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ABSTRACT: Fast transfer-free synthesis of graphene on a given
dielectric substrate is achieved by Ni-catalyzed solid-state transformation
of amorphous carbon (a-C) through rapid thermal processing (RTP).
Nevertheless, the dependence of this transformation behavior on Ni/a-C
thickness and the underlying mechanism at the atomic scale are not well
comprehended, leading to the lack of eﬃcient synthesis and modulation
of the graphene structure experimentally. Here, using reactive molecular
dynamics simulation, we select Ni as a catalyst and present a systematic
investigation of the diﬀusion of C into Ni and the corresponding
structural transformation of a-C into graphene under diﬀerent
conditions. The results emphasize the decisive role of the Ni/C atomic
ratio in the quality and layer number of graphene instead of the Ni or aC thickness. Combined with the results during the cooling process, they
suggest that the a-C-to-graphene transformation mechanism is mainly dependent on the diﬀusion behavior of C and the
catalytic eﬀect of Ni, rather than the dissolution/precipitation. Most importantly, both the simulation and experiment propose a
universal equation to elucidate the relationship between the number of C and Ni atoms and the RTP graphene structure. This
ﬁnding not only enables the fast synthesis and modulation of a-C-transformed graphene with the desired structure and layers on
various substrates without the transfer process but also gets rid of the limitation of carbon sources and Ni structures and
simpliﬁes the RTP process parameters signiﬁcantly, which can be utilized widely in experiment to promote the commercial
application of graphene.

1. INTRODUCTION
Graphene, a two-dimensional material connected by sp2
hybridized bonds, has become increasingly popular in both
scientiﬁc and industrial developments because of its superior
mechanical and electrical properties,1−5 being a strong
candidate for applications in next-generation electronics,
sensors, and solar cells.6,7 To date, various attempts,8−13
such as chemical vapor deposition (CVD),12,13 have been
adopted for growing graphene with high quality. Interestingly,
recent studies14−18 developed a metal-catalyzed solid transformation of amorphous carbon (a-C) into graphene by a rapid
thermal processing (RTP) strategy, by which high-quality
graphene was synthesized on a desired dielectric substrate (Si
or SiO2) directly without a transfer process. This not only
diminishes the degradation of graphene caused by wrinkling,
© 2019 American Chemical Society

