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Abstract: Coal tar, a by-product of the pyrolysis of coal, is rich in aromatic compounds that
have the potential to facilitate the synthesis of graphene, a high-quality carbon material,
via low-temperature chemical vapor deposition (CVD). This approach offers a promising
avenue for the cost-effective and large-scale industrial production of graphene while mini-
mizing energy consumption. Nevertheless, there is a paucity of research focused on the
low-temperature synthesis mechanisms of graphene derived from aromatic compounds
in the context of graphene growth. To achieve high-quality graphene synthesis from coal
tar and its aromatic constituents at reduced temperatures, a comprehensive investigation
into the reaction pathways of these aromatic compounds is essential. In this study, we
meticulously simulate the pyrolysis of benzene, a key aromatic component of coal tar,
across various temperature settings utilizing reactive force field (ReaxFF) methodology.
Furthermore, we apply density functional theory (DFT) calculations, executed through
the Vienna Ab initio Simulation Package (VASP), to assess the dehydrogenation energy
associated with the adsorption of benzene on vapor-deposited copper foils. Our molec-
ular dynamics simulations, enhanced by a mixed force field approach, revealed that the
dehydrogenated benzene ring (C6 intermediate) acts as a critical precursor for graphene
synthesis. This research significantly elucidates the reaction pathways of aromatic benzene
in coal tar through molecular simulations conducted at different temperatures, both in the
gas phase and on solid copper foil substrates.

Keywords: coal tar; aromatic compounds; low energy consumption; graphene; molecular
dynamics simulation; ReaxFF; VASP

1. Introduction
Coal polygeneration technologies [1] integrate coal pyrolysis and combustion pro-

cesses, resulting in the production of coal tar and fuel gas within the pyrolysis reactor, as
well as steam in the combustion reactor, thereby facilitating power generation and heat
supply. These technologies represent a promising approach for the clean and efficient
utilization of coal. However, the utilization of tar composition has become a focal point of
increasing research interest [2].

Graphene, recognized for its remarkable physical and chemical properties [3], presents
substantial opportunities in the fields of electronics [4], energy storage [5], and materials
science [6]. Although conventional methods for graphene production, such as mechanical
exfoliation [7] and epitaxial growth [8], are capable of producing high-quality graphene,
they are inadequate for fulfilling the requirements of large-scale industrial manufacturing.
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As a result, there has been considerable research interest in identifying cost-effective and
high-yield synthesis methods for graphene. Among them, chemical vapor deposition
(CVD) has emerged as a particularly promising technique for the growth of graphene
on metallic substrates [9,10], typically employing methane as the carbon source at ele-
vated temperatures exceeding 1000 ◦C [11]. However, the challenges associated with such
high-temperature processes have spurred efforts to develop methods that can achieve
graphene synthesis at lower temperatures [12,13]. For example, Sun et al. [14] successfully
lowered the temperature for graphene synthesis on copper foil to 750 ◦C by utilizing C2H6

