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Low-temperature, in situ growth of graphene via
the active hexatomic aromatic ring species of
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Using small-molecule carbon sources such as a-naphthol, graphene (Gr) can be generated at relatively low
temperatures (600 °C). By optimizing factors such as raw materials, carbon source concentration, growth
temperature, and time, the few layers and high-quality Gr on copper (Cu) substrates is achieved, and the
properties of Gr are analyzed. Pretreatment of the Cu substrates can enhance the smoothness and
flatness of the Cu surface, thereby promoting uniform adsorption of carbon sources and continuous
growth of a Gr layer. As the concentration of carbon sources or the growth temperature increases,
although the decomposition rate of the carbon source accelerates and ensures adequate carbon supply,
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processes of Gr prepared using the a-naphthol precursor, unveiling the dissociation pathway of a-

DOI 10.1039/d5ra01718a naphthol and the roles of intermediate active aromatic species with two hexatomic rings in nucleating
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1 Introduction

Graphene (Gr) has stimulated numerous studies for more than
half a century owing to its potential in applications such as in
high-speed transistors, phonon detectors, transparent elec-
trodes, and sensors.'™ Establishing synthetic routes to obtain
high-quality Gr films has attracted considerable research
interest. Current methods for the synthesis of Gr mainly include
mechanical exfoliation of graphite,® reduction of Gr derivatives
such as Gr oxide,’ and hydrocarbon source chemical vapor
deposition (CVD) using transition metal catalysts.””® However,
CVD using methane as a typical carbon source is complex, and
the in situ growth temperature is usually around 1000 °C.
Because CVD growth at high temperatures is undesirable for
many practical reasons, including high energy consumption,
potential safety hazards, and increased complexity in process
control, significant efforts have been made to lower the growth
temperature of high-quality Gr films using alternative carbon
precursors. Carbon can be deposited in the form of Gr directly
on metal by annealing carbon precursor materials.'*** Copper
(Cu) is widely used as a growth substrate owing to its low cost
and good catalytic effect. Zhang et al™ utilized sucrose as
a carbon source to grow Gr on a Cu substrate through annealing
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at 800 °C. The Ip/I; ratio of Gr/Cu composite powders is about
0.53, with an ultralow loading content of Gr of 0.096 wt%.
Considering the complex pyrolysis reactions occurring during
the decomposition of sucrose, carbon deposition on a Cu
substrate may be uneven, thereby disrupting the continuity and
uniform thickness of the Gr layer. PMMA'"* is also frequently
used as a carbon source for the in situ growth of Gr. However,
PMMA is a macromolecular polymer with a complex molecular
structure, and Gr synthesis requires a complicated chemical
reaction process'® and a high growth temperature of 800 °C. In
addition, carbon clusters in the earlier nucleation stage take
linear forms rather than cyclization structures, and the subse-
quent process of in situ growth of Gr from methane, sucrose, or
PMMA involves rearrangement and assembly of carbon atoms
into hexatomic rings. More strikingly, it has been demonstrated
that the growth temperature can be significantly reduced when
different aromatic carbon sources are used for the in situ growth
of Gr on Cu.""*

In this study, a-naphthol, with two hexatomic rings, was
chosen as an aromatic carbon source. The morphology and
characteristics of Gr grown on Cu at different temperatures and
times are analyzed with an explanation provided for its nucle-
ation and growth mechanisms. By optimizing factors such as
raw materials, temperature, time, and carbon source concen-
tration, it is possible to successfully grow Gr materials with
excellent properties on a Cu substrate, providing new insights
for the development of low-cost and efficient Gr synthesis
methods.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Materials

2.1 Material preparation

Cu flakes (99.9 wt% purity; a diameter of about 20 umy;
purchased from Shanghai Mao Guo Nanotechnology Co., Ltd)
were chosen as original materials because their large surface
area enables the adsorption of sufficient carbon precursors on
the surface. a-Naphthol (C,,HgO; Sinopharm Chemical Reagent
Co., Ltd) was used as the carbon precursor. Cu flakes were
annealed under an H,/Ar atmosphere at 350 °C for 2 h to
remove oxides and other impurities to obtain the desired
powders. o-Naphthol (C;,HgO) was dissolved in ethanol solu-
tion (300 mL) and stirred for a period of time to obtain
a uniform and transparent solution. Subsequently, 30 g Cu
powder was added to this solution. The composite powders
prepared with Cu to a-naphthol mass ratios of 10: 0.1, 10: 0.3,
and 10: 0.5 were designated as Gr/Cu-0.1, Gr/Cu-0.3 and Gr/Cu-
0.5, respectively. The mixture was then heated at 75 °C under
constant magnetic stirring until the solution vaporized
completely. After drying at 80 °C for 4 h to remove the solvent,
the a-naphthol/Cu composite powders were transferred to
a quartz tube, followed by in situ Gr growth under 20% H,/Ar
atmosphere. The Gr/Cu composite powders were obtained via
fast-cooling to room temperature under an H,/Ar atmosphere.
Gr was obtained from the Gr/Cu composite powders by etching
the Cu matrix using FeCl;/HCI solution. Fig. 1 illustrates the in
situ Gr growth processes.