cracking, and contamination to the graphene structure but also
boosts the potential commercial application of RTP graphene
because a-C has a ﬂexible structure and is available to various
substrates at room temperature on a large scale.19,20
Xiong et al.16 have reported that the thickness of a-C and the
Ni catalyst signiﬁcantly aﬀected the transformation of a-C into
graphene during the RTP process and tailored the layers and
quality of the generated graphene structure. However, a
fundamental understanding of the thickness dependence of the
a-C-to-graphene transformation (diﬀusion behavior of C
atoms, evolution of the a-C structure, and graphene quality)
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previous study,24 the a-C structure obtained by ab initio MD
simulations,25 which had a high density of 3.22 g/cm3, sp3
fraction of 63.3 atom %, and sp2 fraction of 25.7 atom %, was
adopted as an optimal candidate of carbon source. The
Ni(111) surface containing 144 atoms per atomic layer was
considered as the catalyst because of its relatively higher
diﬀusion barrier for C into the Ni structure than Ni(100) and
Ni(110) surfaces, as conﬁrmed by our previous calculation.26
By tailoring the number of C (436−2616) and Ni (864−5184)
atoms, diﬀerent Ni/C (1/1−6/1) or C/Ni (0.5/3−3/3)
atomic ratios were achieved. The corresponding average lattice
mismatch between the Ni(111) and a-C models was 2.6% in
the x-direction and 0.6% in the y-direction. There was no ﬁxed
layer in the simulation,27 and a vacuum space (25−80 Å) was
employed in the direction perpendicular to the Ni(111)
surface; the time step was 0.25 fs, and periodic boundary
conditions were employed along the x and y directions.
A stepwise heating strategy27,28 was used to increase the
temperature from 300 to 1800 K by the NVT ensemble using a
Nosé−Hoover thermostat,29 and then the system was relaxed
at 1800 K for 1350 ps to study the a-C-to-graphene
transformation. A previous study24 revealed that 1800 K was
suitable to observe the obvious diﬀusion behavior during the
short MD simulation time without serious graphitic
dissolution, although the absence of Ni defects or surface/
interface contamination made the temperature higher than
those in previous experiments.14−18 In addition, the cutoﬀ
values, Rcut, for judging whether the bond formed or not24 were
1.85 Å for C−C, 2.45 Å for C−Ni, and 3.25 Å for Ni−Ni,
respectively, by the radial distribution function (RDF).25 The
ReaxFF potential developed by Mueller et al.30 was employed
to describe the interactions between the C and Ni atoms,
which has been validated by previous results.26
2.2. Experimental Preparation and Characterization
of RTP Graphene. The Ni@a-C samples were prepared by
the magnetron sputtering method with a high-purity graphite
target (99.99%) for a-C deposition and a Ni plate target
(99.95%) for Ni deposition, respectively, on a SiO2/Si wafer as
the substrate with a size of 2 × 5 cm2. During the ﬁlm
deposition process, Ar gas was introduced into the sputtering
target, and the DC negative bias voltage for the substrate was
−150 V; the deposition times were 1 min for the a-C ﬁlm and
1.375 min for the Ni ﬁlm separately. Then, the RTP process
was conducted for the samples on a Rapid Thermal Processor
(Otf-1200x) in a vacuum environment at a temperature of
1223 K;4,14 after maintaining at that temperature for 1, 6, and
18 min separately, the samples were cooled to room
temperature in about 20 min. Finally, the top Ni layer was
etched away in a 3 mol/L HCl solution, and then Raman
mapping images of the obtained graphene ﬁlms were recorded
on a Renishaw inVia Raman microscope with 532 nm (2.33
eV) laser excitation.

on the atomic scale is still lacking, which is required to settle
the controversy on the potential mechanism in experiment,
such as dissolution/precipitation14,18,21 or metal-induced
crystallization.4,15,16,22 Furthermore, due to the diversity of aC (tetrahedral a-C, graphite-like carbon, etc.)19,20 or the
existence of Ni defects (polycrystalline, vacancy, etc.), the
structures may have the same thickness but largely diﬀerent
number of atoms. Hence, the thickness relationship between
the a-C and Ni layers only provides limited information for the
eﬀective synthesis of RTP graphene, and thus a trial-and-error
strategy is still the dominant route for the synthesis of highquality RTP graphene in experiment. To realize goal-oriented
fabrication of a-C-transformed graphene for technical
applications, exploring the fundamental relationship of the
RTP graphene structure with the number of C and Ni atoms,
rather than a-C and Ni thickness, is a prerequisite.
In this work, we also select Ni as the catalyst and conduct
reactive molecular dynamics (RMD) simulations to gain
insight into the a-C-to-graphene transformation during the
RTP process. The dependence of the diﬀusion behavior of C,
structural transformation of both Ni and a-C, and the bond
structure of the formed graphene on diﬀerent Ni/C ratios is
systematically evaluated. The derivation of a universal equation
for the relationship between the number of C and Ni atoms
and the graphene structure is provided, which drives the
successful and fast fabrication of graphene with a desired
structure in experiment. These results disclose the underlying
a-C-to-graphene transformation mechanism and can serve as a
promising guidance for the goal-oriented design and
manipulation of various graphene structures, such as monoor multilayered structures, on various conductive or dielectric
substrates without a transfer process.

