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To understand the growth mechanism of pyrolytic graphite on ideal graphite substrate by chemical vapor
deposition (CVD), the process simulated by molecular dynamics is performed. The simulation revealed that
only an amorphous graphite-like membrane (a-GLM) can be obtained using the Tersoff potential function. It
is revealed that the formation process for the first layer of the a-GLM initiates from the firstly deposited
carbon monomers, dimers, and trimers as growth points, on which Y-shaped long chain is formed, and
then the network with pores are developed, and finally the graphene-like layer with six-membered
dominated rings appears after repair treatment. The following deposition simulation for more deposited
carbon atoms indicates that a second layer like-graphene is more prone to superpose onto the
microdomains of the first layer like-graphene until the formation of the island-like bumps, and the

concave zone around the bumps will be filled by deposited atoms and modified by defect repair. The
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Accepted 9th October 2023 growth mechanism for pyrolytic graphite prepared by can be deduced by the simulation inspiration.
The optimal deposition temperature of 2400 K is acquired by evaluating the integrity of the first

DOI: 10.1039/d3ra06430a deposited graphene film by statistics of five-to-seven-membered carbon ring number. This study can
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1 Introduction

Pyrolytic graphite (PyG) is a polycrystal prepared by chemical
vapor deposition (CVD) from hydrocarbon gas compounds at
high temperatures and usually deposited on a high-density
graphite substrate. PyG has controllable high orientation and
anisotropy due to the tendency of the interlayer planes to grow
parallel to the substrate surface."® PyG has good heat resis-
tance, thermal and electrical conductivity and stable chemical
properties, and widely used in propellant rocket nozzles, gates
of electronic tubes and various protective coatings for electronic
devices.*® Microstructural studies of PyG show that PyG
graphite layers are stacked often in a non-ideal ABAB stacking
manner, iLe., in a disordered layer stacking in the [001] direc-
tion, and thus the general PyG graphite interlayer distance is
slightly greater than the layer spacing of 3.4 A for ideal single-
crystal graphite.” PyG preparation conditions, such as temper-
ature and pressure of CVD pyrolysis, flow rates of carbon source
gas and substrate selection, have a significant impact on the
microstructure and properties of PyG, thus the preparation of
high-quality anisotropic pyrolytic graphite and the study of
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provide theoretical references for the design of the pyrolytic graphite production process.

microscopic kinetic processes have always been the focus of
attention. Hareesh et al.® prepared PyG coatings by CVD method
and investigated the effect of pyrolysis temperature on the
microstructure, density, oxidation kinetics, and growth and
nucleation modes of the deposited PyG. It was found that the
PyG growth rate was proportional to the pyrolysis temperature,
the disorder of stacking was inversely proportional to the
pyrolysis temperature, and the increase of temperature favors
for the graphitization of PyG. While Zhu® studied the effect of
the pressure and temperature on the microstructural changes
of PyG prepared by CVD method and found that the increase
in pressure was favorable for PyG initial growth. Zheng'®"
investigated the effect of carbon source at different flow rates on
the microstructure of carbon in carbon fiber growth pyrolysis
carbon and found that the higher the flow rate, the better the
growth quality.

The mature high-temperature CVD process of PyG can meet
the general industrial demand."* However, the microscopic
process of PyG high-temperature deposition is still unclear.
Experimental studies of the microscopic deposition process of
PyG prepared by CVD method are extremely complicated to
implement and difficult to achieve in situ observational studies
at high temperatures. At present, molecular dynamics (MD)
simulation has become an effective means to study the micro-
scopic formation process of material preparation and
properties.***® The currently reported MD studies of related
graphite almost focused on exploring the growth of graphene
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deposited on various substrates. For example, Rasuli'” used MD
methods to study the effect of depositing graphene on Ni
substrates with different carbon source flow energies, different
substrate temperatures, and different precursor carbon forma-
tion rates, and concluded that the high-quality graphene on Ni
(100) crystal surfaces can be obtained by the optimized condi-
tions. Zhang L."* explored MD simulations of self-limiting
growth of monolayer graphene on Cu surfaces by CVD and
studied the graphene growth process in detail, such as gra-
phene nucleation, ring formation and defect self-healing. Liu
et al.* explored the effect of methane flow rate and the content
of Co in the substrate alloy on the quality of graphene deposited
on cemented carbide substrate using the MD method for high-
temperature methane cracking deposition, and pointed out that
the graphene formation process is dominated by direct growth.
Huang® studied by MD method that the microscopic atomic-
level growth process of graphite-like films sputter-deposited
on silicon substrates, and the simulation studies showed that
sputtering energy below 10 eV could get graphite-like films with
high sp® hybrid content, low density and high tensile stress;
however, as the carbon sputtering energy gradually increased to
40 eV, the film stress changed from tensile stress to compressive
stress and reached the extreme value, and the content of sp®
hybrid herein was also the highest; 50 eV carbon sputtering
energy can make the roughness of the graphite-like film lowest,
and the prepared graphite with high planar quality can be used
as high-density magneto-optical storage devices.