as the carbon source. Similarly, Zhang et al. [15] achieved the production of continuous
and large-area monolayer graphene on copper foil at a reduced temperature of 600 ◦C,
employing toluene as the carbon source. Kang et al. [16] synthesized large-scale, low-defect
graphene on copper foil at 300 ◦C under atmospheric pressure, using liquid benzene as the
carbon source. Jang et al. [17] produced fully-covered monolayer graphene films on copper
foil through an oxygen-free atmospheric pressure chemical vapor deposition (APCVD)
process, utilizing benzene as the carbon source at temperatures ranging from 100 ◦C to 300
◦C. Li et al. [18] fabricated graphene films on copper foil surfaces at temperatures between
300 ◦C and 1000 ◦C under low pressure, employing solid polymethyl methacrylate (PMMA)
and polystyrene (PS) or liquid benzene as carbon sources. Additionally, Choi et al. [19]
prepared graphene on copper foil surfaces at a low temperature of 300 ◦C, utilizing p-
terphenyl as the carbon source. Coal tar, abundant in aromatic compounds, presents a
promising feedstock for low-temperature graphene synthesis via CVD [20]. In our previous
experimental research [20], it was observed that during the process of graphene growth on
copper foil surfaces from benzene rings at low temperatures ranging from 300 to 600 ◦C,
the benzene rings did not decompose into small molecular gases but rather deposited
on the surface of the copper foil in the form of a six-membered carbon ring. However,
based on our experimental research, we could only observe the gas-phase reaction process
of the benzene rings. The surface reaction processes of the benzene rings entering the
copper foil, including dehydrogenation and graphene migration and nucleation, need to be
investigated through simulation calculations. Nevertheless, the intricate chemical reaction
pathways and intermediate transformation mechanisms involved remain elusive, hinder-
ing its industrial application. Numerous experimental and theoretical investigations have
been conducted regarding the growth mechanisms of graphene, with a predominant focus
on the chemical vapor deposition (CVD) of graphene utilizing methane-based gaseous
carbon sources at elevated temperatures exceeding 1000 ◦C. It is widely accepted that
during the synthesis of graphene from methane, the process of dehydrogenation occurs,
resulting in the formation of elemental carbon. This has led to significant efforts in quantum
chemical and reaction kinetic simulations aimed at elucidating the transformation of pure
carbon atoms into graphene on metallic substrates [21,22]. For example, Meng et al. [23]
utilized reactive molecular dynamics to model the growth of graphene from elemental
carbon atoms on a Ni(111) surface, identifying an optimal CVD temperature for graphene
synthesis at approximately 1000 K, which is consistent with empirical findings. Li et al. [24]
conducted a comprehensive analysis of the CVD growth mechanism of graphene from
methane at 1300 K, employing a combination of first-principles calculations and efficient
kinetic Monte Carlo (KMC) simulations. They posited that the attachment of C2 species
constitutes the primary pathway for graphene growth under these conditions. Collec-
tively, these studies indicate that graphene formation occurs through the decomposition of
gaseous precursors, such as methane, on the surface, yielding active species like free carbon
atoms or dimers. These active species subsequently organize and coalesce on the surface to
establish graphene nucleation centers, which then proliferate into graphene structures. In
contrast, Cui et al. [25] employed density functional theory (DFT) calculations to illustrate
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that C5NCl5 can self-assemble to produce nitrogen-doped graphene. Choi et al. [19] and
Tau et al. [26] applied advanced DFT methods to initially explore the CVD preparation
mechanism of graphene using liquid and solid carbon sources including benzene, toluene,
and p-Terphenyl, which markedly differs from the gaseous carbon source (methane) ap-
proach, as the presence of free carbon atoms is minimal during the graphene synthesis
process. Tau et al. [27] also studied the growth of graphene on silicon from toluene, which
is the most important for practical graphene applications and integration. Lu et al. [28]
examined the dynamic deposition process of graphene through molecular dynamics simula-
tions involving naphthalene and fluorene molecules, which deposit and grow graphene on
various Ni surfaces at temperatures ranging from 800 to 1100 K. Their findings revealed that
naphthalene or fluorene molecules can undergo adsorption, diffusion, and self-assembly
reactions on three distinct Ni surfaces to facilitate graphene formation. These investigations
suggest that the growth mechanism associated with gaseous carbon sources, exemplified
by methane, is not applicable to solid–liquid growth processes represented by aromatic
compounds found in coal.

