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Abstract: This study investigates the carbon products generated by melamine under various heat-
treatment temperatures with the catalysis of calcium carbonate. We discovered that the cost-effective
precursor melamine readily self-assembles and curls into graphene tubes when catalyzed by the
alkaline earth salt CaCO3 at elevated temperatures. Under heat-treatment conditions of 1100 ◦C and
1200 ◦C, the growth morphology of graphene tubes with open structures and exceptionally large
diameters was observed, and the diameters reached the micron level. These products exhibit a high
degree of carbonization and an extremely low nitrogen content, as low as 1.7%. Further, the intensity
ratio (ID/IG) of the D band and the G band is as low as 0.79 in Raman characterization. The results
show that the products have a certain graphite structure, which proves the catalytic activity of CaCO3.
This is attributed to the incorporation of CaCO3 into the raw material system, which impedes the
complete thermal decomposition of melamine. On the other hand, the resulting CaO particles are
evenly distributed along the tubular products, providing certain support for their self-assembly and
growth, thereby achieving the efficient growth of graphene tubes.

Keywords: melamine; calcium carbonate; graphene tubes; self-assembly; catalytic activity

1. Introduction

The material known as graphene consists of sp2 carbon atoms bonded in a honeycomb
pattern, forming a two-dimensional structure [1–5]. The classification of a graphene tube
occurs when one or multiple layers of graphene are curled into a tubular shape [6–8]. There-
fore, tubular graphene structures, which combine the unique physical and chemical proper-
ties of two-dimensional graphene with the structural characteristics of one-dimensional
hollows, hold a prominent position in the family of graphene nanostructures [9–11]. They
possess great potential for applications in emission cathode materials, new energy bat-
teries, sensors, supercapacitors, catalysts, and adsorption materials [12–15]. In particular,
large-sized graphene tubes (GTs) offer a more expansive platform compared to carbon
nanotubes as novel carriers for the advancement of oxygen reduction catalysts, facilitating
the enhanced deposition of metal nanoparticles. Highly graphitized GTs exhibit robust
interaction with catalyst nanoparticles and effectively prevent their aggregation, and the
synergistic effect between GTs’ carbon supports and metal nanoparticles contributes to the
improved stability of the catalyst [16–18]. However, due to the limitations of the current
preparation process, graphene tubes are generally synthesized through nucleation growth
catalyzed by transition metals such as iron, cobalt, and nickel. This synthesis process ne-
cessitates additional post-treatments like template removal or acid leaching to obtain pure
products. Consequently, challenges arise from expensive catalysts and lengthy preparation
cycles [19–22]. Surprisingly, MoR et al. prepared graphene nanotubes with a high volume
and energy density using alkaline earth metal oxide MgO nanowires as templates and
catalysts by the CVD method, which could be used as anodes in lithium-ion batteries [23].
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Recently, Luo et al. reported the template-free preparation of graphene tubes using calcium
carbonate-catalyzed polyimide [24]. This statement is sufficient evidence to demonstrate
the exceptional catalytic activity of alkaline earth metals and their oxides in the synthesis
of graphene nanotubes, surpassing their role solely as carriers for transition metal catalysts
such as iron, cobalt, and nickel [25–27].

Therefore, it is imperative to investigate a facile and high-yield approach for the syn-
thesis of graphene tubes. Molecular self-assembly has emerged as a widely employed self-
template strategy for fabricating nanostructured materials [28,29], in which melamine, as an
excellent carbon-based material precursor, has attracted great interest from researchers [30–33].
For instance, nanotubes were synthesized via hydrothermal condensation using melamine
as the precursor material, as demonstrated by Li et al. [34]. The nanotubes exhibited an
outer diameter ranging from 70 to 200 nm, an inner diameter ranging from 5 to 20 nm,
and a length of several microns. Similarly, Zhao et al. employed melamine as the sole
precursor to facilitate the formation of self-assembling supramolecular intermediates via
the hydrothermal method. Subsequently, these supramolecular intermediates were trans-
formed into g-C3N4 nanotubes with abundant nitrogen defects through pyrolysis, which
were utilized for efficient conversion of solar energy [35].