In contrast, MD studies of low-temperature deposition of
single-layer graphene on metallic substrates,”*? and MD
studies of high-temperature deposition of multilayer graphene
structures PyG on the graphite substrates have not been re-
ported. In this study, with reference to the MD study of low-
temperature deposition of monolayer graphene on metallic
substrates, we tried to use the appropriate Tersoff potential
parameters and write the main program using the LAMPPS
open-source package to explore the deposition process of
carbon atoms of high-temperature pyrolytic graphite. This
paper is expected to reveal the initial deposition growth
process of PyG on natural graphitic carbon substrates and
explore the effects of different CVD deposition temperatures
on the initial monolayer growth as well as multilayer stacked
growth of PyG.

i
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2 Simulation method
2.1 Simulation box establishment

Fig. 1 shows a simple model of 59.0 x 59.0 x 65.1 A in size by 6
layers of graphene representing an ideal graphite substrate
structure with 8064 carbon atoms in the substrate, using periodic
boundary conditions in X, Y directions and fixed boundary
conditions in Z direction. Because the theoretical space between
graphite base layers is 3.35 A, the space between the third layer
graphene of the substrate and the first deposited carbon layer is
13.6 A, and the van der Waals forces of the lower three layers
carbon atoms of the substrate to the deposited atoms are almost
negligible, so the lower three layers atoms of the substrate are
fixed and the role of the upper three layers of the substrate atoms
are only considered. The whole system is solved by numerical
integration velocity algorithm (Verlet) using canonical ensemble
(NVT), and the temperature of substrate is controlled by
Berendsen thermal bath method. The simulation time step is set
to 1 fs, and the damping factor is 0.1 fs. The graphite substrate
was heated to 300 K with full relaxation of 100 ps to bring the
substrate energy close to equilibrium. Methane is used as a high-
quality carbon source for the deposition and production of
carbon materials such as PyG, graphene, and fullerene, the final
product of methane pyrolysis is C and H, (ref. 42-49). In the
simulation box, the starting carbon source in the simulated
system can be considered as the cracked carbon from CH,
carbon source, and the carbon source flux rate was characterized
by the carbon atom flux rate (CDR) deposited on the substrate,
which was set to 10 ps~*. The simulated temperatures were set to
1500-3000 K (interval 300 K).

2.2 Potential function selection

The potential function describes the interaction energy between
particles with respect to their positions, and this paper deals
with three configurations of carbon atoms, i.e., the solid-phase
carbon atoms in graphite matrix crystalline, the amorphous
carbon atoms newly deposited, and gas-phase carbon atoms.
The reported simulation studies of deposited graphene mostly
use the Airebo potential,>**” which relies on the mutual bonding
strength of the carbon atoms and the coupling between C-C.
Airebo potential consists of three parts, namely, the short-range

