffer gas and the intrinsic arc parameters. Since, the key aspects defining 

graphene properties are the atomically organized crystallite size and the grain boundaries structure, 

which could be obtained through TEM, Raman and XRD analysis of the collected samples.  

For all experiments, the arc was ignited by contacting the anode and cathode. The contact 

between the electrodes elevates the temperature “instantaneously” to the sublimation temperature 

of carbon of 4098 K [64] and carbon flux starts to evaporate from the anode. Then the anode was 

moved back toward the cathode and maintained at a distance anode–cathode DAC of 3 mm where 

sufficiently high carbon vapor pressure is maintained. The internal part of the drilled hole in the 

graphite anode was filled by 200 ± 1 mg of material composed by pure graphite powder for Gr 

synthesis or by graphite mixed with y mass % of copper or zinc oxide for (GrH) synthesis. By 

considering the outer graphite shell, we calculated the total mass %Y and total atom %X of the filler 

Cu or ZnO in the vaporized anode part. For graphene and graphene hybrid, we conducted 6 

experiments with experimental conditions reported in Table 1.  

  

Cathode (-) Anode (+)

(a)                                                                    (b)                                                   (c)

Anode (+)

Vaporized part of the anode
X atom% or Y mass % of Cu, or ZnO

30 mm

6
.1

5
 m

m

3
.0

 m
m

Filler
y mass % of Cu, or ZnO
mixed with C powder

Graphite rod

Figure 1. Arc discharge set-up: (a) schematic; (b) photography of the luminous plasma zone created
between the anode and the cathode and (c) anode composition.

The filled part of the anode is consumed in the arc, whereas a cylindrically shaped cathode deposit
is grown on the cathode as shown in Figure 1b. Efficient operation is assumed to exist when the
discharge is stable and the anode erosion rate is constant. This can be achieved by maintaining a
constant voltage between the electrodes, which is closely related to the stabilization of the electrode
spacing. Under these conditions the arc gap and the voltage drop across the gap remain constant,
ensuring constant evaporation and condensation. The plasma is first ignited by contact between the
cathode and the anode, which elevates the temperature of the contact point until evaporation of the
anode material. Then the anode was manually moved toward the cathode by adjusting the desired
distance between the electrodes. An active plasma zone is created and could be observed through a
quartz window in the reaction chamber. A magnified image of the luminescent plasma is projected
from this window on a screen and allowed to continuously adjust the distance between the anode and
the cathode. This hot plasma zone produces carbon and metal or metal oxides vapors, which then
diffuse to the cooled reactor regions rich in helium. The high temperature near the anode and the high
energy density in the plasma ensure vaporization of most of the anode material. The water-cooled
cathode and reactor walls lead to a high quench rates and high levels of super cooled or supersaturated
mixed carbon and metal vapor with soot propagating away from the gap that deposit on the cold rector
surfaces. The efficiency of graphene synthesis is determined primarily by the choice of the buffer gas
and the intrinsic arc parameters. Since, the key aspects defining graphene properties are the atomically
organized crystallite size and the grain boundaries structure, which could be obtained through TEM,
Raman and XRD analysis of the collected samples.

For all experiments, the arc was ignited by contacting the anode and cathode. The contact between
the electrodes elevates the temperature “instantaneously” to the sublimation temperature of carbon
of 4098 K [64] and carbon flux starts to evaporate from the anode. Then the anode was moved back
toward the cathode and maintained at a distance anode–cathode DAC of 3 mm where sufficiently high
carbon vapor pressure is maintained. The internal part of the drilled hole in the graphite anode was
filled by 200 ± 1 mg of material composed by pure graphite powder for Gr synthesis or by graphite
mixed with y mass % of copper or zinc oxide for (GrH) synthesis. By considering the outer graphite
shell, we calculated the total mass %Y and total atom %X of the filler Cu or ZnO in the vaporized anode
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part. For graphene and graphene hybrid, we conducted 6 experiments with experimental conditions
reported in Table 1.

Table 1. Experimental conditions for graphene and graphene hybrids synthesis.

Experiment 1 Hybrid filler Weight%, y Weight%, Y Atom%, X Current (A)

Gr - - - - 120
GrCu1 Cu 75 11.65 2.43 120
GrCu2 Cu 100 20.74 4.71 120
GrCu1’ Cu 75 11.65 2.43 150
GrCu2’ Cu 100 20.74 4.71 150
GrZnO ZnO 100 12.26 2.02 120

1 Helium is used as buffer gas, the distance anode to cathode was maintained to DAC = 3 mm; y is weight % of Cu
or ZnO mixed with graphite powder in the hole drilled in the anode body; Y is weight % of Cu or ZnO calculated by
considering external graphite rod and X is respective atom % of Cu or ZnO.