The self-assembly properties of melamine were exploited in this study to derive
carbon products prepared under various temperature conditions through simultaneous
heat treatment with the alkaline earth metal salt calcium carbonate, without the use of
templates or transition metal catalysts. Particularly, the raw materials used in this study
were limited to melamine and calcium carbonate, and the preparation process was relatively
simple, involving only heat treatment of the raw materials. At a temperature of 1100 ◦C,
tubular products with an evident open structure at the end and a pipe diameter reaching
the micron level could be observed in the carbonized powder products. Importantly, after
undergoing heat treatment at 1200 ◦C, the tubular products exhibited a more pronounced
structure and a high degree of graphitization. Simultaneously, a significant amount of
CaO particles, which were uniformly distributed along the growth direction of the tubular
products, played a catalytic and supportive role in formation and growth, ultimately
facilitating efficient graphene tube growth. Therefore, compared with the method of
producing graphene tubes by transition metal catalysis, the method considered in this
work has the characteristics of utilizing cheap raw materials and recyclable catalysts and
constituting a simple process, which is of great significance for the industrial preparation
of graphene tubes.

2. Materials and Methods
2.1. Material Synthesis

Using the low-cost industrial raw material melamine as a carbon source and nano-
calcium carbonate as a catalyst, graphene tubes were synthesized in a high-temperature
environment. The raw materials were sourced from Shanghai Maclin Co., Ltd. (Shanghai,
China). Pure melamine and nano-calcium carbonate (with a particle size of 50 nm) powder
were finely ground in a quartz mortar to create a homogeneous mixture, and the content of
CaCO3 in the feedstock system was 20 wt%. Subsequently, the raw materials were placed
into a graphite mold within a tube furnace and experimental heat-treatment groups were
established at 800 ◦C, 900 ◦C, 1000 ◦C, 1100 ◦C, and 1200 ◦C in N2, with a heating rate of
10 ◦C/min. Before heating, the furnace was purged three times with high-purity argon
using a rotary vacuum pump to reduce the O2 concentration to a negligible level. Then,
the heating process was initiated, and once the temperature reached the designated level,
it was maintained for a duration of 30 min before natural cooling to produce the final
carbon product.

2.2. Material Characterization

The morphology of the product was characterized using SEM and elemental mapping
with a Hitachi SU8010 microscope (Hitachi Inc., Tokyo, Japan) equipped with energy disper-
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sive X-ray spectroscopy (EDS) equipment. The METTLER TGA2 (METTLER TOLEDO Inc.,
Zurich, Switzerland) was used to analyze the thermal stability of the raw materials in N2
with a heating rate of 20 ◦C/min. XPS was performed using the Thermo Scientific K-Alpha
X-ray (Thermo Fisher Inc., Waltham, MA, USA) photoelectron spectrometer system with a
monochromatic Al K-Alpha source operated at 150 eV for full-spectrum scanning and 50 eV
for narrow-spectrum scanning. Phase identification was performed using XRD on a Rigaku
Ultima IV diffractometer (Rigaku Inc., Tokyo, Japan) with Cu K-Alpha X-rays. Raman
spectra were tested using a LabRam HR Evolution Micro confocal Raman spectrometer
(HORIBA Jobin Yvon Inc., Paris, France) with an excitation wavelength of 532 nm. Samples
were prepared as powders on a glass surface, with the excitation laser focused through a
100×microscope objective for a total interrogation spot size of ~1 micron diameter. The
FT-IR spectroscopy of Nicolet6700 (Thermo Fisher Inc., Waltham, MA, USA) was used for
infrared absorbance spectroscopy measurement.