Fig. 1 Graphite substrate model composed of 6 layers of graphene in AB stacking form.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bonding potential, the long-range interaction potential, and the
dihedral angle torsion potential, which can be accurately
applied for the growth of monolayers of graphene hybridized
with sp” orbitals. Tersoff?*?* as a kind of many-body potential
can also be accurately applied to the growth of graphene for the
time being, which can accurately describe the covalent proper-
ties of C-C bonds, and can truly respond to behaviors of bond
angles, bond lengths, bond energies, lattice constants, etc. when
the bonds dynamically break or recombine. After the post-
modification of the Tersoff potential function by Brenner,*
the Tersoff potential function can be more accurately applied to
the depositing carbon systems.?***** In this paper, the Tersoff
potential function is used to describe the interactions between
substrate carbon atoms, between substrate carbon atoms and
deposited carbon atoms, and between deposited carbon atoms.
Eqn (1) gives the specific expression for the Tersoff potential
function, where E, fc, ry, 0, fr, by, fa is denoted as the total
potential energy, truncation function, distance from atom i to j,
distance deviation, repulsion potential, bond order function,
attraction potential, respectively; eqn (2) gives the truncation
function in the simulation process, where r is the truncation
distance, D, R are the parameters of the potential function, and
(R — D) and (R + D) are the left and right truncation values of the
truncation function. Fig. 2 gives a plot of the potential energy
change of the natural graphite substrate when it is heated to
1500 K and then fully relaxed for 100 ps. The potential energy
change of the natural graphite substrate is shown in Fig. 2.
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Fig.2 Potential energy change of a natural graphite substrate relaxing
at 300 K for 100 ps.
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3 Results and discussion
3.1 Nucleation and growth of a-GLM on graphite substrates

3.1.1 Effect of temperature on the initial nucleation points.
The effect of temperature on the attachment ability and nucle-
ation of pyrolitic carbon atoms on the active sites of the
substrate was investigated by the formation of the first layer of
graphite-like membrane deposited on an ideal graphite
substrate. Fig. 3(a)-(f) represent the distribution of dispersed
carbon particles initially deposited on the substrate during the
deposition of 420 ps at temperatures of 1500-3000 K. At rela-
tively low deposition temperatures of 1500 K (Fig. 3(a)) and 1800
K (Fig. 3(b)), amounts of monocarbons, dimers, trimers, and
tetramers and a few polymers with polycarbon chains are
dispersed on the substrate. The stable dimers and trimers can
be regarded as nucleators, on which tetrameric rings or long
carbon chains are developed in combination with the attraction
from the substrate. At a higher temperature of 2100 K (Fig. 3(c)),
the nucleation points of dimers and trimers on the substrate
surface decrease, while the carbon chain grows significantly,
and the deposited carbon particles are attached by the carbon
chain. Most nucleation sites grow into tetramers or oligomers
when the deposition temperature reaches 2400 K (Fig. 3(d)).
When the temperature reaches 2700 K (Fig. 3(e)), the thermal
movement of carbon atoms at so high temperature is intensi-
fied, and some of the long chain is broken and dissociated into
a few carbon rings. When the deposition temperature reaches
3000 K (Fig. 3(f)), all the long chains are directly split and form
some low carbon rings. Meanwhile, the deposited carbon atoms
penetrate into the matrix increase, and some carbon atoms
from substrate diffuse into the deposition layer.

In this simulation series, it is found that in the range of
deposition temperature 1500-1800 K, the nucleation points
dimer and trimer on the substrate have more distribution
positions, and for the deposition temperature 2100-2700 K, the
number of nucleation points decreases, and the number of
oligomers increases. When the deposition temperature reaches
3000 K, the surface deposited carbon atoms will be evacuated
and simultaneously a large number of matrix carbon atoms will
enter into the deposition layer, as a result, the substrate is
destroyed, the number of deposition surface carbon atoms is
decreased and the integrated membrane is hard to be formed.

3.2 Microscopic growth process of the first layer a-GLM

The growth process of the first layer a-GLM and its quality were
studied at 2400 K within deposition time 1800 ps. The residual
deposited carbon structures over 2 layers were truncated for
easy observation. Fig. 4(a)-(i) represent the deposition and
growth process of the first layer graphene-like film on graphite
substrate at the simulated temperature of 2400 K, within 1800
ps, by CDR of 10 ps™ . Fig. 4(j) represents the top view of the
whole deposited carbon structure untruncated. As shown in
Fig. 4(a), many dispersed single carbon atoms on the graphite
substrate appear at 300 ps of system deposition. As the depo-
sition time increases, more carbon atoms impact the substrate
and bond sequentially at the single carbon sites, and it can be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The distribution of deposited carbon atoms at 1500-3000 K after 420 ps (graphite matrix in blue, deposited carbon atoms in green) (a)