This study aims to unravel the crucial pathways for high-quality, low-energy graphene
synthesis through a molecular-level investigation of the pyrolysis of benzene—a fundamen-
tal aromatic structure in coal tar—at varying temperatures and its subsequent dehydrogena-
tion and graphene nucleation behavior on copper foil surfaces. Employing reactive force
field (ReaxFF) methodology and density functional theory (DFT)-based first-principles
simulations using the Vienna Ab initio Simulation Package (VASP, Version 6.3.2), we dissect
the pyrolysis products of benzene and their dehydrogenation reactions on copper, validat-
ing the hypothesis of dehydrogenated benzene rings (C6 intermediates) as fundamental
building blocks for graphene growth. Our findings aim to pave the way for optimized,
energy-efficient graphene production processes from coal tar and provide a theoretical basis
for the low-temperature growth of graphene from aromatic compounds such as coal tar.

2. Simulation Tools and Theoretical Methods
2.1. Reactive Force Field (ReaxFF)

ReaxFF is employed for simulating bond formation and bond-breaking processes in
organic small molecules, polymeric systems, and reactions such as pyrolysis, combustion,
and explosion. Within the ReaxFF model, the interatomic forces or energies are functions of
the interatomic distances, which can be calculated using the following expression:

Esystem = Ebond + Elp + Eover + Eunder + Eval + Etor

+EvdWaals + ECoulomb

Esystem—system energy; Ebond—bond energy; Elp—long pair electron energy;
Eover—overcoordination energy penalty; Eunder—undercoordination stability; Eval—valence
angle energy; Etor—torsion energy; EvdWaals—van der Waals energy; ECoulomb—
Coulomb energy.

The system energy (E_system) represents the total energy of a system, including the
kinetic and potential energies of all particles. Among various components, the long pair
electron energy (E_long pair) may refer to the energy associated with long-distance electron
pairs in a molecule. Overcoordination leads to an energy penalty (E_overcoordination)
due to excess ligands around an atom, while undercoordination can contribute to sta-
bility (E_undercoordination) by reducing steric hindrance and charge repulsion. The
valence angle energy (E_valence angle) reflects the influence of bond angles on molecular
energy, determining its geometry and stability. Torsion energy (E_torsion) arises from
the twisting of chemical bonds, affecting molecular conformation and stability. Van der
Waals energy (E_van der Waals) represents the weak intermolecular forces due to transient



Energies 2025, 18, 392 4 of 13

dipoles, influencing physical properties like solubility and viscosity. Lastly, Coulomb
energy (E_Coulomb) describes the interaction between charged particles within or between
molecules, governed by Coulomb’s law.

ReaxFF leverages the bond order–bond distance relationship, coupled with the bond
order–bond energy relationship, enabling accurate simulations of chemical bond creation
and rupture. All bond–bond connectivity terms, including bond lengths, bond angles, and
torsions, are related to bond orders. Non-bonded interactions, comprising van der Waals
and Coulombic interactions, do not depend on bond orders but are highly sensitive to the
distance between atomic pairs. These interatomic interactions require continuous iterative
updates throughout the reaction calculations.

Given our interest in the reactions of benzene in the gas phase at varying temperatures,
involving C/H/O atomic species, we adopted the CHO-2016 force field recently developed
by Ashraf and van Duin [29]. This force field is capable of simulating the pyrolysis processes
of various hydrocarbon fuels, including methane, JP-10, and n-butylbenzene.

Our simulation model consists of randomly packed 100 benzene molecules within a
200 Å × 200 Å × 200 Å cubic space. Using the NVT ensemble, we controlled the simulation
temperatures at 800, 900, 1000, 1100, and 1200 K, with a time step of 0.25 fs. The ReaxFF
(CHO-2016) model was employed to simulate gas-phase reactions occurring during the
growth of graphene from benzene at various temperatures. This approach effectively
captures the dynamics of bond breaking and formation, while also elucidating the species
and distribution of gas-phase reaction products prior to the interaction of benzene with the
copper foil surface.