3. Results
3.1. Microscopic Morphology of Carbon Products

The industrial raw materials used in this paper were melamine powder with a particle
size of microns and nano-calcium carbonate (Supplementary Materials, Figure S1). The raw
materials were mixed evenly by grinding, resulting in numerous calcium carbonate particles
embedded in the surface of the melamine, which provided a basis for the subsequent CaO
particles to coat the graphene tube products, as shown in Figure 1a.
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In the experiments with different temperatures, the carbon products predominantly
existed in blocky or layered structures when the heat-treatment temperature was below
1000 ◦C, as shown in Figure 1b, which illustrates the morphology of the products from
the 1000 ◦C heat-treatment group. This was primarily due to the energy from the external
environment being insufficient to transform the graphene sheets into rolled tube structures.
Until the heat-treatment temperature reached 1100 ◦C, thick-walled tubular products
(external diameters of 1–2 µm and open-ended) were observed in the black powder product,
and numerous spherical granular materials were uniformly distributed outside the tube
walls (Figure 1c). Furthermore, when the heating temperature was 1200 ◦C, as shown in
Figure 1d, the growth morphology of tubular products with larger diameters and hollow
structures could be observed. The maximum diameter of the tubes was close to 10 µm,
the length of the tubes was uneven, and the wall thickness of the tubes was about several
hundred nanometers. In addition, the tubular products grew in situ, segment by segment,
like bamboo shoots, which is a direct demonstration of the mechanism of tube growth.
Unfortunately, only incomplete tubular products were observed in the powder product,
which could possibly be attributed to the substantial diameters and hollow structures of the
tubes, causing egress of the fully developed tubular products from the reaction mold due
to their exceedingly low mass. In a word, the diameters and growth mode of the observed
tubes in this study differed significantly from those of traditional nanotubes. Consequently,
the tube structures investigated in this experiment were designated graphene tubes (GTs),
as supported by relevant reports in the literature [24].

3.2. Mechanism of Tube Formation

To gain further insight into the elemental composition of the products and elucidate
the mechanism of tube formation, X-ray elemental energy spectrum analysis was conducted
on the products in the experimental groups at 1100 ◦C and 1200 ◦C using scanning electron
microscopy, as depicted in Figure 2. The even distribution of C, N, O, and Ca elements
along the tubular products was evident. The mass fraction of each element is depicted
in Figure S2, illustrating that CaO particles uniformly adhered to the outer walls of the
tubes. It should be noted that the N element content was minimal, indicating that carbon
tubes primarily constitute the tubular structure observed in the SEM photos. The CaO
particles distributed outside the tubes are believed to serve as temporary supports during
the self-assembly process of the tube structures, mainly catalyzing the formation of the
initial tube structures, thereby preventing the disordered growth and intertwining of the
tube structures and facilitating the growth of the tubular structures section by section.
Subsequently, the CaO particles naturally fall off, and Figure 1d also shows an image of a
tube structure without CaO attached to the tube wall.

Based on the above analysis, we propose that the catalytic mechanism of CaO in
promoting GT formation is different from the top growth or bottom growth of carbon
nanotubes catalyzed by transition metals. However, CaO particles serve as a support for
the initial tubular structure by attaching to the wall of GTs. Additionally, CO2 products
decomposed by CaCO3 at high temperatures act as etching agents for amorphous car-
bon. This process reduces the degree of defects in carbon products and ultimately yields
highly graphitized tubular structures. Therefore, the diameters of the GTs grown in this
experiment remained unaffected by the catalyst particle size. This observation provides
a comprehensive explanation of the occurrence of GTs with exceptionally large diame-
ters observed in this study. Furthermore, through EDS spectrum data (Figure S2) and
subsequent XPS analysis, it can be conclusively demonstrated that the tubular structures
formed were not derived from g-C3N4 tubes. Instead, under high-temperature conditions
and calcium-based catalysis, multiple layers of graphene underwent curling to form these
distinctive GTs.

We conducted a thermal stability analysis of the raw materials to study the effect of
CaCO3 on the thermal decomposition process of melamine, which is crucial to elucidate
the growth mechanism of the tubular products. Therefore, we performed a TGA analysis
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on the raw material system and compared it with a control experiment. The weight
loss curves of the raw material system containing CaCO3 and the pure melamine raw
material were compared, as depicted in Figure 3a. It can be observed that the weight loss
occurring within the temperature range of 250−373 ◦C is primarily attributable to the
decomposition of melamine. Both systems exhibit similar decomposition rates; however,
the sample containing CaCO3 exhibits a slightly advanced mass loss behavior, with an 8 ◦C
temperature difference when the raw material’s weight loss reaches 20%.
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Furthermore, the CaCO3/melamine sample exhibited a 7% mass loss within the
temperature range of 625–724 ◦C, which can be attributed to the high-temperature decom-
position reaction of CaCO3 into CaO and CO2. This mass loss corresponds to the weight of
CO2 released. Based on calculations, if we consider the weight loss of CaO as well, the total
weight loss of the final mixed material should be 93%. In comparison with pure melamine,
there was a significant reduction in weight loss (97%) at 724 ◦C. Therefore, incorporating
CaCO3 into the mixed raw material can partially mitigate the complete thermal decompo-
sition of melamine. As the temperature increases, decomposed solid CaO particles from
CaCO3 catalyze the self-assembly growth of melamine molecules to form graphene tubes
(GTs), which attach themselves onto the outer surfaces of the initially formed tube struc-
tures as supports. This is why the pure melamine sample began to decompose twice after
900 ◦C and completely decomposed at 1050 ◦C, while the raw material system containing
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CaCO3 did not decompose again after 900 ◦C. This stage corresponds to the formation of
GTs under the catalytic action of the calcium group.

