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Abstract
We present the first work of the synthesis mechanism from graphene quantum dots (GQDs) to carbon nanotubes (CNTs) 
by an ion-sputtering assisted chemical vapor deposition. During the annealing process, a Pt thin film deposited by the 
ion-sputtering was dewetted and agglomerated to form many nanometer-sized particles, leading to Pt nanoparticles 
(PtNPs) that can act as catalysts for creating carbon allotropes. The shape of the allotropes can be effectively tailored from 
GQDs to CNTs by controlling three key parameters such as the dose of catalytic ions (D), amounts of carbon source (S), 
and thermal energy (T). In our work, it was clearly proved that the growth control from GQDs to CNTs has a comparably 
proportional relationship with D and S, but has a reverse proportional relationship with T. Furthermore, high-purity GQDs 
without any other by-products and the CNTs with the cap of PtNPs were generated. Their shapes were appropriately 
controlled, respectively, based on the established synthesis mechanism.

Keywords Graphene quantum dots · Carbon nanotubes · Controllable formation · Ion-sputtering · Chemical vapor 
deposition · Platinum nanoparticles

1 Introduction

Carbon allotropes are one of the most important issues in material science because they have versatile properties and 
are scientific topics of crucial importance. Among the allotropes, the zero-dimensional graphene quantum dots (GQDs) 
and the one-dimensional carbon nanotubes (CNTs) have attracted worldwide attention due to their diverse applications 
[1–9]. For GQDs, their advantages such as stable fluorescence, outstanding biocompatibility, low toxicity, low cost, and 
high surface area have led to optical displays, sensors, bio-imaging drug delivery, and photo-catalysts [4–6, 10–14]. On 
the other hand, CNTs have unique mechanical, electrical, and optical properties like high tensile strength, ultra-light 
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weight, special electronic structures, and high chemical and thermal stability. These properties have made them useful 
for diverse applications such as nano-electronic devices, energy storage devices, composite materials, medicine, air and 
water filtering, and sensors [7–9, 15–18]. Since GQDs and CNTs are independently important research topics, the synthesis 
methods for GQDs and CNTs have been developed individually.

The GQDs are generally prepared by top-down and bottom-up methods. The top-down methods represent cutting, 
exfoliation, electrochemical oxidation, chemical ablation, arc-discharge or plasma treatment, and ultrasonication [4, 
12–14, 19–22], while the bottom-up methods include electrochemical carbonization, microwave irradiation synthesis, 
hydrothermal or solvothermal treatment, and thermal decomposition [23–27]. Although all methods have their unique 
advantages, they typically use strong oxidants and acids, resulting in their limited application to bio-field and envi-
ronmental problems [4–6, 12–14, 19–27]. Since most GQDs are fabricated through the solution-based approaches, it 
is difficult to obtain GQD arrays or patterns for device implementation. However, in our previous work, we introduced 
a simple and efficient method for creating pure and patterned GQDs using ion-beam assisted chemical vapor deposi-
tion (CVD) [28]. On the other hands, unlike the GQD synthesis, CNTs have been mainly produced by dry methods such 
as arc discharge, laser ablation, and CVD [8, 9, 29–35]. Except for the CVD technology, arc discharge and laser ablation 
approaches have had difficulties in obtaining CNT arrays or patterns. There have also been some problems with the 
impurity production and precise control of CNTs [29–32]. Therefore, ion-beam assisted CVD may bridge the individually 
developed synthesis methods for GQDs and CNTs.

Although many synthesis methods have been developed and studied in depth individually, to the best of our knowl-
edge, no research has been reported that both GQDs and CNTs were successfully synthesized in series by regulating the 
synthesis parameters. In this paper, we present a simple and convenient route from GQDs to CNTs by an ion-sputtering 
assisted CVD. Since this method can be easily applied to array and patterning processes, this study is extremely useful 
when a device requires both properties of GQD and CNT. Furthermore, the opposite electrical characteristics of GQDs 
and CNTs suggest that by fine-tuning the synthesis parameters, quantum criticality could be achieved at a certain point 
associated with the metal–insulator transition [36, 37]. This study also offers valuable insights into the topology of trans-
forming zero-dimensional GQDs into one-dimensional CNTs through manipulation of synthesis parameters.