2.2 Microstructure of Gr/Cu mixed-powders and Gr

The morphologies of the original Cu, a-naphthol/Cu, and Gr/Cu
composite powders were observed using scanning electron
microscopy (SEM) (JSM-IT800). The morphologies and micro-
structures of the as-grown Gr were observed via transmission
electron microscopy (TEM) (JEM-2100F) and high-resolution
transmission electron microscopy (HRTEM) (JEM-2100F).
Raman spectroscopy (Renishaw, inVia microscope) was per-
formed with a 532 nm laser to measure the defects in the Gr
grown from a-naphthol. The carbon content in the composite
powders was analyzed through a C/S analyzer (LECO/CS230). X-
ray diffraction (XRD) was performed using a Panalytical X'Pert
X-ray diffractometer.
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Fig. 1 Schematic of in situ Gr growth processes.
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3 Results and discussion

3.1 The influence of Cu matrix annealing on the in situ
growth of Gr

Since Gr is grown in situ during the heat treatment process,
factors including Cu substrates, carbon precursor content,
growth temperature and time may influence the quality of
Gr."*?° A detailed discussion on these aspects is given below.

The surface smoothness and crystal grain orientation of the
Cu substrate play important roles in the in situ growth of Gr. The
morphology of the original flaky Cu powders is presented in
Fig. 2a, which shows that the diameter of Cu powders is about
20 um and the thickness is about 1 um. The flake-like Cu
powders with a large specific surface area provide a larger area
for the adherence of carbon sources. Fig. 2b shows the XRD
image of Cu powders before and after annealing. All types of Cu
powders exhibited diffraction peaks around 43°, 50°, and 74°,
corresponding to the (111), (200), and (220) crystal planes of
pure Cu, respectively. The I(111)/> Ian) of the Cu powders was
0.53 and 0.60 before and after annealing, respectively. The
images show that after annealing at 350 °C for 2 hours in 5% H,/
Ar atmosphere, the Cu powders exhibited a higher (111) orien-
tation. During annealing in a hydrogen atmosphere, grains may
undergo recrystallization and grain growth, tending to evolve
toward a low-energy state and transform the crystal orientation
towards (111). The diffusion rate of carbon atoms, the adsorp-
tion rate, and the nucleation rate of Gr could vary significantly
from different crystal planes of the Cu substrate. Cu(111) (with
an atomic spacing of 2.56 A) has high structural consistency
with the two-dimensional Gr (0001) (with an atomic spacing of
2.46 A). This results in a large coverage area and a fast nucle-
ation rate of Gr grown on the Cu surface.'*'>?">?

In addition, the XRD image shown in Fig. 2b reveals that the
unannealed Cu powders exhibit a diffraction peak around 36.5°,
corresponding to the (111) crystal planes of Cu,O. After
annealing, this diffraction peak disappears. Thus, annealing of
the Cu powders under 5% H,/Ar atmosphere can effectively
remove Cu oxide particles, resulting in impurity-free surfaces.
This facilitates the uniform adsorption of a-naphthol onto the
Cu surface. Fig. 2c shows that a-naphthol distribution on the
surface of the Cu powder without annealing is uneven. The in
situ growth of Gr on the surface of Cu without annealing, shown
in Fig. 2e, results in obvious agglomeration. Fig. 2d and f reveal

In-situ reaction

Etching
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Agglomeration and
Incomplete Pyrolysis

Fig. 2
a-Naphthol/unannealed Cu. (e) Gr/annealed Cu. (f) Gr/annealed Cu.

that the annealed Cu can evenly adsorb a-naphthol on its
surface, and the in situ growth of Gr on the Cu surface occurs
without significant agglomeration. Compared with unannealed
Cu, Cu powders annealed at 350 °C for 2 h under 5% H,/Ar
atmosphere are beneficial to grow high-quality Gr because the
removal of Cu oxide particles improves the catalytic activity.