2. COMPUTATIONAL AND EXPERIMENTAL
METHODS
2.1. Ni@a-C Simulation Model and Related Parameters. All calculations were carried out by the Large-scale
Atomic/Molecular Massively Parallel Simulator.23 Figure 1
shows the three-dimensional simulation model consisting of
bottom a-C and upper Ni(111) layers (Ni@a-C). Following a

3. RESULTS AND DISCUSSION
3.1. Dependence of the a-C-to-Graphene Transformation on Ni/C or C/Ni Atomic Ratios. In the Ni@aC systems, the eﬀect of diﬀerent Ni/C atomic ratios (1/1−6/
1) on the a-C-to-graphene transformation is ﬁrst investigated,
as illustrated in Figure 2, in which the number of Ni atoms is
tailored from 864 to 5184 with respect to the same number of
C atoms (872). However, due to the existence of defects in the
a-C-transformed graphene structure during the short MD
simulation, it is deﬁned as graphene-like carbon (GLC), which

Figure 1. Ni@a-C model used in this work, in which the numbers of
C and Ni atoms were tailored to obtain the diﬀerent Ni/C or C/Ni
ratios.
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Figure 2. Results for systems with diﬀerent Ni/C ratios obtained by tailoring the number of Ni atoms with respect to the same number of C atoms
(RTP conditions: temperature − 1800 K; diﬀusion time − 1350 ps). (a) Final morphologies after diﬀusion at 1800 K for 1350 ps. (b) Diﬀusion
coeﬃcient of C and Ni atoms for each case. (c) Proﬁles of C and Ni atomic fractions along the diﬀusion couple direction with diﬀerent Ni/C ratios
of the systems after diﬀusion at 1800 K for 1350 ps. (d) RDF spectra for GLC, plateau region, and top Ni layer for the system with a Ni/C ratio of
5/1. (e) GLC morphologies obtained for each system. (f) Ratio of the number of rings contributed by sp2-C to the total number of rings and the
probability of ring formation per sp2-C atom.

has an approximate 2D and sp2-dominant structure, to give it
an accurate description and avoid the potential misunderstanding. Figure 2a shows that upon increasing the Ni/C atomic
ratio, more C atoms diﬀuse into Ni layers, whereas the GLC
structure tends to evolve from an incomplete bilayer to a
monolayer approximately, and the surplus Ni layer still
maintains a regular arrangement, agreeing well with previous
reports.16,26 The diﬀusion coeﬃcient, D, is calculated for each
case by the linear ﬁtting of the mean square displacement
(MSD)−time curves,26 as shown in Figure 2b. The C diﬀusion
coeﬃcient is strongly dependent on the Ni/C atomic ratio of
the Ni@a-C system. When we change the Ni/C ratio from 1/1
to 5/1, the diﬀusion coeﬃcient of C increases signiﬁcantly
from 1.1 × 10−7 to 20.7 × 10−7 cm2/s, whereas with a further
increase in the Ni/C ratio to 6/1, it drops slightly to 17.8 ×
10‑7 cm2/s, being related to the corresponding evolution of the
a-C structure during the diﬀusion process, as will be discussed
later. Note that the change in the diﬀusion coeﬃcient of Ni
atoms with the Ni/C ratio is similar to that of C atoms (Figure
2b).
Due to the diﬀerences in the diﬀusion coeﬃcients of C and
Ni atoms, the corresponding evolution of the intermixing layer
and the plateau region after diﬀusion at 1800 K for 1350 ps are
observed in Figure 2c. With a change in the Ni/C ratio of the
system from 1/1 to 6/1, the Ni/C atomic ratios in the
corresponding plateau regions (light blue background in Figure
2c) are 2/1, 3/1, 5/1, 5/1, and 5/1, respectively, implying that
the formed plateaus with diﬀerent ratios have no obvious eﬀect
on the formation of GLC. However, it should be mentioned