C 2024, 10, 87 6 of 13 
 

CaCO3 did not decompose again after 900 °C. This stage corresponds to the formation of 
GTs under the catalytic action of the calcium group. 

 
Figure 3. (a) TGA curves and corresponding TGA characteristic thermal data of the CaCO3/mela-
mine and melamine samples. (b) Raman spectra of the powder product obtained at 900−1200 °C. (c) 
FT-IR spectra of the powder product obtained at 800−1200 °C. 

3.3. Characterization of Carbon Products 
To determine the elemental composition and structure of the products, we character-

ized the products obtained at 800 °C and 1200 °C by X-ray photoelectron spectroscopy 
(XPS) and the XPS survey spectra of the carbon products, as shown in Figure S3. The XPS 
survey spectra for the products obtained at 800 °C and 1200 °C show characteristic peaks 
for C, N, O, and Ca. The peak at around 284.8 eV corresponds to the C1s peak, the peak at 
around 401 eV corresponds to the N1s peak, the peak at around 532 eV corresponds to the 
O1s peak, and the peak at around 350 eV corresponds to the Ca2p peak, indicating that 
the products contained C, N, O, and Ca elements. However, due to the variations in heat-
treatment temperatures, there were significant differences in the relative mass fractions of 
the elements. Figure S4 (Supplementary Materials) presents a summary of the relative 
mass fractions for each element; under 800 °C heat-treatment conditions, carbonization 
was limited, and the resulting product still contained a substantial amount of nitrogen. 
Conversely, under 1200 °C heat-treatment conditions, carbonization was extensive and 
only trace amounts of nitrogen remained in the product. These findings suggest that dur-
ing carbonization, carbon atoms undergo rearrangement while simultaneously losing ni-
trogen content, leading to the formation of a multilayer graphene structure that further 
self-assembles into tubular structures by curling from lamellar arrangements. Therefore, 
when the heat-treatment temperature reaches 1200 °C, there is a significant increase in 
carbon content in the product, indicating a substantial conversion of melamine into gra-
phene tube products. Meanwhile, the nitrogen content remains minimal, suggesting the 
breakage of C-N bonds and the rearrangement of carbon atoms instead of continuous py-
rolysis into small-molecule spill molds at 800 °C. The findings demonstrate that both high 
temperatures and catalytic action in calcium-based catalysis can enhance the yield of car-
bon products. 

The partial peak fitting of C1s in Figure 4a reveals the presence of three distinct C1s 
peaks, with the dominant contribution arising from sp2 hybrid carbon at 284.8 eV, while 
the peaks at 285.3 eV originate from unconverted sp3 hybrid carbon (C-N) and a minor 
fraction of C-O [24]. The distinction lies in the fact that, following heat treatment at 1200 
°C, the C1s satellite peak fitted by 290.42 eV predominantly corresponds to the π-π* inter-
action between distinct carbon components or different graphene layers within the GTs, 
indicating a high level of carbonization and a certain graphite structure in the sample [14]. 
This observation aligns with the remarkably elevated carbon content. Similarly, as de-
picted in Figure 4b of the N1s sub-peak fitting diagram, the presence of nitrogen in carbon 
products subjected to heat treatment at 800 °C is primarily attributable to C-N 

Figure 3. (a) TGA curves and corresponding TGA characteristic thermal data of the CaCO3/melamine
and melamine samples. (b) Raman spectra of the powder product obtained at 900–1200 ◦C. (c) FT-IR
spectra of the powder product obtained at 800–1200 ◦C.