2  Experimental section

2.1  Materials

A polished Si (100) wafer and an ethanol (99.999%) solution were purchased from Namkang Hi-tech Co. (Republic of 
Korea) and Merck Chemicals (Darmstadt, Germany), respectively. A Pt disk (> 99.9%) with a diameter of 50 mm was used 
as the target of sputtering and purchased from Goodfellow (Huntingdon, UK). Ar (99.999%) and  CH4 (99.999%) gases 
were used as the atmospheric and carbon source gases, respectively.

2.2  Synthesis of carbon allotropes

Pt ions were deposited onto a polished Si (100) wafer using a magnetron sputtering system (MSP-30T, Vacuum Device 
Inc., Japan; Cressington 108auto, Ted Pella, Inc., USA). The energy and dose of Pt ions were 2 keV and 1 ×  1013–5 ×  1014/
cm2, respectively. For the controllable formation of carbon allotropes, a Pt-deposited Si substrate (PtDS) was annealed 
at different temperatures (700–1100 °C) under a vacuum of 5 ×  10–1 Torr with Ar gas (100 sccm), which was used as an 
atmospheric gas. The heating rate was 30 °C/min. During the annealing process, Pt nanoparticles (PtNPs) were fabricated 
as reported in previous papers [38, 39] and used as catalysts to synthesize carbon allotropes. The temperatures were 
ramped up to the desired points (700–1100 °C) under an Ar flow at 100 sccm. When the heating temperature reached 
its highest point, the carbon allotropes were grown on the PtNPs at this temperature for 20 min with a gas mixture of 
Ar (100 sccm) and  CH4 (10–50 sccm). The  CH4 gas (i.e., carbon source) was flown into the furnace at only the maximum 
annealing temperature. The furnace was then turned off, and the sample was also naturally cooled down in an Ar gas 
atmosphere. Finally, the sample was taken out of the furnace when the temperature of the furnace was below 100 °C.
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2.3  Characterizations

The morphologies of the carbon allotropes were characterized by a field emission scanning electron microscope (FESEM, 
JSM-7610F, Jeol) equipped with an energy-dispersive X-ray spectroscopy (EDX, X-MaxN, Oxford Instruments). The size 
distribution, lattice spacing, and height of the synthesized carbon allotropes were also analyzed by a high-resolution 
transmission electron microscope (HRTEM, JEM-2100F, Jeol, 200 kV) with the Gatan software and an atomic force micro-
scope (AFM, XE70, Park systems), respectively. The fast Fourier transform (FFT) image was obtained by processing using 
the Digital Micrograph (Gatan) software. The crystallinity of the carbon allotropes was measured by a Raman spectros-
copy using a high-resolution spectrometer (i.e., ARAMIS, Horiba Jobin Yvon) with an excitation wavelength of 514.5 nm 
(i.e., Ar ion laser). The edge functional groups and chemical composition of the carbon allotropes were characterized 
from the X-ray photoelectron spectroscopy (XPS) measurements using an Al Kα source (K-alpha, Thermo VG Scientific).

3  Results and discussion

The carbon allotropes were fabricated by an ion-sputtering assisted CVD method that combined both the advantages of 
the ion-sputtering and CVD techniques, as schematically shown in Fig. 1. When the PtDS was annealed at a sufficiently 
high temperature, the deposited Pt thin film was dewetted and agglomerated to form many nanometer-sized particles. 
This led to the formation of PtNPs, which can act as catalysts to grow carbon allotropes. The shape of the allotropes can 
be effectively tailored from GQDs to CNTs by controlling the formation condition.

The FESEM, TEM, and AFM data display the GQDs prepared by our ion-sputtering assisted CVD method shown in Fig. 2. 
Pt ions were deposited on Si substrates through the ion-sputtering with an energy of 2 keV and a dose of 6.2 ×  1013 #/
cm2. When the PtDS was annealed at 900 °C for 20 min with a gas mixture of Ar (100 sccm) and  CH4 (25 sccm), small-sized 
GQDs newly appeared on the surface of the Si substrate (Fig. 2a). The TEM and magnified images (Fig. 2b, c) obviously 
showed fabricated GQDs with a small spot shape. Furthermore, the HRTEM image and FFT pattern of the GQDs (Fig. 2c 
and inset) reveal that they had a crystalline structure [4, 21, 28] and a uniform particle size with an average diameter of 
7.88 ± 2.29 nm (Fig. 2d). Figure 2e shows the typical AFM image of the GQDs, and the measured location is indicated by 
the yellow-dashed line representing randomly chosen GQDs. From the AFM data of the GQDs shown in Fig. 2e, f, it can be 
seen that the heights of the GQDs ranged from 0.5 to 4.4 nm (inset of Fig. 2e), and the average value was 1.97 ± 0.13 nm 
(Fig. 2f ). A HRTEM image of the GQDs displayed lattice fringes with ~ 0.33 nm spacing ( Fig. S1), which corresponded 
to (002) planes of graphite [10, 14, 24], suggesting that the GQDs have a disk-shaped morphology and consist of a few 
layers of graphene [4, 24, 40, 41].