that the existence of Ni is essential to stabilize the C dangling
bonds, dissolution of C atoms, and catalyze and support the
newly grown ﬂat graphene.27,31 In particular, the Ni/C atomic
ratio in the plateau region tends to be 5/1 when enough Ni
atoms are supplied (see Figure S1 in Section S1 of the
Supporting Information), but there is no speciﬁc phase of
nickel carbide distinguished, being diﬀerent from the formation
of Ni3C in Xiong’s observation.16 This diﬀerence may be
related to the RTP time, temperature, both the Ni and a-C
structures, and the limited characterization in experiment.
For each case, after diﬀusion at 1800 K for 1350 ps, the
system is divided approximately into three regions. Taking the
system with a Ni/C ratio of 5/1 for example (Figure 2d), it
consists of the formed GLC, Ni−C plateau, and top Ni layer.
The RDF for GLC has three obvious peaks located at 1.46,
2.53, and 3.83 Å; the RDF for the Ni−C intermixing plateau
shows a viscous liquid-like structure,24,27 whereas the top
surplus Ni layer that does not melt completely still retains its
crystalline structure with slight migration of atoms from the
original equilibrium position.
The corresponding evolution of the a-C hybridization
structures for the systems with diﬀerent Ni/C ratios (see
Figure S2 in Section S1 of Supporting Information) reveals
that for each case the sp3-C fraction decreases signiﬁcantly with
the diﬀusion time, whereas the sp2-C fraction increases ﬁrst
and then decreases. However, for Ni/C ratios of 5/1 and 6/1,
the ﬁnal decrease in the sp2-C fraction is more severe than that
in the other cases, owing to the high diﬀusion coeﬃcient of C
atoms (Figure 2b), which accelerates the re-dissolution of the
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atoms near the diﬀusion zone front clearly evolves from
incomplete monolayer to bilayer GLC approximately, consistent with experimental results,16 but there is no obvious
layered GLC generated at C/Ni ratios of 2/3 and 3/3. Upon
increasing the number of C atoms, the C atoms far from the
C/Ni interface are slightly aﬀected by the Ni catalyst, and this
also prohibits the structural transformation of a-C and the
diﬀusion of C into Ni (Figure 3) by chemical bonding,
resulting in more carbon atoms remaining when the C/Ni ratio
of the system is 2/3 or 3/3. Hence, the formation of the GLC
structure during the RTP process is more sensitive to the
number of C atoms than that of Ni atoms. Furthermore, the
viscous liquid-like plateau is also observed in each case (see
Figures S4 and S5 in Section S2 of the Supporting
Information),27 with the Ni/C atomic ratios being 6/1, 6/1,
5/1, 5/1, and 5/1, as the C/Ni ratio of the system is increased
from 0.5/3 to 3/3. At the C/Ni ratio of the system of 3/3 and
2/3, although the Ni/C atomic ratio of the plateau region is 5/
1, the absence of RTP GLC further indicates that diﬀerent Ni/
C atomic ratios in the plateau regions have no direct eﬀect on
growing graphene.
3.2. Development of the Universal Equation for a-Cto-Graphene Transformation. The formation and quality of
RTP graphene transformed from a-C strongly rely on the Ni/C
or C/Ni atomic ratio in the Ni@a-C system, similar to the
dependence of the transformation on the thickness of the a-C
or Ni layers reported by Xiong et al.16 However, the abovementioned analysis reveals that this a-C-to-graphene transformation is fundamentally dependent on the number of C and
Ni atoms, rather than the thickness of the a-C or Ni layers.
Therefore, from the results including the Ni/C atomic ratio of
the plateau region (Figure 2c and Figure S4 in Section S2), the
number of interacted Ni and C atoms (from plateau and C−Ni
intermixing regions), the number of residual C atoms available
for the formation of GLC, and the layers of formed GLC, a
universal equation about the relationship between the number
of C and Ni atoms and the RTP graphene structure, which is
suitable for the a-C-to-graphene transformation during the
RTP process, is derived, for the ﬁrst time, as follows:

formed graphitic structures into the Ni layer, as proved by
experimental22 and simulation observations.24 In addition, the
sp3-C fraction of a-C in the system with a Ni/C ratio of 5/1 is
higher than that with a Ni/C ratio of 6/1 (see Figure S2 in
Section S1 of the Supporting Information), which can account
for the slight diﬀerence in the diﬀusion coeﬃcient of C (Figure
2b).
To evaluate the role of the Ni/C ratio in the formation of
the GLC structure, Figure 2e displays the morphology of GLC
obtained for each case. We infer that as the Ni/C ratio
increases, the GLC structure changes from bilayer to
monolayer, because of the lower number of C atoms in the
GLC side caused by the high diﬀusion coeﬃcient, agreeing
well with experiment.16 Moreover, with the increase in the Ni/
C ratio from 1/1 to 6/1, both the hybridization structure and
bond-length distribution of GLC (see Figure S3 in Section S1
of the Supporting Information) show no obvious change,
indicating that tailoring the number of Ni atoms to modulate
the Ni/C ratio has no distinct eﬀect on the hybridization ratio,
but the peak in the bond-angle distribution tends to split into
two peaks, with one being close to 120°. If we only focus on
the sp2-C structure, the number of rings, including 5-, 6-, and
7-membered ones, contributed by sp2-C is calculated, and then
the ratio of this sp2-C-induced rings to the total number of
rings is evaluated, as shown in Figure 2f. This indicates that
when the Ni/C ratio is 5/1, the relative contribution from sp2C is higher than in other cases; in addition, the maximal
probability of ring formation per sp2-C atom is also obtained
for this case (Figure 2f). Thus, we conclude that the GLC
generated from the system with a Ni/C atomic ratio of 5/1 is
of the best quality compared to that from other systems.
The above-mentioned results elucidate a strong dependence
of a-C-to-graphene transformation on the number of Ni atoms.
In addition, by ﬁxing the number of Ni atoms at 2592, the
number of C atoms is increased from 436 to 2616, to obtain
diﬀerent C/Ni ratios; this C/Ni ratio also plays a decisive role
in the formation of RTP GLC, and the results obtained upon
varying the C/Ni ratio after the RTP process are given in
Figure 3 and Section S2 of the Supporting Information. The
insets in Figure 3 show that when the C/Ni ratio of the system
is increased from 0.5/3 to 3/1, the structure for residual C

NC =

1
NNi + nS*NG
5

(1)

where the ﬁrst term represents the C atoms diﬀused into Ni
layers and the second term is the residual C atoms available for
the growth of graphene; NG is the number of C atoms per unit
area required to form perfect monolayer graphene, which has a
constant value of 0.382 per Å2; S is the target area for graphene
in Å2; n is the desired number of graphene layers; NNi and NC
are the number of Ni and C atoms in the system, respectively.
In the present simulated systems, eq 1 can be parameterized
as follows to predict the formation of intact monolayer and
bilayer graphene structures:
NC =

1
NNi + 305 For intact monolayer graphene
5

(2)

NC =

1
NNi + 610 For intact bilayer graphene
5

(3)

In our previous work,26 these two speciﬁed equations have
successfully accounted for the transformation of a-C into
graphene caused by the diﬀerent Ni surfaces. Here, in Figure
4a, they further clearly describe the relationship between the
number of C and Ni atoms and the GLC structure, which is

Figure 3. MSD of C and Ni atoms with diﬀerent C/Ni ratios of the
systems at 1800 K, in which the insets are the ﬁnal morphologies after
diﬀusion at 1800 K for 1350 ps.
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Figure 4. Relationship between the number of C and Ni atoms and the corresponding GLC structures in the present simulations when (a) the
number of Ni or C atoms is increased separately to tune the Ni/C ratio or (b) the polycrystalline Ni is adopted instead of the single-crystalline one.