3.3. Characterization of Carbon Products

To determine the elemental composition and structure of the products, we character-
ized the products obtained at 800 ◦C and 1200 ◦C by X-ray photoelectron spectroscopy (XPS)
and the XPS survey spectra of the carbon products, as shown in Figure S3. The XPS survey
spectra for the products obtained at 800 ◦C and 1200 ◦C show characteristic peaks for C, N,
O, and Ca. The peak at around 284.8 eV corresponds to the C1s peak, the peak at around
401 eV corresponds to the N1s peak, the peak at around 532 eV corresponds to the O1s peak,
and the peak at around 350 eV corresponds to the Ca2p peak, indicating that the products
contained C, N, O, and Ca elements. However, due to the variations in heat-treatment tem-
peratures, there were significant differences in the relative mass fractions of the elements.
Figure S4 (Supplementary Materials) presents a summary of the relative mass fractions
for each element; under 800 ◦C heat-treatment conditions, carbonization was limited, and
the resulting product still contained a substantial amount of nitrogen. Conversely, under
1200 ◦C heat-treatment conditions, carbonization was extensive and only trace amounts of
nitrogen remained in the product. These findings suggest that during carbonization, carbon
atoms undergo rearrangement while simultaneously losing nitrogen content, leading to
the formation of a multilayer graphene structure that further self-assembles into tubular
structures by curling from lamellar arrangements. Therefore, when the heat-treatment
temperature reaches 1200 ◦C, there is a significant increase in carbon content in the product,
indicating a substantial conversion of melamine into graphene tube products. Meanwhile,
the nitrogen content remains minimal, suggesting the breakage of C-N bonds and the
rearrangement of carbon atoms instead of continuous pyrolysis into small-molecule spill
molds at 800 ◦C. The findings demonstrate that both high temperatures and catalytic action
in calcium-based catalysis can enhance the yield of carbon products.

The partial peak fitting of C1s in Figure 4a reveals the presence of three distinct C1s
peaks, with the dominant contribution arising from sp2 hybrid carbon at 284.8 eV, while the
peaks at 285.3 eV originate from unconverted sp3 hybrid carbon (C-N) and a minor fraction
of C-O [24]. The distinction lies in the fact that, following heat treatment at 1200 ◦C, the C1s
satellite peak fitted by 290.42 eV predominantly corresponds to the π-π* interaction between
distinct carbon components or different graphene layers within the GTs, indicating a high
level of carbonization and a certain graphite structure in the sample [14]. This observation
aligns with the remarkably elevated carbon content. Similarly, as depicted in Figure 4b of
the N1s sub-peak fitting diagram, the presence of nitrogen in carbon products subjected
to heat treatment at 800 ◦C is primarily attributable to C-N configurations, resulting in
a relatively high nitrogen content. Conversely, upon heat treatment at 1200 ◦C, nitrogen
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exists in carbon products through heteroatom doping. The high-resolution N1s spectrum
reveals fitted peaks at 398.49 eV and 401.6 eV corresponding to pyridinic and graphitic
nitrogen, respectively [36], with an extremely low nitrogen content of only 1.7% observed
(Figure S4). Further, the peak fitting data based on the high-resolution N1s spectrum shows
that the ratio of pyridinic N and graphitic N is about 1:1. The fine spectra of O and Ca
elements also demonstrate distinct compositional and structural differences in the high
graphitization structure and carbon mass fraction increase after heat treatment at 1200 ◦C
as compared to that at 800 ◦C (Figure S5). As the temperature increases and the graphene
tube structure grows, the carbon product gradually separates from the calcium-based
catalyst, resulting in an increase in the carbon content of the product, so the signal of the
O and Ca elements shown in Figure S5 is weaker. In general, based on the TGA and XPS
analyses conducted above, it can be observed that while calcium carbonate can undergo
complete decomposition into CaO particles under the heat-treatment condition of 800 ◦C,
this temperature is insufficient to provide the necessary energy for self-assembly and
coiling of flake graphene structures, thereby hindering the successful growth of graphene
tubes. Hence, it is evident that the generation of graphene tubes in this study cannot solely
have relied on the decomposition temperature of calcium carbonate but also required an
appropriate temperature for flake graphene self-assembly, that is, these two factors are
indispensable for the growth of GTs.
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The component crystal phase of the product was determined using powder X-ray
diffraction (XRD). As depicted in Figure 5a, the XRD patterns of the products under all
temperature conditions exhibited no presence of metal carbides or elemental peaks. Hence,
there was no occurrence of metal carburization resulting from carbon-source decompo-
sition, thereby catalyzing carbon nanotube growth. This indicates that the formation