1500 K; (b) 1800 K; (c) 2100 K: (d) 2400 K; (e) 2700 K; (f) 3000 K.

observed that at 400 ps (see Fig. 4(b)) the dimer and trimer
nucleation sites increase sequentially, and the nucleation sites
begin to spread over the entire substrate. At 500 ps and 600 ps,
four-membered rings (see Fig. 4(c)) and six-membered rings
(see Fig. 4(d)) can be observed near the basal nucleation sites. At
600 ps, the deposition of carbon atoms in the vicinity of the
nucleation points is increasing, some carbon atoms near the
nucleation points tend to combine and polymerize into a long
chain, other free carbons can be captured by carbon rings and
extend the long chain on the rings. As shown in Fig. 4(e) and (f),
at 700 ps, with chain end atoms of the long chain or branched
chain continue to capture the deposited carbon atoms, the
number of long chains continue to increase; with the reaction
time to 800 ps, the ends of these different long chains are
combined and form a large ring, which is extremely unstable

© 2023 The Author(s). Published by the Royal Society of Chemistry

and can be easily split. In Fig. 4(g), i.e., at 1000 ps, it can be
observed that the hole defects in the formed macro-ring are
larger, and fewer carbon atoms are deposited in the hole
defects, and attracted into the ring and expanded inward. As
shown in Fig. 4(h) and (i), the long carbon chains deposited
have overcome the energy barriers and branch-grafted each
other, and the large carbon rings with large pore defects will be
filled by carbons and continue to polymerize inwardly with the
increase of carbon atoms number. At 1400 ps (Fig. 4(h)), it can
be significantly seen that with the large rings polymerized
inwardly, they evolve into a small ring until 1800 ps (Fig. 4(i)), at
this time, the network structure of a-GLM base layer almost
spread over the entire substrate.

Throughout the deposition simulation, carbon atoms pref-
erentially deposit on the active points of the substrate and

RSC Adv, 2023, 13, 30252-30263 | 30255
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four-membered rings

Lada )

Fig.4 Growth process of carbon deposition in graphite matrix at 2400 K (graphite matrix in blue, deposited carbon atoms in green) (a) 300 ps; (b)
400 ps; (c) 500 ps; (d) 600 ps; (e) 700 ps; (f) 800 ps; (g) 1000 ps; (h) 1400 ps; (i) 1800 ps; (j) the whole structure untruncated.

attached monocarbon sites are formed in the initial 300 ps, and
the following deposition occurs near the nucleation point more
effectively. Carbon dimer, trimer and small carbon rings can be
formed around the nucleation sites. With time, some nucle-
ation sites continue to capture surrounding carbon atoms in
different directions and Y-shaped long chains or dendrites of
carbon polymer appear. As the reaction proceeds, the long
chain structure unstable extremely splits into multiple small
carbon-rings. In both Fig. 4(e) and (f), seven-membered rings
and larger are observed, which split into six-membered rings
and form graphene-like network. For carbon rings with larger
pores, a certain number of carbon atoms will be deposited

30256 | RSC Adv, 2023, 13, 30252-30263

inside the defects, and the carbon atoms of carbon ring can
capture the inside carbon atoms and make the defects smaller,
thus turning the whole structure into a network. After 1800 ps
deposition, the first layer of deposited carbon atoms covers
more than 80% of the surface (Fig. 4(i)), which can be consid-
ered as the formation of the deposited graphene-like basic layer.

3.3 Temperature effect on the quality of deposited first layer
a-GLM

Different temperatures can result into different defects of the
deposited graphite structures. Fig. 5 shows the final structure of
the first layer of graphene-like mesh after 1800 ps deposition at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 The top views of the first layer of graphite-like membrane after 1800 ps, at temperatures of 1500-3000 K (a) 1500 K; (b) 1800 K; (c) 2100 K;

(d) 2400 K; (e) 2700 K; (f) 3000 K.