3.2 The influence of a-naphthol content on in situ Gr growth

The SEM morphologies of the Gr/Cu composite powders ob-
tained using three different carbon source concentrations at
700 °C for 20 min are shown in Fig. 3a—c. The products on the
surface of the Cu powders exhibit the typical translucent layered
structure of Gr, indicating that the Cu powders possess the
catalytic activity to transform nearby a-naphthol into Gr during
high-temperature treatment. In the Gr/Cu composite powders,
the Cu substrate can be clearly seen beneath the Gr, indicating

17082 | RSC Adv, 2025, 15, 17080-17088
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(a) SEM image of the original Cu powders. (b) XRD patterns of Cu powders before and after annealing. (c) a-Naphthol/unannealed Cu. (d)

the high light transmission and good crystallinity of in situ
grown Gr. The morphology of the Gr/Cu-0.5 (Fig. 3¢) composite
powders is significantly different from that of Gr/Cu-0.1 (Fig. 3a)
and Gr/Cu-0.3 (Fig. 3b). For Gr/Cu-0.1 and Gr/Cu-0.3, the pres-
ence of thin wrinkles indicates the growth of a few layers of Gr
on the Cu substrate. Super-saturation of the precursor for Gr/
Cu-0.5, should lead to considerably faster Gr growth, and the
grown Gr may be more wrinkled and thicker owing to the
increase in the precursor content. This was further analyzed
using Raman spectroscopy and TEM.

The structural defects in the as-grown Gr in the three
composite powders were further evaluated through Raman
spectroscopy, which is widely acknowledged as a characteriza-
tion technique employed for the assessment of the structural
integrity of Gr; the results are displayed in Fig. 3d-f. The G
band, a radial C-C stretching mode of sp> hybridized carbon,
and the D band, originating from a first-order zone boundary

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 SEM morphologies of (a) Gr/Cu-0.1, (b) Gr/Cu-0.3, and (c) Gr/Cu-0.5 powders. Raman spectra of (d) Gr/Cu-0.1, (e) Gr/Cu-0.3, and (f) Gr/

Cu-0.5 powders.

phonon mode associated with defects, appear at ~1580 cm ™"

and ~1350 cm ™', respectively.?*?® Usually, a higher intensity
ratio value of the D to G peaks (Ip/lg) may indicate lower Gr
crystallinity and higher defect density.'*** As shown in Fig. 3d,
the I/l ratios of Gr/Cu-0.1 and Gr/Cu-0.3 are about 0.81. The
ratio is larger than that of Gr synthesized via chemical vapor
deposition (CVD) using methane®**” as the carbon source, but
similar to, or even lower than that of Gr grown in situ via
thermal pyrolysis from organic compounds and chemical
reduction of graphene oxide (GO) obtained from oxidation and
delamination of graphite. For example, the ratio is 0.899 using
sucrose,”® 0.79 using liquid paraffin®*® and 0.89 using PMMA® as
the carbon source; the ratio is 1.13 for 0.1 wt% rGO/Cu
composites.*® The results indicate good crystallinity and struc-
tural integrity of the Gr obtained from organic compounds
through in situ growth via thermal pyrolysis. With an increasing
carbon precursor content, the Ip/Ig ratio of Gr/Cu-0.5 increases
to 0.87, revealing an increase in the defects in Gr. This may be
due to the increased numbers of folds and layers and agglom-
eration of Gr or incomplete conversion of solid carbon sources.
The ratio may ultimately affect the properties and performance
of the Gr. The nucleation and growth of Gr requires a suitable
amount of carbon source. When sufficient active carbon atoms
are assembled on Cu particle surfaces, nucleation and growth of
Gr take place. A low content of carbon may enable Gr to form
crystalline layers and prevent the growth of thick and agglom-
erated structures. Increasing the amounts of solid carbon
sources may break down and agglomerate excess carbon. The
growth of Gr may then be thicker, and the Gr may even
agglomerate to form carbon-rich areas, which may lead to more
defects in the Gr.

© 2025 The Author(s). Published by the Royal Society of Chemistry

To further explore the microstructures and characteristics of
the in situ grown Gr in composite powders with different
contents, after corroding the Cu matrix with FeCl;/HCl solution,
the Gr was observed via TEM and HRTEM. In Fig. 4a and b, the
typical wrinkled structural features of Gr can be seen clearly,
with the high transparency resulting from the ultrathin thick-
ness and flexibility of the Gr. According to the HRTEM image of
the edge area in Fig. 4b, the thickness of Gr is equivalent to 1-3
layers, resulting in an ultralow Gr loading content of 0.096 wt%
in the Gr/Cu-0.1 composite powders based on C-S analysis. For
Gr1/Cu-0.3 (Fig. 4c and d), the thickness is equivalent to 4-6
layers, with a Gr loading content of 0.26 wt%. However, for Gr/
Cu-0.5 (Fig. 4e and f), the thickness is about 3 nm and is
composed of more than 10 layers. The areas with higher
contrast may be residual Cu particles. Since Gr has strong
chemical resistance to corroding solution, Cu covered with
multiple layers of Gr could not be completely corroded easily,*
and some residual nano-Cu particles can be seen in the TEM
images. TEM and HRTEM images show that the number of Gr
layers increased with the concentration of carbon sources,
which is consistent with the SEM analysis and Raman results.