2.2. Density Functional Theory (DFT) with VASP

DFT, in conjunction with the VASP software (Version 6.3.2) package, was employed
to quantify the dehydrogenation energies during the adsorption of benzene on a copper
foil surface, exploring the dehydrogenation reaction pathways and directions. VASP,
a first-principles-based tool, utilizes density functional theory to solve the Kohn–Sham
ground-state energy, incorporating pseudopotential treatments, plane wave basis functions,
and periodic boundary conditions. VASP’s NEB (Nudged Elastic Band) method accurately
computes the energy required to break the C-H bond during the dehydrogenation of
a benzene molecule on a copper foil surface as reaction activation energies. Since this
process does not involve van der Waals forces, the PBE54 exchange–correlation function
was adopted for the calculations.

A (3 × 3) 3-layer unit cell of Cu(111) with 9 copper atoms per layer was selected, with
a benzene molecule centered on the surface. A Monkhorst–Pack (1 × 1 × 1) grid was used
for Brillouin zone sampling in DFT calculations. During structural optimization, Cu atoms
are fixed, while benzene atoms are fully relaxed. A plane wave cutoff energy of 400 eV, an
energy convergence criterion of 10−5 eV, and a force convergence criterion of 0.02 eV/Å for
relaxed structures were employed.

2.3. Hybrid Force Field (Airebo + EAM + LJ)

The released gas was collected in a gas sampling bag attached to the tube furnace
exhaust. Prior to pyrolysis, the sampling bags were purged three separate times with
hydrogen gas to remove excess air from the sampling bags. The adsorption process of
dehydrogenated carbon hexagons on a Cu surface was simulated using a hybrid force field
comprising Airebo [30], EAM [31], and LJ [32] potentials.

Airebo Potential: Used for interactions between carbon atoms, Airebo is an empirical
many-body potential suitable for simulating the dynamic bond breaking and reforming
during deposition growth, particularly for graphene.
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EAM Potential: Describes the interactions between copper atoms in the crystal. EAM
is a multi-body empirical potential that considers both the interaction potential between
atoms in the lattice and the embedding energy of atomic nuclei in the electron cloud.

Lennard–Jones (LJ) Potential: Models the interactions between carbon atoms in
graphene and copper atoms. LJ is a pairwise interaction model for neutral atoms
or molecules.

The copper substrate model comprises 3 layers of copper atoms with dimensions of
37 Å × 20 Å × 37 Å. The (111) surface of the copper crystal was chosen for adsorption
simulations, with periodic boundary conditions applied to the model boundaries. To
enhance computational efficiency, a simplified model using cracked six-membered carbon
rings as the carbon source was adopted. The simulation temperature was controlled within
a temperature range of 500–1300 K, with a time step of 0.001 ps.

3. Results and Discussion
3.1. Study on the Gas-Phase Reaction of Benzene at Low Temperature upon Entering the Copper
Foil Surface

The growth behavior of graphene films on copper foil surfaces can be delineated
into three distinct stages: pyrolysis of the carbon source, nucleation of graphene, and the
growth of graphene. Initially, when the carbon source is introduced into the chemical
vapor deposition (CVD) system, it undergoes a gas-phase reaction, specifically pyrolysis,
which results in the formation of active carbon species prior to their deposition on the
copper foil surface. These active carbon species then experience further dehydrogenation
and pyrolysis on the substrate, leading to the establishment of the fundamental carbon
structure of graphene. Through processes of migration and aggregation, carbon clusters
are generated, which subsequently capture additional active carbon species from the
surrounding environment, thereby facilitating the formation of stable graphene nuclei.
Ultimately, active carbon species persistently migrate to the growth fronts of the graphene
domains on the substrate surface, continuously supplying the necessary raw materials for
the growth and development of graphene films.