C 2024, 10, 87 8 of 13

mechanism of GTs in this experiment differs entirely from that based on transition metal
catalysis. We observed that the calcium-based products in the samples predominantly
exhibited the characteristic peak of Ca(OH)2, and the peak values and peak positions were
completely consistent with the standard spectrum (PDF#00-044-1481). This consistency can
be attributed to the facile adsorption and conversion of CaO from atmospheric water. Due
to the influence of the diffraction peak from the calcium-based product, the characteristic
peak of the carbon product was not prominently discernible. Therefore, Figure 5b shows a
locally amplified diffraction pattern in the range of 25–28◦ with 2θ. The carbon products
below 1000 ◦C exhibit two characteristic peaks at 26.4◦ and 26.7◦, respectively, indicating a
low degree of graphitization, resulting in differentiation and migration of the graphite (002)
peak. As the temperature rises to 1100 ◦C and above, the prominent main peak of graphite
(002) near 26.5◦ suggests an increased degree of graphitization in carbon products, leading
to narrower diffraction peak shapes. The (002) diffraction peak of graphite at 1200 ◦C can
be observed at 26.43◦, while the single-walled carbon nanotubes exhibit a peak around
26.5◦, which can possibly be attributed to the leftward shift caused by an increased number
of graphene tube layers [24]. Further calculation using the Mering–Maire formula reveals
that the crystal face spacing of graphite layers is approximately 0.34 nm [37]. This further
confirms that the tubular structure present in the product is composed of graphene tubes.
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Raman spectral analysis was conducted to characterize the structure and quality of
the carbon products, and the results are presented in Figure 3b. Under excitation at 532 nm,
Raman spectra within the frequency range of 500–3500 cm−1 were acquired, revealing
prominent first-order peaks in the G band (~1580 cm−1) and the D band (~1350 cm−1),
indicating the presence of highly graphitized carbons with diverse defects resulting from
nitrogen incorporation and other potential imperfections [38]. It is worth noting that within
the temperature range of 900–1200 ◦C, the intensity ratio (ID/IG) between the D band and
the G band gradually decreased with increasing temperature. This observation indicates a
reduction in internal defects, an enhancement in carbon atom arrangement, and an increase
in graphitization degree. However, at 800 ◦C, the product exhibited a low carbonization
degree without any characteristic peak. Additionally, following the temperature increase
to 1100 ◦C, all samples exhibited a secondary peak around 2700 cm−1, corresponding to
the 2D or G′ band [39]. It has been reported that the intensity ratio of the G′ band to
the G band (IG’/IG) serves as an effective method for characterizing graphene or carbon
nanotube thickness, with a lower IG′/IG value indicating relatively thicker graphene tubes.
Therefore, it can be inferred that the graphene tube product formed at 1100 ◦C possesses
greater thickness compared to that formed at 1200 ◦C, which aligns with the microscopic
image of GTs observed via SEM. The heat-treatment condition of 1200 ◦C may serve as the
critical temperature for the growth of graphene tubes and the rearrangement of carbon
atoms, as indicated by the observed trends in XRD and Raman spectra. This temperature
corresponds to a significant abundance of lamellar graphene self-assembling into coiled
tube structures. Moreover, temperatures below 1200 ◦C necessitate prolonged holding
times to provide continuous energy for enabling extensive curling of lamellar graphene
into tubes.

The Fourier transform infrared spectra of carbon products were depicted in Figure 3c,
all samples showed strong sharp bands near 3643 cm−1, which were attributed to the O-H
stretching pattern of Ca(OH)2. That is to say, the CaO in the product easily absorbs water
vapor in the air to form Ca(OH)2, which is consistent with the phenomenon observed
in the XRD pattern. The other two bands at 1420 cm−1 and 872 cm−1 belong to the
corresponding carbonate groups [40], indicating that part of Ca(OH)2 absorbs CO2 from
the air to form carbonate. For carbon products, we found that the IR spectra below
1000 ◦C were consistent. The observed absorption bands at approximately 1254, 1502, 1575,
and 1642 cm−1 are indicative of the characteristic stretching vibration modes associated
with CN heterocycles [41]. This suggests a higher nitrogen content and the presence of
C-N heterocycles within the carbon products. The absorption peak of 2000–2400 cm−1