3.3 The influence of growth temperature and time on the in
situ growth of Gr

In addition to raw materials, growth temperature is a crucial
factor that directly affects the catalytic activity of Cu powders
and the activity of carbon atoms and their groups. It further
affects the nucleation and growth of Gr in situ. To further
explore the growth behavior and identify suitable growth
conditions for a-naphthol-based in situ growth of Gr, a series of

RSC Adv, 2025, 15, 17080-17088 | 17083
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Fig. 4 TEM and HRTEM images of the Gr after corroding Cu from (a and b) Gr/Cu-0.1, (c and d) Gr/Cu-0.3 and (e and f) Gr/Cu-0.5 powders.

experiments were conducted with various growth temperatures
and times. Fig. 5 shows the microstructures and Raman spectra
of Gr/Cu composite powders grown at 600 °C, 700 °C, and 800 °©
C for 20 min. Fig. 5a shows that Gr can be grown at a tempera-
ture as low as 600 °C, indicating that the small-molecule carbon
source a-naphthol can generate high-quality Gr (Ip/Ig = 0.92) at
relatively low temperatures. With an increase in growth
temperature, the light transmission and crystallinity of Gr
change. As shown in Fig. 5b and Fig. 5e, typical folds of the Gr
films, with high transparency and a smooth surface, are formed
at 700 °C and 800 °C, with higher quality (Fig. 52). The higher
temperature increases the rate of carbon source cracking and
ensures the supply of carbon atoms. The Gr folds become more
numerous and thicker when the temperature reaches 800 °C, as
shown in Fig. 5f, and the defects increase accordingly. The
multilayer growth of Gr is likely due to a higher a-naphthol
decomposition rate and higher carbon solubility at the higher
temperature, making more carbon species available in the Cu
substrate for precipitation upon cooling.

In addition, growth time affects the morphology and the
number of defects in Gr. Raman results (Fig. 6a) indicated that
the structural disorder of carbon species decreased at 600 °C
with increasing reaction time. This is strong evidence that

17084 | RSC Adv, 2025, 15, 17080-17088

structural healing occurs during the formation of Gr. Not
coincidentally, the Raman analysis result also demonstrates
similar structural healing at 700 °C and 800 °C for 10 min and
20 min (Fig. 6b and c). However, as the reaction time increases
at high temperatures, there is a noticeable aggregation of Gr
and the number of defects increases. The combination of
appropriate temperature and time facilitates the formation of
Gr with high crystallinity and high quality. Since high-quality Gr
can be grown at 700 °C for 20 min, it can be deduced that
a better catalytic effect can be achieved at this temperature.

3.4 Growth mechanism

The a-naphthol based growth of Gr on the Cu powders could be
divided into multiple processes: (I) a-naphthol molecules are
adsorbed on the Cu surface and dissociate into active aromatic
species with two hexatomic rings following the pathway of
dehydroxylation and dehydrogenation, (II) active aromatic
species aggregate to nucleate on the active sites of the Cu
substrate, and (III) the growth of Gr proceeds by attaching active
carbon species to the edges, as illustrated in Fig. 7. In the initial
process, a-naphthol dissociates into aromatic species via
dehydroxylation and dehydrogenation owing to the high
temperature. For the dissociation of C;,H,OH, several main

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 SEM morphologies of Gr/Cu powders pyrolyzed at (a) 600 °C and (d) 800 °C for 20 min. TEM and HRTEM images of Gr after corroding Cu
from (b and c) 600 °C for 20 min and (e and f) 800 °C for 20 min. (g) Raman spectra of Gr/Cu powders.

possible pathways are predicted: C;H,OH — C;,0HsOH + H —
Cy0 + OH, C,,H,OH — C;oH, + OH — C,, + Hand C,,H,0OH —
10C + 7H + OH. One of the dominant pathways of a-naphthol
dissociation can be expressed as C,(H,OH — C;oH, — Cy,. The
reaction may produce several by-products in addition to the
main product, such as hydrocarbons and carbon oxides. C
atoms may also emerge on the Cu surface because the

© 2025 The Author(s). Published by the Royal Society of Chemistry

dissociation of the C-C bond is not forbidden during the high-
temperature growth process. The introduced hydrogen disso-
ciates on the Cu substrate to form active hydrogen atoms, which
could facilitate the catalytic pyrolysis of a-naphthol.