3. Results

After arc discharge processing, the reactor was cooled down to the ambient temperature and
soot formed on the reactor walls was collected and sieved by a 60 micron stainless steel sieve in order
to exclude any heavy particles as graphite or metal ejected from the anode by spallation in which
fragments of graphite called “spalls” are expelled from the body of the anode and survive to the
plasma [52]. We performed structural and molecular analysis by Raman spectroscopy complemented
by detailed crystallographic study via X-ray diffraction (XRD). TEM information is also proposed for
morphological and elemental mapping studies. These measurements are complemented by XRD to
provide better insight of structural properties at the macroscopic scale of the sample. Accordingly,
the combined use of these techniques allows the identification of our compounds in both molecular
and macroscopic scales. In particular, the Rietveld’s method is a very fine technique for analyzing
powder diffraction patterns. It consists of completely describing the diagram including the background
noise, the shape, the position and the intensities of the diffraction lines observed for the different
phases using structural models. We proceeded by progressive refinement of the parameters of the
models by least squares technique until obtaining an agreement as good as possible between the
diagrams observed and calculated with the models. It requires knowledge of the phases present and
their structure including the structural type and atomic positions. Figure 2 shows a typical room
temperature Raman of Gr and GrH products prepared under conditions of Table 1. The main features
in the graphene Raman spectra were peaks D generally observed at 1333 cm−1, G 1580 cm−1 and
2D 2660 cm−1, in correspondence with Raman shifts. The D’ peak (1620 cm−1) originated from the
intra-valley one-phonon and was caused by a disordered structure of graphene. Hence both D and D’
peaks require a defect for their activation. Graphene edges also constitute a kind of defect due to the
broken in translational symmetry. Besides the peaks D, D’, G and 2D, other weak Raman modes could
also be observed including D’+TA and D’+LA in the range of 1700–1750 cm−1. They originate from
phonon dispersion of in-plane longitudinal acoustic (LA) and transverse acoustic (TA) branches [65,66].

For graphene/copper samples, since metals contain only a single atom, they only have acoustic
phonons and do not have first-order Raman bands. This is not the case if the primitive unit cell contains
at least two atoms, as in copper oxides, for which optical phonons will also exist. For CuO there are
three Raman first-order modes observed experimentally at 296–300 cm−1 (Ag) and 346–350 cm−1 (Bg)
with 638 cm−1 (Bg). For Cu2O there are several Raman modes observed experimentally at 146–153 cm−1

(T1u), at 350 cm−1 (A2u), at 515 cm−1 (T2g) and at 638–665 cm−1 (T1u) [67].
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Figure 2. Raman spectra of the synthesized graphene and graphene hybrids in the helium arc discharge
method in the conditions of Table 1.

In Figure 2, we could distinguish typical graphene bands G and 2D located at 1583 cm−1 and
2667 cm−1 respectively and a weak D peak located at 1337 cm−1. The D band, which is known as the
disorder band or defect band, is generally very weak in graphite but becomes Raman active through a
disorder-induced double resonance Raman process, which causes in-plane breathing vibrations of the
aromatic ring structures (A1g symmetry). The intensity of the D-band is hence directly proportional to
the level of defects in the sample [68,69]. The G band is assigned to the in-plane stretching vibration of
sp2 carbon (E2g symmetry) related to phonon vibrations in sp2 carbon domains and is related to the
tangential elongation modes in graphene [70,71]. It is almost identical regardless of the number of
sheets. Finally, the 2D band, which is the second order of the D band, does not need to be activated
by the proximity of a defect. As a result, it is always a strong band in graphene, and it is used to
determine the number of layers of the graphene. The 2D band is caused by the second-order zone
boundary phonons and it is very sensitive to the number of layers. The G-band has been used as a
characteristic band for ordered graphite carbon sheets [71]. The intensity ratio of the D band to the G
band ID/IG is used to characterize the structural quality of graphitic materials [60].

As reported in Table 2, Raman spectra give an ID/IG ratio of 0.13–0.55. Compared to the
Raman spectra in reduced graphene oxide, arc discharge graphene exhibited the lower D band and
sharper 2D band, which demonstrated the higher quality. Defects generated in graphene can be
either zero-dimensional (0D), such as vacancies or dopants or one-dimensional (1D) defects, such as
dislocations or crystallite borders and wrinkles [60,72]. In addition, structural amorphization induced
by fast cooling rates in the arc could lead to horn-shaped sheath aggregate of graphene down to more
complex structures.