1 and

variable temperatures of 1500-3000 K, by CDR of 10 ps~
after relaxation treatment at the corresponding temperatures.
Fig. 6(a) and (b) represents the side views of a-GLM deposited at
2700 K and 3000 K, respectively. As shown in Fig. 5(a)-(d), the
deposited graphite grid defects gradually decrease at 1500-2400
K with increasing temperature. With temperature increase
further, the defects of first layer a-GLM deposited at a temper-
ature of 2700 K (see Fig. 5(e)), more defects are shown at 3000 K
(see Fig. 5(f)). Moreover, from all the pictures in Fig. 5, it can be
obviously observed that the substrate carbon atoms (red color)
diffused into the a-GLM gradually increase, simultaneously, the
deposited atoms (blue color) also perpetrated into the substrate
(see Fig. 6), especially at 3000 K. It can be seen in Fig. 6(b) that
the substrate is distorted and damaged at so high temperature.
This is attributed to the intensified thermal movement of all
carbon atoms at higher temperatures. The larger defects of the
first layer a-GLM deposited and the damage of substrate at
2700-3000 K indicate the much higher deposition temperature
is not favored for preparation of graphite by CVD.

Increasing temperature can enhance the kinetic energy of
carbon atoms, increase atom collision probability, and increase
the growth rate; however, in this simulation system, the box is
fully filled with carbon atoms of substrate in X and Y directions,
so the over high temperature will lead to Z direction escape
movement of a large amount of carbon atoms, and result into
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Fig. 7 The total potential energy of the total system during the
deposition time 1800 ps at different simulation temperatures.

collapse of simulation. Fig. 7 shows the average potential energy
change curve of carbon atoms deposited during the deposition
process at temperatures 1500-3000 K and within 1800 ps. It can
be seen that the average potential energies of the system
increase with temperatures, and decrease with time. The
temperature determines the kinetic energy of the deposited
atoms. The appropriate temperature increase can make the
carbon atoms deposited on the surface migrate faster to the
neighborhood of the long chain, accelerating the formation of

Fig. 6 Profile diagrams of graphite-like membrane and substrate at the high temperatures after 1800 ps at (a) 2700 K and (b) 3000 K.

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2023, 13, 30252-30263 | 30257


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06430a

Open Access Article. Published on 16 October 2023. Downloaded on 11/18/2025 3:01:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

300

290

250

200

150 1

100 +

(S
(=}
1

Number of 5-7 metacyclic carbon rings

(=}
|

1500K  1800K  2100K  2400K  2700K

Deposition temperature

3000K

Fig. 8 Numbers of the deposited five-membered, six-membered and
seven-membered carbon rings after 1800 ps, at different simulation
temperatures.

Table 1 The graphite density range values at different deposition
temperature ranges, and the optimal temperatures with largest
graphite densities

Temperature Densities  Optimal
Author ranges (°C) (gem™)  temperatures/densities
Brown®® <1800 <1.4 —

>2000 >2.2 2200 °C (2.3 g cm ™)
E. Vetrivendan®”  >2100 >2.2 2200 °C (2.3 g cm )

the complete graphite lattice. Fig. 8 represents the final
numbers of carbon rings deposited at temperatures 1500-3000
K and after 1800 ps. It can be seen that a relatively perfect first
graphite lattice with the maximum number of 5-7-membered
carbon rings can be obtained at a temperature of 2400 K. In the
simulation, the optimal deposition temperature of the depos-
ited graphite films with best quality is consistent with experi-
mental temperature reported by the Brown®® and E.
Vetrivendan®” Table 1 shows the different graphite density range
values at different deposition temperature ranges, and the
optimal graphite density of 2.3 g cm ™ can be obtained at 2200 ©
C.
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4 Repair process of heat-treated a-
GLM defects

In the typical lattice defects of graphene occur vacancies and
cavities. Compared with the complete region in the graphene
layer, the carbon atoms at the cavity region have higher activity,
and one of the key effects of the deposition process is to repair
the defects.*®**° Therefore, graphene grid defect repair process
can be divided into deposition repair and self-repair. Deposi-
tion repair refers to the carbon atom filling of defects of the first
layer of graphene under continuous deposition, which accom-
panies by the growth of the second layer of graphene at the
same time. Self-repair refers to the self-adjustment of graphene
lattice carbon atoms, under the action of high temperature,
through the atomic thermal movement to adjust their own
lattice structure, which often accompanies the interdiffusion of
substrate carbon atoms and the deposition carbon atoms.