aﬀected by the Ni/C or C/Ni ratios of the Ni@a-C system. If
the number of C atoms is ﬁxed, a-C with an increase in the
number of Ni atoms changes from the amorphous carbon state
to multilayer and monolayer graphene, which could also be
reached conversely by decreasing the number of C atoms while
ﬁxing the number of Ni atoms. This universal eq 1 has been
mentioned in previous experiments.14−18,21,22 In particular,
compared to the Ni layer, the small line slope in Figure 4a also
reﬂects higher sensitivity of RTP graphene growth to the a-C
layer, coinciding with the present results in Figures 2 and 3.
This has not been mentioned in the earlier calculation and
experimental reports,14−18,21,22,24,26 providing guidance for the
eﬀective modulation of RTP graphene in experiment.
As well known, the Ni layer in experiment commonly
contains many vacancies or is in a polycrystalline rather than
single-crystalline state.14−18 It is necessary to explore the eﬀect
of Ni defects on the a-C-to-graphene transformation, because it
can not only clarify the diﬀerence in diﬀusion behavior and
RTP temperature between the simulation and experiment but
also validate the universality of eq 1. Polycrystalline Ni
structures containing two and three grains with random
crystallographic orientation are fabricated separately to
combine with the a-C structure (referred to as Ni-2@a-C
and Ni-3@a-C), as shown in Figure 4b. The details of the
computational method and analysis can be found in Section S3
of the Supporting Information. Interestingly, the transformation of a-C into GLC catalyzed by polycrystalline Ni
can also be well described by eq 1 (Figure 4b). Upon changing
the system from Ni-1@a-C to Ni-3@a-C, the a-C-transformed
RTP GLC changes from bilayer to monolayer with an
improved regular arrangement. This is because the presence
of defects and grain boundaries in the Ni layers lowers the

diﬀusion barrier of C into the Ni layers, similar to previous
work,26 and thus leads to a signiﬁcant increase in the diﬀusion
coeﬃcient (Figures S8 and S9 in Section S3 of the Supporting
Information). Consequently, more C atoms diﬀuse into the Ni
layers, whereas fewer C atoms remain at the bottom to grow
the GLC structure. Moreover, the signiﬁcantly increased
diﬀusion coeﬃcient induced by polycrystalline Ni also explains
why the temperature in experiment4,14−18 is lower than that in
this calculation.
3.3. Goal-Oriented Fabrication and Characterization
of RTP Graphene in Experiment. Based on the relationship
between the number of C and Ni atoms and RTP graphene, an
experiment is carried out to validate whether the goal-oriented
fabrication of graphene can be achieved according to eq 1. To
tune the number of C and Ni atoms in experiment, the number
of moles of deposited C or Ni atoms as a function of
deposition time is established ﬁrst, as shown in Figure 5a. If
one supposes to fabricate bilayer graphene on a desired
dielectric substrate via the RTP approach, the bottom a-C layer
with 1.19 × 10−6 mol and the top Ni layer with 5.39 × 10−6
mol are successively deposited on the SiO2 substrate. Figure 5b
discloses the relation between the number of C and Ni atoms
in the deposited sample (black dot), indicating that bilayer
graphene should be formed after the RTP process according to
eq 1.
After both RTP and Ni-etching processes, the Raman
analysis of the as-grown graphene sample is undertaken, and its
dependence on the RTP time is also mentioned. The
corresponding Raman mappings of the 2D to G peak ratios,
I2D/IG, are presented in Figure 5c. Normally, few-layered
graphene with more than three layers has an I2D/IG ratio
smaller than 0.8, whereas monolayer graphene can be
27838
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Figure 5. Experimental results for a-C-to-graphene transformation. (a) Number of moles of C and Ni atoms as a function of deposition time and
ﬁtting results in experiment, in which MC and MNi in the inset equations are the number of moles of C and Ni, respectively (mole), and t is the
deposition time (min). (b) Relationship between the number of C and Ni atoms and graphene for the experimental sample, and (c) Raman
mapping of I2D/IG ratios in a 10 μm × 10 μm region of the as-grown graphene on a SiO2 substrate after RTP times of 1, 6, and 18 min, respectively.
(d) HRTEM image of representative randomly chosen edges of the as-grown graphene for the sample at the RTP time of 18 min, which was taken
using a TF-20 system with the graphene sample directly transferred onto a Cu-ﬂat TEM grid.