At low copper contents in the vaporized anode, when the current was increased from 120 A
(GrCu1) to 150 A (GrCu1’), the ID/IG ratio decreased by a factor of 20% from 0.34 to 0.27. The same
conclusion could be drawn for higher copper contents, when the current was increased from 120 A
(GrCu2) to 150 A (GrCu2’), the ID/IG ratio decreased by a factor of 45% from 0.55 to 0.3. This is probably
due to faster graphene growth rates at higher current preventing defect formation. By almost doubling
the amount of copper in vaporized anode, we increased the ID/IG ratio by a factor of 62% at 120 A.
This may result from copper clusters/atoms attached to the graphene sheet during the growth inducing
additional defects. Indeed, copper’s first ionization potential (7.72 eV) was low as compared to carbon
(11.26 eV) and helium (24.58 eV). Increasing copper ions might radically change space charge, potential
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and electric field in the interelectrode space. At 150 A, the extent of the defects brought by an increase
in the quantity of copper in the anode was reduced since the ID/IG ratio increased by only a factor
of 11% when doubling the quantity of copper in the anode. Unlike copper, the zinc oxide filler did
not seem to induce additional defects. On the contrary, the ID/IG ratio was improved for GrZnO as
compared to the Gr experiment at the same current of 120 A. Probably since zinc’s low first ionization
potential (9.39 eV) was higher than for copper, the discharge was hence less affected by ZnO addition.
In Table 2, the I2D/IG ratio obtained from the Raman spectra provides information on the number of
layers in the graphene sheets [73]. The ratio I2D/IG < 1 for multilayer graphene and I2D/IG > 1 for
monolayer graphene [41]. By combining data from Tables 1 and 2 for I = 120 A, we can clearly see that
increasing atom% of Cu or ZnO decreased I2D/IG hence changing graphene flakes from few-layer to
multilayer. One of the reasons could be the quantity of added material, even a few atom%, represents
up to 20 wt %. This inevitably affects the energy and mass balance in the arc, thereby changing species
and temperature distribution and graphene growth mechanism as well. In our samples, 0.36 < I2D/IG <

0.88 thus corresponding graphene had between 4 and 5 layers as discussed by Wu et al. [57]. According
to the literature, the intensity ratio of the 2D peak to G peak, I2D/IG, decreases with the layer number
in graphene [73]. In the case of I2D/IG less than one, the graphene is multilayer [74]. The calculated
full width at half maximum (FWHM) of peak 2D in our samples was between 30.3 and 53.0 cm−1.
Combining these features with the high-intensity peak G, the relatively weak peak D and the sharp
and near-symmetric peak 2D, we could conclude that a reasonable quality of few-layer graphene was
achieved. In addition, the ID/IG ratio obtained from Raman spectra could be used to estimate crystallite
sizes. Indeed, since most of the potential applications of graphene are dependent on a large area
sample production, a theoretical model supported by experimental results was proposed to correlate
the IG/ID ratio between the C–C stretching (G band) and the defect-induced (D band) modes with the
crystallite sizes only for samples with sizes larger than the phonon coherence length, which is found
equal to 32 nm [75]. Hence, Raman spectroscopy could be proposed as a quick technique to measure
the in plane crystallite size (La) of nanostructured graphitic samples using Equation (1) where λ is the
laser excitation in (nm) [76].

La(nm)= (2.4 × 10−10) λ4 (ID/IG) −1, (1)

By applying Equation (1) to the Gr sample, we estimated the in plane crystallite size (La) of
nanostructured graphitic at 124 nm, which is confirmed by the size of graphene sheet in HRTEM image
of Figure 3. It should be noted that this comparison only gives access to an order of magnitude of the
sizes of the crystallites. Exact validation of crystallite sizes La obtained from Raman at the micron
scale would require further study at HRTEM to determine the average size of non-defective domains.
Adding copper to the graphite at 120 A, reduced crystallite sizes by a factor of 9% (from 124 to 113 nm
at low copper charge) and by a factor of 43% (from 124 to 70 nm at higher copper charge). On the
other hand, the presence of ZnO as filler seemed to improve the size of graphene crystallites by a
factor of 138% (from 124 to 296 nm). As reported by Huang et al. [61] catalytic role of ZnO to promote
graphene’s growth is not excluded.

When copper is added as a filler, spherical copper nanoparticles with a predominant diameter of
20–60 nm and mostly encapsulated in carbon graphitic shells were present in the product.

Figure 4a shows typical dark-field HRTEM image characterization of the Cu nanoparticles in
(GrCu2) sample with an average diameter of 53 nm. The low carbon solubility of copper of 0.008 wt % at
1084 ◦C [77] leads to a carbon shells capping the copper nanoparticle core. From the high-magnification
view of Figure 4b, the number of layers was estimated to be four layers.

To verify that no oxide phases were formed, Raman spectra were recorded for the GrCu1 sample
exposed in ambient air at room temperature for several months. From Figure 5 we can notice the
absence of characteristic Cu2O and CuO Raman peaks in the range 150–650 cm−1, attesting of long
time and efficient graphene protection of copper nanoparticles against oxidation.
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Figure 3. TEM image of multilayered graphene sheets in (Gr) sample. Produced by DC arc-discharge
(scale bar 20 nm).
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Figure 4. HRTEM characterization of the Cu nanoparticles in the GrCu2 sample: (a) elemental mapping
of copper (red)-scale bar 100 nm and (b) HRTEM image of Cu nanoparticles mostly encapsulated in
carbon graphitic shells—scale bar 5 nm.
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Figure 5. Raman spectra of the GrCu1 sample exposed in ambient air at room temperature for
several months.