During the growth of Gr, the sufficient carbon sources
assembled on Cu particle surfaces can continue to decompose
into active aromatic species at high temperatures. The active

RSC Adv, 2025, 15, 17080-17088 | 17085
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Fig. 6 Raman spectra of Gr/Cu powders obtained from a.-naphthol pyrolysis at (a) 600 °C, (b) 700 °C, and (c) 800 °C for different times.
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Fig. 7 A schematic to illustrate the processes involved in a-naphthol based in situ growth of Gr on the Cu substrate.

aromatic species can either form a new nucleation center at
a defect site on the Cu substrate or attach to an existing Gr
nucleus to facilitate its continuous growth. Adjacent Gr regions
can then connect to each other, forming a continuous Gr film
on the Cu substrates.>*" The above characterization and anal-
ysis suggest a novel model for the nucleation and growth mode

of multi-layered Gr. As illustrated in Fig. 8: (a) Frank-van der
Merwe growth occurs when the adhesive forces between the
growing material and the substrate are much stronger than the
cohesive forces between the growing material particles. (b)
Volmer-Weber growth is opposite to Frank-van der Merwe
growth, where the cohesive forces between the growing material

590 000 0000 > 000000000 00000 > RRRRRRRRD

Frank-van der Merwe growth

b6 b B

Volmer-Weber growth

B oo od o BomedD

Stranski-Krastanov growth
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Fig. 8 Three basic modes of nucleation during the initial stage, and growth of the thin film. (a) Frank—van der Merwe growth, (b) Volmer—Weber

growth, (c) Stranski—Krastanov growth.
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particles are greater than the adhesive forces between the
material and the substrate. (c) Stranski-Krastanov growth is an
intermediate growth mode between Volmer-Weber growth and
Frank-van der Merwe growth.**

Clear layer islands appeared in Gr/Cu-0.5 (Fig. 3¢c) and Gr/Cu
grown at 800 °C for 20 min (Fig. 5d). It can be concluded that
when the content of carbon sources or growth temperature
increase, the growth mode changes from Frank-van der Merwe
to Stranski-Krastanov growth. Physical or chemical inhomoge-
neities of the underlying Gr, such as boundaries and impurities,
could serve as nucleation sites for the epitaxy of additional
layers. After nucleation, the growth process continues with
a high anisotropic nature. Compared with the inert surface of
Gr nuclei bonded by weak interlayer van der Waals interactions,
edges with dangling bonds are much more active in binding
covalently with incoming atoms or fragments. Consequently,
the lateral growth rate can be much faster than the vertical
growth rate.*® With an increase in carbon source concentration,
the Gr becomes thicker and even agglomerates. The strain
energy increases with Gr thickness because of the lattice
constant mismatch between the Gr and Cu substrate. To relax
this part of the energy, when Gr grows to a certain thickness, the
growth mode changes from Frank-van der Merwe to Stranski-
Krastanov growth (as shown in Fig. 3c). Similarly, as the growth
temperature rises (Fig. 5d), the growth mode changes because
the thickness of the Gr layer increases owing to a higher a-
naphthol decomposition rate and more carbon available. The
lower growth temperature could also decrease the accumulation
of strain energy during the cooling process and reduce the
mismatch of the surface area between the Gr and the Cu
substrate.?*

4 Conclusions

(1) Gr can be grown in situ at a temperature as low as 600 °C,
indicating that the small-molecule carbon source a-naphthol
can generate a few layers of high-quality Gr at low temperatures.
Higher quality Gr can be grown at 700 °C for 20 min.

(2) The Cu matrix is annealed at 350 °C for 2 h under 5% H,/
Ar atmosphere to obtain impurity-free surfaces and a higher
ratio of (111) orientation. a-Naphthol density (0.1 wt%) as well
as the growth temperature and time (700 °C for 20 min) affect
the quality of Gr, enabling Gr to grow in-plane and splice
together to generate Gr with fewer defects and fewer layers.

(3) a-Naphthol molecules dissociate into active aromatic
species following the pathway of dihydroxylation and dehydro-
genation. The active aromatic species aggregate to nucleate Gr
on the active sites of the Cu substrate. As the thickness of Gr
increases, the growth mode changes from Frank-van der Merwe
to Stranski-Krastanov growth.
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