Figure 6. (a) Evolution of temperature during the cooling process. (b) Final morphologies of the Ni@a-C system obtained after diﬀusion at 1800
K for 1350 ps and the cooling process, respectively. (c) RDF spectra of GLC, C−Ni plateau, and top Ni regions in the Ni@a-C system after the
cooling process, in which the results after diﬀusion at 1800 K for 1350 ps are also given for comparison.

identiﬁed by an I2D/IG ratio larger than 1.4; furthermore, an
I2D/IG ratio between 0.8 and 1.4 corresponds to bilayer
graphene.16 Hence, in Figure 5c, when the RTP time is 18 min,
bilayer graphene with high uniformity and scale is generated,
which is also conﬁrmed by high-resolution transmission
electron microscopy (HRTEM) in Figure 5d. This is highly

consistent with the result predicted by eq 1. In addition, the
change in the I2D/IG ratio with RTP time (from 1 to 18 min)
suggests the transformation of the graphene layer from a
multilayer to a bilayer structure with high quality (light blue
dots in Figure 5b), which can also be explained by eq 1, as
shown in light blue dots of Figure 5b.
27839
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Although only one experimental example is provided and the
experimental conditions can be further reﬁned by increasing
the RTP time or tailoring the a-C structure,24 it is enough to
convey that using eq 1 to design the Ni@a-C sample in
experiment, we successfully realize the high-quality growth of
RTP graphene with a goal-oriented structure and layers, and
the RTP graphene layers can be controlled by making use of
this universal eq 1, which is more practical for the subsequent
technical applications. However, it is noted that the
experimental RTP time (1, 6, and 18 min) is much larger
than that (1350 ps) from the MD simulation, which can be
attributed to the diversity of a-C and Ni structures and the
diﬀerence in the dimension of the Ni@a-C system.18 Thus, the
time dependence of the a-C-to-graphene transformation needs
to be explored solely in experiment, but the eﬀect of other
factors (diﬀerent a-C structures, Ni structures, Ni/C ratios,
etc.) on the RTP growth of graphene in experiment can be
explained by the fundamental relationship between the number
of C and Ni atoms in eq 1. This not only simpliﬁes the process
parameters drastically but is also available for all kinds of C
sources24 and Ni structures.26
3.4. Mechanism of a-C-to-Graphene Transformation
during the RTP Process. It should be mentioned that
Zheng,14 Wu,18 and Orofeo21 reported that the a-C dissolved
into the metal catalyst at the heating stage and then
precipitated from the solution upon cooling below the solid
solubility limit to form the graphene, following the dissolution/
precipitation mechanism. However, both calculation and
experiment in the present work conﬁrm that during the RTP
process, a-C atoms diﬀuse into the Ni layer, but there are no C
atoms expelled from the Ni layer after the cooling process and
there is also no graphene formed at the top surface of the Ni
layer, which coincides with the simulation by Chen27 and
15
́
Xiong,16 and
experiments by Sun,4 Rodriguez-Manzo,
22
Saenger.
Taking the system with a Ni/C ratio of 5/1 for example,
after diﬀusion at 1800 K for 1350 ps, the cooling process from
1800 to 300 K (Figure 6a) was carried out at a cooling rate of
1 K/ps to investigate the eﬀect of the cooling process on the
diﬀusion and GLC quality. Figure 6b shows the ﬁnal
morphology of Ni@a-C systems after the cooling process,
and that after diﬀusion at 1800 K for 1350 ps is also given for
comparison. Note that after the cooling process, the whole
system tends to be arranged orderly, which is conﬁrmed by the
RDF spectra of GLC, Ni−C plateau, and surplus Ni layers, as
shown in Figure 6c. In particular, compared to the structure
diﬀused at 1800 K for 1350 ps, the number of C atoms, which
contributes to the formation of GLC, decreases to 363 from
406, indicating that during the cooling process, there are no C
atoms precipitated from the C−Ni intermixing region. This is
diﬀerent from the Ni-catalyzed CVD growth of graphene, in
which the segregation behavior of C atoms from the Ni catalyst
occurs during the cooing process.32,33 In contrast, during the
cooling process, the MSD increases ﬁrst and then decreases
gradually (Figure 7), resulting in the diﬀusion of more C atoms
into the Ni layer. The MSD for Ni atoms gives a similar
behavior to that for C atoms.
This demonstrates that during the RTP process, the
nucleation and growth of graphene from a-C are mainly
dominated by the diﬀusion behavior of C and the catalytic
eﬀect of Ni, rather than the CVD dissolution/precipitation
mechanism;14,18,21 the graphitic C formation starts at low
temperatures (>300 K), as shown in Figure 8, and the