For zinc oxide preparation, zinc acetate dihydrate (Zn(OAc)2·2H2O), sodium hydroxide and
diethylene glycol DEG (O(CH2CH2OH)2) was mixed with distilled water in appropriate concentrations.
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The mixture was then heated under reflux at a specified temperature for 1 h. After hydrolysis, a
white precipitate, identified as zinc oxide nanorods by X-ray diffraction, was centrifuged, washed
several times with ethanol and acetone and dried at 60 ◦C. The size and morphology of the particles
were controlled by adjusting the zinc concentration, the hydrolysis ratio and the basicity ratio in our
pilot-scale reactor. As shown in the HRTEM of Figure 6a, these nanorods are of excellent structural
crystallinity. This is better perceived from high-magnification view in Figure 6b where the growth of
the individual single-crystalline Würtzite-type ZnO occurred in the [001] direction as confirmed by the
selected-area electron diffraction selected-area electron diffraction (SAED) pattern (inset of Figure 6b).
Detailed description of ZnO nanoparticles synthesis by polyol process could be found in our previous
works [25].

Table 2. Raman intensity ratios and in plane crystallite size.

Sample ID/IG I2D/IG La (nm) 1 ∆La (nm) FWMH (cm−1) 2

Gr 0.31 0.88 124 3 39.8
GrCu1 0.34 0.85 113 2 41.8
GrCu2 0.55 0.36 70 1 53.1
GrCu1’ 0.27 0.76 142 1 38.6
GrCu2’ 0.3 0.58 128 3 30.3
GrZnO 0.13 0.44 296 13 53.4

1 Estimated from Equation (1). 2 Estimated from the 2D Raman peak.
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Figure 6. High resolution TEM pictures showing the NR35 ZnO nanorods used as a filler in the anode
for GrZnO synthesis: (a) low magnification—scale bar 20 nm and (b) high magnification—scale bar
10 nm. The lattice spacing of 0.26 nm corresponds to the ZnO (0001) plane. Inset of Figure 6b is the
corresponding selected-area electron diffraction (SAED) pattern.

When ZnO is added as a filler in the anode, a bright-field TEM image of Figure 7a shows the
presence of shaped nanoparticles. Performing spatially resolved electron energy loss spectroscopy
(EELS) and energy filtered elemental mapping on the same area revealed the presence of oxygen (red
part of the mapping of Figure 7b). The oxygen K-edge is represented in Figure 7c and corresponded
to oxygen around 540 eV. Since no oxygen was added in the discharge, the scattering at the vicinity
of the oxygen atoms was attributed to ZnO clusters. From TEM images of Figures 6 and 7a we can
notice that the nanorod shape of the ZnO used as a filler was not conserved and their average size
was reduced to 40 nm. Their smaller size and strong and short-range dipole–dipole interaction led
inevitably to agglomeration.
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Figure 7. Characterization of the GrZnO sample: (a) bright-field TEM image—scale bar 100 nm;
(b) dark-field TEM image for the same area as in (a) with electron energy loss spectroscopy (EELS) spectral
imaging showing the presence of carbon (green) and oxygen (red) and (c) representative EELS profile.

To further confirm the crystallographic structure, X-ray diffraction was used. The representative
XRD patterns of Gr, GrCu and GrZnO samples are shown in Figures 8 and 9 where most peaks were
identified indicating a good degree of purity that verify the crystallinity of our products.
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Figure 8. X-ray diffraction patterns of Gr and GrCu samples synthesized following the experimental
conditions of Table 1, taken with Cobalt-Kα radiation (λ = 1.7889 Å).
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Figure 9. X-ray diffraction pattern of GrZnO sample obtained using Cobalt-Kα radiation (λ = 1.7889 Å).