However, the gas-phase reaction laws for graphene growth vary significantly with
different carbon sources and temperatures. For methane, a commonly used carbon source
for graphene CVD growth, the gas-phase reactions typically occur at temperatures above
1000 ◦C, where methane forms various active carbon species such as C2H4, C2H6, C2H3,
C3H3, C3H6, C6H5, and C6H6 [33]. In contrast, benzene, as a unique carbon source ca-
pable of growing graphene at low temperatures (100–900 K), has been experimentally
demonstrated to enter the copper foil surface as intact benzene rings without undergoing
ring-opening pyrolysis within the temperature range of 300–600 ◦C (573–973 K). Through
the analysis of 100 molecular dynamics simulations of benzene utilizing the ReaxFF force
field, conducted over a consistent simulation duration of 12.5 ns (as detailed in Table 1), it
was observed that benzene molecules do not exhibit ring-opening pyrolysis at temperatures
below 1000 K. However, within the temperature range of 1000 K to 1200 K, partial cracking
of benzene molecules occurs, leading to the formation of various active carbon species. Fur-
thermore, it was noted that the quantity of cracked benzene rings escalates with increasing
temperatures, resulting in a more varied and intricate array of active carbon species.

Consequently, within the temperature parameters established for the synthesis of
graphene utilizing benzene, the low-temperature conditions prevent the occurrence of gas-
phase pyrolysis of benzene. This enables the intact benzene rings to penetrate the surface
of the copper foil, facilitating subsequent dehydrogenation, which will be elaborated upon
in the following discussion.
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Table 1. Molecular dynamics simulation of vapor-phase reaction product distribution for the incorpo-
ration of benzene rings as carbon sources into copper foil for graphene growth.

Temp/K 800 900 1000 1100 1200

C6 100 100 96 84 80
C 3

C2 1 4 9
C3 1
C4 1
C5 1 1
C6 6 2
C7 1 7
C8 1 1 1
C9
C10 1
C11
C12 2 1

3.2. Dehydrogenation Process of Benzene Rings on the Copper Foil Surface

As discussed in the previous section, intact benzene rings undergo dehydrogenation
upon entering the copper foil surface. The energy change during the dehydrogenation
reaction is illustrated in Figure 1. Based on molecular dynamics simulations of a 3 × 3 × 3
copper foil surface, the dehydrogenation order of benzene rings on the copper surface is
1→2→3→4. The dehydrogenation process involves stretching the distance between C and
H atoms (originally 1.1 Å in the benzene ring) to three times its original length (3.3 Å).
Using the image nudged elastic band (NEB) method to calculate the energy changes during
the dehydrogenation process of benzene rings adsorbed on the surface of copper foil, we
found that the energy barrier for the first hydrogen detachment from the benzene ring
on copper foil is 0.89 eV. It should be clarified that the dehydrogenation energy we have
calculated (0.89 eV) pertains to the energy barrier required to break the carbon–hydrogen
bond of a benzene ring on the surface of copper foil during its dehydrogenation process.
This value differs from the dehydrogenation energy (1.67 eV) reported by Tau et al. [26],
which they calculated for the process of benzene adsorption on copper foil.
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Subsequent detachments of hydrogen atoms 2–6 from the benzene ring on the copper
surface do not necessitate overcoming additional energy barriers. Notably, the detachment
of the fifth and sixth hydrogen atoms is accompanied by an energy increase but does
not exceed the energy of the original structure (Figure 2). This indicates that once the
energy barrier of 0.89 eV for the first hydrogen detachment is overcome, the subsequent
detachment of the other five hydrogen atoms is facile, leading to the formation of a six-
membered carbon ring structure on the copper foil surface.
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Figure 2. Energy changes and the sequence of dehydrogenation for the last two hydrogen atoms of
benzene on the surface of copper foil.