corresponds to nitrile groups [42]. Upon reaching a temperature of 1100 ◦C, an increased
degree of carbonization can be observed, along with a reduction in nitrogen content and the
disappearance of the corresponding absorption peaks of C-N and nitrile groups. Therefore,
the carbon products were mainly divided into C elements, but the absorption peaks were
not obvious due to the influence of calcium compounds in the products. In particular, the
absence of a spectral band at approximately 812 cm−1 corresponding to the characteristic
respiratory mode of the S-triazine unit was observed in all products [43]. This observation
suggests that the carbon products obtained after high-temperature heat treatment differ
from g-C3N4 nanotubes and that the tubular products grown at 1100 ◦C and 1200 ◦C
are highly graphitized graphene tubes. These findings align with the results indicating
extremely low nitrogen contents in both the EDS and XPS spectra. In addition, the products
at temperatures below 1000 ◦C show a wide vibration band near 3000–3600 cm−1, which
corresponds to the surface-bound H2O molecules and amino groups, indicating that the
carbon products containing N have an expanded open surface [44]. The highly graphitized
carbon nanotube products obtained after 1100 ◦C and 1200 ◦C heat treatment showed
unique hydrophobic phenomena and chemical inertness, resulting in the disappearance of
corresponding absorption peaks [45].
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4. Discussion

In this study, a temperature-gradient experiment was conducted in the range of
800−1200 ◦C using a mixture of melamine and calcium carbonate as raw materials. The
microscopic morphology of graphene tube growth was observed at both 1100 ◦C and
1200 ◦C. The diameters of the tubular products were significantly larger than those of
carbon nanotubes, with an evident open structure at the end, indicating a higher degree of
graphitization. Additionally, a layer of CaO particles uniformly adhered to the incomplete
tube walls as a support, confirming the catalytic effect of the alkaline earth metal salt
calcium carbonate on tubular product growth. Then, TGA thermogravimetric analysis
of the raw materials was conducted to verify the catalytic effect of CaCO3 on melamine
cracking, while XPS, XRD, Raman, and FT-IR characterizations were performed to further
confirm the high degree of graphitization in the resulting tubular structures, primarily
attributed to graphene crimping. Therefore, we propose a mechanism in which calcium
carbonate acts as a catalyst for the self-assembly of melamine, resulting in the formation
of GTs. The presence of CaCO3 particles in the raw materials effectively inhibits the
complete thermal decomposition of melamine. Additionally, CaO, generated through high-
temperature decomposition, catalyzes the self-assembly and coiling of melamine cracking
intermediate products to form GTs while providing structural support during their initial
morphological development. This sequential growth process resembles that of bamboo
shoots emerging one by one. Furthermore, the CO2 gas released from the decomposition of
CaCO3 at high temperatures serves as an etching agent for amorphous carbon, preventing
its accumulation and enhancing the efficiency of graphene tube generation.

The catalyst can be reused throughout the reaction system due to the growth mecha-
nism of GTs and the high-temperature stability of CaO, making it a cost-effective option
compared to other transition metals produced by metal carburizing GTs. Additionally, the
catalyst is easily recyclable, and the process is straightforward. Subsequent efforts will fo-
cus on optimizing experimental conditions and process parameters, such as prolonging the
holding time, adjusting raw material particle size to achieve controllable dimensions of GTs,
and establishing separate reactors for raw materials and collectors for products. These mea-
sures will aim to efficiently gather fully developed high-purity GTs while enabling catalyst
reuse, thereby truly realizing a simple, effective, and environmentally friendly approach
that provides a fresh method for industrial-scale production of graphene tube products.

5. Conclusions

The present study aimed to investigate the one-step preparation of graphene tubes
using cost-effective industrial raw materials, namely, melamine and alkaline earth metal
salt calcium carbonate, through a simplified heat-treatment process. This approach offers
significant simplification compared to hydrothermal or chemical vapor deposition (CVD)
methods, while also reducing the raw material costs associated with expensive transition
metal catalysts. In the experimental practice, the facile self-assembly characteristics of
melamine were ingeniously combined with the catalytic activity of alkaline earth metals.
By optimizing the process and adjusting parameters such as temperature, we successfully
observed the growth morphology of graphene tubes. This verified both the feasibility
of the raw materials and the preparation technology, leading to the proposal of a novel
mechanism for the catalysis of graphene tube growth by calcium compounds. In a word,
this work offers a novel concept and research foundation for the investigation of alkaline
earth metal salts or compounds as catalysts for the growth of self-assembled graphene
tubes from easily accessible substances.
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