As shown in Figure 8, XRD peaks of the Gr sample were centered at 2θ of 30.5◦ corresponding
to the (002) crystal graphite plane with interlayer spacing of 0.34 nm. Secondary reflections from
(Gr) sample, corresponded to 2θ of 50.3◦, 63.4◦ and 93.8◦ that could be indexed to (100), (004) and
(110) crystal planes of graphite respectively as reported in the Joint Committee on Powder Diffraction
Standards database (JCPDS-01-075-1621 labeled by the star symbol * in Figure 8). When copper was
added in the anode, a secondary peak centered at 2θ of 31.0◦ corresponding to (002) crystal graphite
plane appeared in GrCu samples (JCPDS-04-016-6288 labeled by the diamond symbol � in Figure 8).
The relative intensities of these peaks varied with the copper content in the anode as well as with the
applied current. This could be attributed to graphitic distorted microstructures induced by the presence
of copper, including disordered stacking of graphene layers, increased interlayer spacing at the edges
of flakes, curved graphene layers on the copper nanoparticles and other structural defects [78]. Similar
microstructural variation on the X-ray diffraction intensities was discussed by Li et al. [7], during ball
milling of hexagonal graphite (h-graphite) and formation of turbostratic carbon (t-carbon). In Figure 8,
peaks observed for GrCu samples at 2θ values of 50.9◦, 59.53◦ and 88.19◦ corresponded to (111), (200)
and (220) planes of metallic Cu respectively. These peaks were consistent with those of the standard
spectrum of the pure fcc (face centered cubic) of metallic copper (JCPDS-04-0009-2090). We can notice
the absence of diffraction peaks from copper oxide as CuO or Cu2O attesting that these nanoparticles
were oxygen free and perfectly protected against oxidation by the graphene layer covering them.
Using the Rietveld refinement, we analyzed the structural evolution of samples with varying current
and copper concentration in the anode. We refined the structure of compounds using the Maud
program [79] and we found the unit cell parameters and crystallite size reported in Table 3. For all
graphene copper hybrids obtained in GrCu samples, the lattice constant confirmed the cubic structure
of copper characterized by a lattice parameter a = 3.6035 Å (JCPDS-04-0009-2090). At low current of
120 A, the crystallite size slightly decreased from 53.5 (GrCu1) to 48.9 nm (GrCu2) with the increase of
atom % of Cu. Increasing the current to 150 A, decreased the crystallite size by a factor of 60% from
53.5 (GrCu1) to 21.6 nm (GrCu1’) for low atom % of Cu. This effect was less spectacular at higher atom
% of Cu in the anode since the crystallite size decreased only by a factor of 12% from 48.9 (GrCu2) to
42.9 nm (GrCu2’). For enhanced functionality of copper hybrids, it is possible to tune nanoparticle size
by adjusting the appropriate arc parameters. Smaller nanoparticles were obtained at higher current
and lower atom % of Cu. Additional experiments within Taguchi factorial designs are needed for
signal-to-noise ratio estimation in the measurements.



Coatings 2020, 10, 308 13 of 24

Table 3. Copper and zinc oxide peak positions, lattice parameters and crystallite sizes obtained from
X-ray diffraction patterns of graphene hybrids GrCu and GrZnO.

Sample 2θ◦ Crystal
System Lattice Parameters (Å)

Crystallite
Size D (nm) 1

Cu(111) Cu(200) Cu(220)
GrCu1 51.13 59.67 88.87 cubic a = 3.6036 ± 1 × 10−4 53.5 ± 1.1
GrCu2 50.98 59.53 88.61 cubic a = 3.6081 ± 2 × 10−4 48.9 ± 2.9
GrCu1’ 51.16 59.81 89.37 cubic a = 3.6005 ± 2 × 10−4 21.6 ± 0.3
GrCu2’ 50.92 59.58 89.04 cubic a = 3.6072 ± 2 × 10−4 42.9 ± 0.9

ZnO(100) ZnO(002) ZnO(101)

GrZnO 37.18 40.43 42.53 hexagonal a = 3.2300 ± 9 × 10−4

c = 5.1725 ± 2.7 × 10−3 42.3 ± 1.3

1 Estimated from Rietveld refinement.

In Figure 9, XRD peaks of (GrZnO) sample were centered at 2θ of 30.5◦ corresponding to the (002)
crystal graphite plane with interlayer spacing of 0.34 nm (JCPDS-01-075-1621 labeled � in Figure 9).
The peaks observed at 2θ values of 37.2◦, 40.4◦ and 42.6◦ corresponded to (100), (002) and (101) planes
of ZnO respectively. These peaks matched well with the Würtzite hexagonal zinc oxide structure
characterized by lattice parameters a = 3.25 Å and c = 5.2 Å (JCPDS-04-013-6608). The data of Table 3
were consistent with the literature reviewed data [80,81]. Using the Rietveld refinement, the crystallite
size of ZnO in the hybrid was 42.3 nm confirming HRTEM observations. In Figure 9, the peak at
2θ~25.2◦ was observed in fullerene-reduced graphene oxides hybrids C60/rGO [A13] and in C9O2,
(JCPDS-01-075-1621). This peak could eventually be attributed to graphene oxides structures formed
when ZnO is added.

Extraordinary structures and properties of graphene with remarkable chemical and physical
properties allow a broad range of promising applications and the arc-discharge remains the easiest
and cheapest technique to obtain significant quantities of graphene and graphene hybrids. We can
also extend the field of arc-discharge synthesis to boron and/or nitrogen doped graphene by changing
either the gaseous atmosphere or the composition of the anode. Additionally, the potential for
manufacturing hybrid materials is, largely under-exploited. Elements, either metallic (Cu, Ag and Au)
or semiconductors (ZnO, TiO2, WO3 and SnO2) could be associated with graphene and fabricated by
arc discharge. Coinage metals as copper, silver and gold with their d-orbital almost saturated leads to
a low solubility of the carbon and hence are of particular interest to grow graphene. A reproduction of
the Hummer method could also be envisaged for mass production of graphene oxide by using for
example KMnO4 as a filler in the anode. Regarding the other 2D graphene analogues, in a band gap
scale between 0 (Graphene) and 6 eV (h-BN), we found among others, transition metal dichalcogenides
(TMDC) such as WS2, MoS2, WSe2 and MoSe2 as well as black phosphorus. The perspective to
use the arc process to produce such materials was already mentioned [82]. The synthesis of these
materials by arc discharge however raises a certain number of scientific and technical difficulties,
as their weak electrical conductivity limiting material erosion from the anode and plasma creation.
However, they can be mixed with graphite to obtain hybrid structures composed of 2D materials
associated with graphene.