4.1 Deposition growth repair

As reported by Zhu,* the one-carbon molecule CH, (x = 1, 2, 3)
fills in the lattice defects of graphene. In contrast, we use the
deposition process of carbon atoms to observe the repair
mechanism of graphene in detail. Fig. 9 represents the graphite
deposition repair process at 2400 K. During the graphite
deposition growth process, the unfilled portion of the substrate
forms a larger defect (Fig. 9(a)), and the carbon atoms fill inside
the defect during the subsequent growth process, polymerizing
with the active carbon atoms on the large meta-ring to form
a short chain (Fig. 9(b)), which rotates inward to ultimately form
a smaller, closed carbon ring (Fig. 9(c)).

4.2 High temperature self-repair

4.2.1 Diffusion processes of substrate atoms. In B.-y.
Ju, W.-s. Yang report,** graphene defect repair is caused by the
combination of various minor vacancy defects to form a more
significant defect and migrate to the edge for healing. In
contrast, more vacancies need to be graphitized at higher
temperatures (more than 2000 °C) to repair these holes through
self-diffusion of carbon atoms, which is difficult to achieve in
industry. Therefore, 2400 K was defined to make the deposited
graphite for self-repair. Under the action of high temperature,
the substrate atoms will diffuse into the deposited graphene
layer. Fig. 10 represents the substrate diffusion repair process
for the deposited graphene layer. The substrate carbon atoms by

Fig. 9

30258 | RSC Adv,, 2023, 13, 30252-30263

(a)—(c) Represent the graphite deposition repair process at 2400 K (the circles mark the healing behavior of the graphene defects).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10

(a)—(c) Represent the interdiffusion repair process between substrate and surface carbon atoms. (Red, blue are graphite substrate carbon

atoms, green is deposited carbon atoms (the circles mark the healing behavior of the graphene defects)).

Fig. 11

(a)—(c) Represent the dissociative repair of defects consisting of macrocycles; (d)—-(f) represent the repair process in the vicinity of defects

of carbon atom migration (the circle marks the healing behavior of graphene defects).

upward diffusion fill into the surface defects, and form a meta-
ring with the deposited defective carbon atoms (Fig. 10(a)), at
this time, the integrated graphite grid near the defects will be
occasionally damaged due to the migration of atomic move-
ment. The substrate diffusion atoms and the surface deposition
carbon atoms are composed of the large meta-ring, which will
crack into a number of small meta-ring (Fig. 10(b) and (c)).

4.2.2 Atomic migration and dissociation self repair. The
deposited carbon atoms will eventually form graphite-like
lattices under sp® hybridization bonding. Larger ring defects
can also be directly decomposed into smaller defect grids due to
heat treatment, and the defects are gradually repaired. Fig. 11
shows the cracking of large rings and atomic migration repair
process of graphite mesh. In Fig. 1la-c, the graphite grid
deposited on the substrate has significant defects. Under high
temperature energy, the structure of the large ring is extremely
unstable, and the carbon atoms on the large ring will directly
split into two smaller rings, gradually splitting into a complete
six element grid. In Fig. 11d and e, the carbon ring will attract
nearby free carbon atoms and oligomers, forming branched
chains, and then closing to form small rings. At the same time,
the unstable large rings will gradually decompose and self-
aggregate to form a complete graphite grid.