The energy level changes during the dehydrogenation process of a benzene ring on
a copper foil surface, as illustrated in Figure 3, show that the overall dehydrogenation
process is characterized by a continuous decrease in energy. Except for the initial de-
hydrogenation step, which requires a small energy barrier, the energy barriers for the
subsequent dehydrogenation reactions are nearly zero. Additionally, the energy values
for these dehydrogenation reactions are not identical, although they exhibit similar trends
in change.
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The bond energy of the carbon–hydrogen bond within the benzene ring, measured at
3.9 eV, is considerably higher than the energy necessary, 0.89 eV, for the dehydrogenation
on copper foil. This indicates that copper foil plays a substantial catalytic role in the
dehydrogenation process of benzene. Consequently, this phenomenon elucidates the
feasibility of synthesizing graphene on copper foil utilizing benzene as a carbon precursor at
reduced temperatures. The rate of dehydrogenation is determined through the application
of the Arrhenius equation [19]:

R(T) = Aexp(− Ea

KBT
), A =

KBT
h

where A is the pre-exponential factor, Ea is the activation energy, R is the gas constant, T is
the temperature, and h is Planck’s constant.

Based on the calculated rates, the required time for the dehydrogenation of benzene
rings at different temperatures is presented in Table 2 below.

Table 2. Time for the dehydrogenation of benzene rings at different temperatures.

Temperature for Graphene Growth/K Time */s

300 129.26
400 0.018
500 8.4 × 10−5

* time = 1
R(T) .

At a temperature of 300 K (room temperature), the duration of dehydrogenation is
significantly prolonged, as indicated in Table 2, with a time of 129.26 s, and the reaction is
virtually negligible. Conversely, when the temperature is elevated to 400 K, the reaction time
decreases dramatically to 0.018 s, facilitating the onset of dehydrogenation and resulting in
the formation of graphene on the surface of the copper foil. Our findings are consistent
with experimental data, demonstrating that graphene can be synthesized from benzene at
100 ◦C (273 K), whereas such synthesis does not occur under identical reaction conditions
at room temperature [17].

In summary, during the chemical vapor deposition process for graphene growth, the
benzene on the surface of copper foil first undergoes dehydrogenation in a specific sequence
to remove all hydrogen atoms, and then serves as the basic feedstock unit for graphene
synthesis in the form of six-membered carbon rings.

3.3. Splicing Growth of Graphene from Basic Building Blocks: Six-Membered Carbon Rings

Molecular dynamics simulations using a hybrid force field (Airebo + EAM + LJ)
were conducted to investigate the splicing behavior of six-membered carbon rings (6 × 6)
formed by dehydrogenation on the copper foil surface at various temperatures, as shown
in Figure 4.

At 500 K, the six-membered carbon rings undergo complete splicing to form multiple
graphene domains, although these domains are relatively dispersed. The schematic dia-
gram (Figure 5a) illustrates the method by which carbon six-membered rings are assembled
to form graphene. The specific splicing mode involves head-to-head connections of two
carbon rings, with the third ring contributing two carbon atoms for compensation. At this
temperature, graphene defects primarily manifest as holes formed by the connections of the
multiple six-membered carbon rings shown. As shown in Figure 5c, these cavities may be
formed by the side-by-side arrangement of three-, four-, five-, or even more six-membered
carbon rings [34]. We can name these cavities defects generated during the growth of a
six-membered carbon ring first-type defects. Within the temperature range of 600–1000 K,
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graphene domains begin to coalesce, accompanied by the emergence of eight-membered
ring defects. These defects arise from the cracking of one ring during the pairwise splicing
of six-membered rings (Figure 5b). The eight-membered ring defects produced by ring
opening can be named second-type defects.
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As the reaction temperature increases, certain graphene structures begin to display
three-dimensional defects, characterized by one end being elevated. At temperatures ex-
ceeding 1100 K, while the concentration of graphene domains intensifies, the six-membered
carbon rings on the copper foil surface start to open actively, resulting in the formation
of larger defects. At 1200 K and 1300 K, it becomes increasingly challenging to observe
intact graphene structures during the splicing process. Figure 6 illustrates the distribution
of various defect types encountered during the synthesis of graphene from six-membered
carbon rings at different temperatures.
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In general, at lower synthesis temperatures ranging from 500 K to 800 K, the first
type of defect predominates. In the temperature range of 900 K to 1300 K, an increase in
temperature correlates with a gradual rise in the second type of defect, while the first type
of defect diminishes. Above 1200 K, graphene is primarily characterized by the second
type of defect, with the first type nearly absent. Three-dimensional defects begin to emerge
around 1000 K but tend to decrease as the temperature continues to rise.