Nevertheless, even if the products of the arc are of excellent crystallinity, the selectivity is reputed
to be poor. This is mainly due to the complex chemical mixture of species and spatiotemporal
variations of process parameters that can change from one experiment to the other. Temperature in
the arc-discharge reactors varied from 10,000 K down to few hundreds K in a millisecond, leading to
extremely high quench rates and high levels of super cooled and supersaturated vapors. Experiences
provided reproducible results thus demonstrating the method’s reproducibility within no more than
10% standard deviation. Extreme conditions with three dimensional transient flows and steep spatial
gradients of temperature and concentrations, makes it difficult to selectively control the number of
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layers. Selective syntheses of a monolayer graphene are still also a real challenge. Overlapping and
aggregation, together with other carbonaceous byproducts brings additional difficulties. There is a real
need to develop models for quantitative understanding of thermochemical processes under specific
graphene synthesis conditions.

4. Modeling

The arc vaporizes graphite anode containing copper or zinc oxide in a background gas of helium.
This vapor flowing from a sufficiently narrow arc gap can be idealized as a turbulent jet subjected
to chemical reactions as well as heat and mass transfer in the reactor chamber [52]. These transfer
phenomena control the dynamics of carbon vapor mixing with helium gas and the resulting cooling.
In order to estimate the temperature profiles and species distribution in the plasma arc reactor under
our typical conditions of graphene synthesis, a two-dimensional CFD modeling was performed by
the commercial software ANSYS Fluent (version 15.0) [83]. Thermochemical and transport properties
of the gas species as a function of temperature have been taken from Chemkin thermodynamic
database [84–86] and NASA Reference publication [87]. The model uses the finite volume method
to solve the governing equations, i.e., conservation of total mass, momentum and energy, and the
individual species conservation equations. The 2-D axisymmetric computational domain, presented
in Figure 10 was restricted to a limited part of the reactor including the plasma zone. The chosen
dimensions referred to the experimental setup. The distance between the anode and the cathode was
fixed at 3 mm. The geometry was created using ANSYS Design Modeler and the mesh was generated
using ANSYS Meshing application. The grid was composed of an unstructured quadrilateral mesh.
The total number of cells was 8166 leading to a final grid with 7975 nodes, an average grid skewness of
0.2 and an orthogonal quality of 0.998. The very fine grid of the plasma zone was chosen to compute
correctly the gradients of all transport variables between the two electrodes.
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The model was developed based on the following assumptions:
(i) The plasma was modeled using a steady state formulation. This assumption is justified by the

continuous adjustment of the interelectrode gap, leading to a constant anode erosion rate.
(ii) The plasma is assumed in local thermodynamic equilibrium (LTE). This hypothesis was based

on the model of Bilodeau et al. [88] for fullerene synthesis by arc discharge in the same range of pressure
as the graphene synthesis. Indeed, the arc plasma deviates from carbon LTE, but the abundance of
carbon species in the arc region increases the collision frequency of carbons. This increases the electrical
conductivity of the gas and reduces deviations from LTE.

There are hundreds of species possible, ranging from atomic carbon to large clusters of
carbonaceous soot Cn. In the case of a circular graphene sheet of 124 nm diameter as found in
our experiments, their surface area is 12,000 nm2. Considering the C–C bond length of d = 1.421 Å, the

area of an individual hexagon of the honeycomb is 3
√

3
2 d20.369 nm2. Since each hexagon in the lattice

contains 2 full atoms (6 atoms with a third of each inside the hexagon), the monolayer graphene sheets
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will have a stoichiometry C16,400. Due to the significant computer time required for models containing
large numbers of species used in computational fluid dynamic (CFD) simulations, large models are
impractical for simulating. Hence, for the simulation of the graphene condition, eleven neutral carbon
species (from atomic carbon C to the cluster C11) were involved in the gas-phase chemistry. The ions
and electrons were not considered. This assumption affected the accuracy of the calculations. However,
an effort was made here to only estimate the plasma temperature and major gas species concentrations.
The considered gas-phase reversible reactions between the carbon species and rate coefficients are
given in Table 4 from Krestinin et al. [89].

Table 4. Gas phase chemistry used for graphene simulation.