© 2023 The Author(s). Published by the Royal Society of Chemistry

5 Growth process of multilayer
a-GLM deposition

There have been numerous reports in the submicroscopic
growth mechanism of pyrolytic graphite. Coffin and David*"**
proposed different growth mechanisms under different process
conditions, respectively. Coffin believed that PyG grows layer-
by-layer on substrates with different roughnesses, and grows
in a layer-by-layer stacking, and the cone structure formed
depends on the substrate surface roughness. The larger the
substrate roughness profile size, the smaller the structural
anisotropy of PyG deposited. David suggests that PyG is formed
by the deposition of isolated island nuclei in the active sites of
the substrate, which are “germ”-shaped nuclei formed by the
rapid impact and merger of carbon atoms on the substrate
surface. New graphite layers begin to be deposited concentri-
cally around each island nucleus, forming pillars, which impact
each other to form grain boundaries. Recently, it has been
suggested that the growth mechanism is similar to the Volmer-
Weber 3-D island growth model for epitaxial film growth.** To
further illustrate the microscopic process of pyrolytic graphite
deposition, in this study, molecular dynamics was used to
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Fig. 12 Side views of the graphite-like structures stacked at deposition times of 2000-5000 ps at temperature 2400 K, after (a) 2000 ps; (b)
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Fig. 13 Top views of graphite-like membrane structure deposited at temperature 2400 K after deposition time (a) 2000 ps, (b) 3000 ps, (c) 4000

ps, and (d) 5000 ps.
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Repair zone

Fig. 14 The schematic diagram of growth mechanism of multilayer pyrolytic graphite structure (the solid line indicates the carbon atoms
deposited first and the dashed line indicates the carbon atoms deposited subsequently).

simulate the initial growth stacking model on an ideal natural
graphite substrate within a total of 5000 ps.

Fig. 12 and 13 represent side and top views of the a-GLM
structures after deposition times of 2000-5000 ps at tempera-
ture of 2400 K. It is found that the deposition process of the a-
GLM is not growing uniformly layer by layer, but the nuclei
islands are preferred to grow (see Fig. 12). The specific growth
process can be concluded that the first layer of local like-
graphene at the high active points of substrate is formed
(Fig. 12(a) and 13(a)) and the substrate leaves some blank zones,
which indicates that a first like-graphene layer has many pore
defects, and the covered domains prefer to grow to the uncover
zones, and gradually form nuclei islands. From the side views of
Fig. 12(a-d) and the top views of Fig. 13(a-d), it can be seen that

the graphite-like structure prefers to grow at the high vibrating
zone of the planar substrate, and the trend of carbon atom
stacking in the whole wave planar surface is different due to the
activity difference of different substrate zone, which leads to
different energy of adsorbed carbon atoms presenting a concave—
convex wave shape. This process can be presented by the sche-
matic diagram of Fig. 14. The nuclei and repair zones belong to
different active zones. The growth of carbon deposition on the
active zones will be preferred and a nuclei island is formed. The
zone around the nuclei islands belongs to the repair zone. For
the real graphite produced from CVD, the mechanism of its
growth can be inspired by the simulation. Fig. 15 shows an image
of TEM of a commercial PG, from which it can be seen that the
regular crystal microdomains are dispersed. The Bravais-Miller

Fig. 15 The image of TEM of a commercial pyrolytic graphite (taken by JEM-2100F).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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index of the crystallographic planes perpendicular to paper plane
are labeled for the selected two larger regular crystal domains,
which are identified for the equivalent crystallographic plane
(0110). We can deduce the deposition process of pyrolytic
graphite by CVD is analogue to our modelling result.

6 Conclusion

The microscopic growth process of the amorphous graphite-like
film deposited on ideal graphite is studied by MD in the
temperature range of 1500 K to 3000 K, and the optimal
temperature is obtained about 2400 K from the integrity of the
deposited film. In the monolayer like-graphite growth, low
temperature is conducive to the nucleation of the substrate,
appropriate high temperature to accelerate the carbon poly-
merization, the overall monolayer growth is mainly in the form
of dendrites from the branched chain dissociation polymeri-
zation formation. In graphite defect repair, carbon atoms are
subsequently deposited and attached inside the defects,
repairing the defects caused by insufficient carbon atoms to
form a six-membered cyclic lattice. In high-temperature relax-
ation repair, the substrate atoms diffuse upward to the surface
to form new active spots in the defect traps, and the deposited
carbon atoms also migrate to the vicinity of the defects on the
substrate surface to assist the repair.

It can be deduced that the multilayer PyG structure is formed
by first growth of monolayer graphene microdomains in the
high-activity region, and being filled in the low-activity region.
In this process, graphite defects near the high activity regions
are also preferentially filled to be healed due to the higher
ability to adsorb carbon atoms. The simulation results provide
a more detailed understanding of the PyG growth mode at the
microscopic level, which is helpful for industrial applications in
the preparation of pyrolytic graphite by CVD.
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