Regardless of whether the temperature is in the high or low range, the minimum
temperature for synthesizing graphene with minimal defects is established at 700 K. This
finding suggests that six-membered carbon rings derived from benzene can act as funda-
mental units for graphene growth through direct migration and splicing at temperatures
below 1000 K. However, elevated temperatures result in an increase in both the variety and
quantity of defects within the graphene structure. These results underscore the significant
influence of temperature on the synthesis of graphene using benzene as a carbon source,
thereby highlighting the necessity of selecting an appropriate temperature range to enhance
the quality of the graphene produced.

4. Conclusions
In this study, we conducted a systematic investigation into the vapor-phase reaction of

benzene, utilized as a carbon source on copper foil surfaces at low temperatures, specifically
within the range of 100 K to 900 K, and examined the associated mechanisms of graphene
growth. By integrating theoretical simulations with experimental validation, we identify
distinct pathways and critical factors that influence the growth of graphene from benzene
on copper foil.

Initially, we elucidate the characteristics of the vapor-phase reaction of benzene on
copper foil surfaces under low-temperature conditions (below 1000 K). Unlike carbon
sources such as methane, which undergo transformations at elevated temperatures, benzene
predominantly retains its ring structure within this temperature range, thereby avoiding
ring-opening cleavage and engaging in subsequent reactions as intact benzene rings. This
finding presents novel options for carbon sources and enhances our understanding of
graphene growth pathways at low temperatures.

Subsequently, we explored the dehydrogenation process of benzene rings on copper
foil surfaces. Our simulations indicate that the initial detachment of a hydrogen atom
from the benzene ring on copper foil necessitates overcoming an energy barrier of 0.89 eV,



Energies 2025, 18, 392 11 of 13

while the removal of subsequent hydrogen atoms occurs with relative ease. The copper
foil demonstrates a pronounced catalytic effect on the dehydrogenation of benzene rings,
significantly lowering the energy requirements for this reaction. Calculations employing
the Arrhenius equation reveal that the dehydrogenation of benzene rings and the nucleation
of graphene can occur at an unexpectedly low temperature of 400 K (100 ◦C).

Furthermore, we investigated the direct stitching growth mechanism of six-membered
carbon rings, which are formed through the dehydrogenation of benzene rings on copper
foil surfaces. Within the temperature range of 500 K to 1000 K, six-membered carbon rings
can exist stably and contribute to the formation of graphene domains through migration
and stitching, exhibiting a minimal number of hole defects (two defects) at 700 K. However,
as temperatures increase to between 1000 K and 1300 K, the growth of graphene begins to
display structural defects, including eight-membered rings and three-dimensional warping.
This indicates that while higher temperatures promote domain agglomeration, they also
elevate the defect density within the graphene structure. Consequently, the selection of an
appropriate temperature range is essential for optimizing the quality of graphene growth.

In conclusion, this study elucidates the unique pathway for graphene growth from
benzene as a low-temperature carbon source on copper foil. Benzene rings synthesize
graphene through dehydrogenation on copper foil, forming graphene as a basic unit of
six-membered carbon rings. These findings not only provide a theoretical basis for the
low-temperature growth of graphene from aromatic compounds such as coal tar pitch
but also offer new strategies and theoretical foundations for the efficient and high-quality
growth of graphene under low-temperature conditions. Potentially, this could advance
the application and development of graphene materials across various fields. Future
research may further investigate the catalytic effects of different metal substrates on benzene
dehydrogenation and graphene growth, as well as optimize growth conditions to enhance
graphene performance and yield.
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