Gas Phase Reactions 1 A
(cm3/s/mol)

β

(–)
E

(K)

C + C = C2 2 × 1014 0 0
C + C2 = C3 2 × 1014 0 0

C2 + C2 = C3 + C 2 × 1015 0 9040
C2 + C2 = C4 2 × 1014 0 0
C + C3 = C4 2 × 1014 0 0
C + C4 = C5 2 × 1014 0 0
C2 + C3 = C5 2 × 1014 0 0
C5 + C = C6 2 × 1014 0 0
C6 + C = C7 2 × 1014 0 0
C7 + C = C8 2 × 1014 0 0
C8 + C = C9 2 × 1014 0 0
C9 + C = C10 2 × 1014 0 0
C4 + C2 = C6 2 × 1014 0 0
C5 + C2 = C7 2 × 1014 0 0
C6 + C2 = C8 2 × 1014 0 0
C7 + C2 = C9 2 × 1014 0 0
C8 + C2 = C10 2 × 1014 0 0
C9 + C2 = C11 2 × 1014 0 0
C3 + C3 = C6 2 × 1014 0 0
C4 + C3 = C7 2 × 1014 0 0
C5 + C3 = C8 2 × 1014 0 0
C6 + C3 = C9 2 × 1014 0 0
C7 + C3 = C10 2 × 1014 0 0
C4 + C4 = C8 2 × 1014 0 0
C5 + C4 = C9 2 × 1014 0 0
C6 + C4 = C10 2 × 1014 0 0
C5 + C5 = C10 2 × 1014 0 0

1 Forward rate constants k are calculated assuming Arrhenius temperature dependence k = A×Tβ
×exp(-E/RТ)

where A is the pre-exponential factor, β is the temperature exponent and E is the activation energy.

Helium (He) was used as inert gas and we assumed a dilution factor of τ = 20. This factor accounts
for the mixing of carbon coming from the anode erosion with the inert atmosphere. It is defined by
the ratio:

τ =
moles (Carbon)

moles (Carbon + He)
(2)

For initial and boundary conditions, the inlet was specified as a uniform inflow with axial velocity
estimated on the basis of the measured anode erosion rate. The inlet temperature at the anode was
fixed at 4000 K—the temperature of vaporization of the graphite. The water-cooled reactor walls,
the anode and the cathode were modeled as wall boundary conditions at a constant temperature of
600 K for the reactor walls and 1000 K for the electrodes. The plasma heat was generated by constant
volumetric source dependent on the input power and the plasma volume. The power density was
homogeneously distributed inside the active plasma zone showed in Figure 11. The radiative losses
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were neglected. The total pressure was fixed at 530 mbar. Turbulence was modeled using the k-ε
turbulence approach. The simple method for pressure–velocity coupling was selected. Simulations
were carried out for two different current intensities, 120 A and 150 A. The 2-D calculated temperature
contours of arc discharge plasma and 1-D temperature profiles along the centerline of plasma in the
interelectrode gap are shown in Figure 11.
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Figure 11. (a) Simulated temperature distribution inside the reactor at 150 A and (b) one dimensional
(1D) temperature profiles along the centerline between the anode and the cathode at 120 A (dashed
line) and 150 A (continuous line).

It can be seen that the maximal temperature in the center of the plasma reaches 9200 K at 120 A
and 10,400 K at 150 A. These values are in the same order of magnitude of measurements of the
optical emission spectra obtained in our setup for various combinations of gap width, position in
the gap, radius, arc current and gas pressure. The thermal balance of plasma heating and cathode
cooling determines the cathode temperature. Hence, there is a steep temperature gradient between
the cathode and the region where the temperature is the highest. The flow and trajectories of gas
species are visualized on Figure 12 by using the velocity path lines. The maximum velocity is 4 m/s,
which is sufficient to ensure a fully turbulent jet in the narrow arc gap. The presence of vortices
around the electrodes is supposed to control the dynamics of carbon vapor mixing with helium gas
and the resulting cooling thereby increasing the mass flux gas species from the plasma zone to the cold
cathode region.

The simulated molar fraction profiles of small carbon clusters C–C3 and higher mass carbon
clusters C9–C11 at 150 A are presented in Figure 13. This figure shows that atomic C was the major
carbon specie in the plasma. Other species such as C2 and C3 had also a rather important contribution
to the graphene synthesis. They were formed on the front face of the cathode as well as in the region
close to the plasma. Higher mass carbon clusters such as C9, C10 and C11 were relegated to the cold
walls of the reactor (see Figure 13) where graphene was expected to form. Similar profiles were also
found for a current of 120 A.
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Finally, the plasma composition during the growth of graphene and graphene hybrids was
predicted assuming chemical equilibrium calculations. Computation of equilibrium compositions
was determined by minimizing the Gibbs free energy of each chemical system using the Ivtanthermo
computer code [90]. These calculations constitutes a first approximation since they did not take into
account neither homogeneous chemistry nor transport of the species. In our case, the plasma was
modeled by a mixture of graphite and Cu or ZnO evaporated from the anode and mixed with He
present in the buffer gas. The neutral and ions species considered for each system are listed in Table 5
and the chemical composition in the plasma was estimated under the assumption of local thermal
equilibrium as discussed above.

Table 5. Neutral and ion species considered in equilibrium calculations.