Figure 7. MSD with diﬀusion time during the cooling process. The
results before diﬀusion at 1800 K for 1350 ps are also given for
comparison.

Figure 8. Evolution of sp3-C and sp2-C fractions in the a-C structure
with temperature.

transformation of a-C into the thermodynamically more
favorable graphene can be achieved still at the heating stage,
such as 1800 K in calculation and 1223 K in experiment,
conﬁrmed by on-site microscopy analysis.15 In addition,
compared to the experimental results, the existence of many
holes and defects in simulated RTP GLC is attributed to the
fast heating rate and short MD simulation time, which can be
diminished by increasing the simulation time27 or hightemperature annealing.34,35

4. CONCLUSIONS
In this study, we combined RMD simulation and experiment
to systematically explore the transformation of a-C into
graphene in the RTP process. Based on the in-depth
understanding of the diﬀusion behaviors of C atoms and
structural transformation of a-C in systems at the atomic scale,
results revealed that although a Ni−C plateau layer with a
viscous liquid-like state and Ni/C ratio was observed in both
simulation and experiment, it had no obvious inﬂuence on the
growth of RTP graphene. Diﬀerent Ni/C ratios in the Ni@a-C
system aﬀected the diﬀusion coeﬃcient of C into Ni, leading to
changes in the number of residual C atoms available for
growing graphene, but the growth of RTP graphene was more
sensitive to the change of a-C rather than the Ni layer.
However, the eﬀect of Ni and a-C thicknesses on the a-C-tographene transformation was fundamentally dominated by the
relationship between the number of C and Ni atoms and the
graphene structure, which could be conveyed by a new
universal equation, and its universality and accuracy were
conﬁrmed by additional calculation with polycrystalline Ni and
experiment. In addition, both calculation and experiments
conﬁrmed that the formation of graphene was mainly
dominated by the diﬀusion behavior of C and the catalytic
eﬀect of Ni, rather than by the dissolution/precipitation
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mechanism typically involved in Ni-catalyzed CVD growth of
graphene. The present results give an accurate explanation for
previous experiments and provide a scientiﬁc understanding of
the a-C-to-graphene transformation. Most importantly, using
this developed equation to design the experimental sample, fast
synthesis of RTP graphene with high quality and desired layers
on dielectric substrates can be realized through Ni-catalyzed
transformation of various solid carbon sources (a-C, graphite,
isolated graphene ﬂakes, etc.), and the RTP process parameters
can be simpliﬁed signiﬁcantly, promoting the development of
carbon materials for potential commercial applications.
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