Chemical Systems and Species

Helium-Carbon (12 species)
6 neutral: He, C, C2, C3, C4, C5
6 ions: e−, C−, C2

−, He+, C+, C2
+

Helium-Carbon-Copper (15 species)
8 neutral: He, C, C2, C3, C4, C5, Cu, Cu2
7 ions: e−, C+, C2

+, Cu+, C−, C2
−, He+

Helium-Carbon-Zinc Oxide (28 species)
15 neutral: He, C, C2, C3, C4, C5, O, O2, O3, CO, C2O, CO2, C3O2, Zn, ZnO
13 ions: e−, C−, C2

−, O−, O2
−, C+, C2

+, O+, O2
+, CO+, CO2

+, Zn+, He+

The calculated mole fractions of neutral and ions corresponding to graphene (Gr) condition are
plotted in Figure 14. Due to the high temperature that exists throughout most of the gap, the discharge
was dominated by helium and C atoms with the major ion C+ balanced by e−. The lower temperature
(close to the cathode) enhanced the carbon species recombination until up to C5.
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Figure 14. Calculated equilibrium species in the interelectrode gap (red zone) and cold cathode (blue
zone) at a total pressure of 530 mbar.

Adding copper slightly modified species distribution with the appearance of copper atoms in the
hot zone as shown in Figure 15a. The condensation of these vapors in cold regions led to C5 and Cu2

clusters that could serve as precursors for the growth of graphene hybrid (GrCu). We can notice from
Figure 15b the apparition of Cu+ ion together with C+, which was the major ion in the gap.
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When zinc oxide is added, the hot zone of the discharge became dominated by He, C and O atoms
as shown in Figure 16a. The condensation of these vapors in cold regions led to C5 and Zn clusters
together with carbon monoxide CO and no more O atoms. We could finally notice from Figure 16b the
apparition of Zn+ ion together with C+, which was the major ion in the gap. Based on our equilibrium
calculations, and since no zinc phases were obtained in XRD patterns, the transformation of atomic
zinc into ZnO could not be explained by classical thermodynamics.Coatings 2020, 10, x FOR PEER REVIEW 19 of 24 
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Figure 15. Calculated equilibrium species for GrCu conditions at a total pressure of 530 mbar: (a) major
species with the cold cathode region schematized in the blue area and (b) major ions.
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Nevertheless, the presence of zinc oxide in the soot and the changes in their size and shape
as observed in HRTEM could be explained by the spallation of the original nanorods into smaller
fragments that were expelled from the body of the anode and survived to the plasma. Since the anode
surface was subjected to a high temperature gradient that could induce high pressures with a tensile
stress wave exceeding the local tensile strength of the anode material.

5. Conclusions

In conclusion, a one-step arc-discharge process was proposed to synthesize graphene, copper and
zinc oxide graphene hybrids. The relatively weak Raman peak D and the sharp and near-symmetric
peak 2D attested that a reasonable quality of few-layer graphene was achieved. The temperature in the
gap region was estimated from our numerical simulations to 10,000 K. This high temperature ensures
vaporization of the anode and graphene, where 124 nm crystallite sizes are thought to precipitate
from carbon vapor during fast cooling. Adding copper to the graphite composing the anode material
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reduced the graphene crystallite size down to 70 nm and induced defects. High resolution, spatially
resolved EELS and energy filtered elemental mapping together with XRD confirmed that GrCu hybrids
were composed of spherical copper nanoparticles, free of any copper oxide. Copper nanoparticles
with a predominant diameter of 53 nm and mostly encapsulated in carbon graphitic shells were stable
even after their exposition in ambient air at room temperature for several months. Unlike copper, zinc
oxide nanorods used as a filler did not seem to induce additional defects and acted as a catalyst to
promote the graphene crystallite size up to 296 nm as compared to the Gr experiment. Nevertheless,
their small size and strong and short-range dipole–dipole interaction led inevitably to agglomeration.

Due to the difficulties associated with in situ measurements during the arc discharge operation,
modeling remains a key element in the effort to improve product quality. Our modeling gave a better
understanding of the behavior of the species distribution. It is especially important to understand
how the species behaves upon vaporization from the anode down to the cool regions of the reactor.
We limited the carbon atoms in the model to C11, whereas, this is much fewer than the actual graphene
sheet stoichiometry estimated at C16,400. The calculated flow and trajectories attested a fully turbulent
jet in the narrow arc gap. The presence of vortices around the electrodes controlled the dynamics of
carbon vapor mixing with helium gas thereby increasing the mass flux gas species from the plasma zone
to the cold cathode region. Small carbon clusters, e.g., C2 are envisioned to form higher carbonaceous
species that would tend to grow fragments of graphene. Since complete fluid dynamics in three
dimensions plus large models presents a formidable computational task, it may be possible to improve
the actual chemical modeling by lumping many clusters into a representative clusters Cn and consider
their interaction with small carbon fragments Cm (m = 1,2,..,) via reactions Cn+Cm→Gr.
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