Fig. 1  A schematic layout of a synthetic process for the carbon allotropes through our ion-sputtering assisted CVD method. During the 
annealing process, the deposited Pt thin film was changed to PtNPs, which acted as catalysts to synthesize from GQDs to CNTs
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Figure 3 exhibits the structural characterization of GQDs prepared by our ion-sputtering assisted CVD method. The 
Raman spectrum of the GQDs displays two main peaks at 1331 and 1591  cm−1 (Fig. 3a), respectively, which correspond 
to the D and G peaks of graphene [24, 25, 28]. The Raman intensity ratio of  ID/IG was ~ 1.4, which was attributed to the 
presence of a relatively high ratio of defects and edges in the GQDs as a result of their small lateral size [4, 12, 28]. Three 
weak peaks were observed at 1124, 1234, and 1445  cm−1, indicating that our GQDs included some proportions of glassy 
carbon structures in them [42, 43]. XPS analysis was performed to investigate the chemical structure of the GQDs. The 
C1s peak in the XPS spectra of the GQDs (Fig. 3b) shows that a small amount of C–C, C–H, C–OH, C–O–C, and C=O bonds 
exist within the main sp2 carbon (C=C) structure, which is the elementary unit of graphene.

The shape of the carbon allotropes can be effectively controlled by changing the dose of Pt ions and the annealing 
conditions. To investigate the effects of a Pt-ion dose on the growth of carbon allotropes, the allotropes were fabricated 
using different amounts of Pt ions. Figure 4 displays the FESEM images of the carbon allotropes synthesized at 900 °C 
for 20 min with a gas mixture of Ar (100 sccm) and  CH4 (25 sccm). The doses of the Pt ions deposited on the Si substrates 

Fig. 2  a FESEM and b, c TEM images of the GQDs. The size of the fabricated GQDs is ~ 7.1 nm (inset of b). c The magnified TEM image of the 
GQDs and its corresponding FFT pattern (inset). d The diameter distribution of the GQDs. The red line is the Gaussian fit curve. The aver-
age size of the GQDs and the full width at half-maximum (FWHM) of the Gaussian curve are 7.88 and 2.29 nm, respectively. e A typical AFM 
image of the GQDs. The height distribution of the GQDs in e and the measured location is indicated by a yellow-dashed line (inset). f Height 
distribution of the fabricated GQDs on a whole surface of the Si substrate

Fig. 3  a Raman spectrum of the GQDs fitted with Gaussian peaks. b The C 1s XPS spectrum of the GQDs measured on a Si substrate. The 
peak consists of one main component arising from the C=C (284.33 eV) group and four minor components from the C–C, C–H (284.93 eV), 
C–OH (286.28 eV), C–O–C (288.03 eV), and C=O (289.08 eV) groups, respectively
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were 7.4 ×  1013, 8.6 ×  1013, and 9.8 ×  1013 #/cm2, as shown in Fig. 4a–c, respectively. Compared to the small-sized GQDs 
(ion dose = 6.2 ×  1013 #/cm2) in Fig. 2, as the dose of the Pt ions increased, the size of the resultant GQDs was larger, and 
finally CNTs were generated through an intermediate step (Fig. 4). It is interesting to note that there were numerous 
bump-like white-spots on the apexes of the CNTs (Fig. 4c), and a few white-spots also existed at the intermediate step 
(Fig. 4b). In addition,  Figure S2 shows the typical XPS survey spectra of the GQDs Fig. S2a and CNTs ( Fig. S2b), and the 
XPS measurements were performed more than 20 times for the randomly chosen samples. The results of the XPS analysis 
clearly revealed that no Pt was left on the substrate, indicating the production of high-purity GQDs. On the other hand, 
the detectable Pt remained in the CNT samples.

Fig. 4  FESEM images of the carbon allotropes synthesized by different amounts of Pt ions with doses of a 7.4 ×  1013, b 8.6 ×  1013, and 
9.8 ×  1013 #/cm2, respectively. The Pt remnants (bright white-spots) are indicated by orange arrows in b, c. Insets: schematics and magnified 
FESEM images

Fig. 5  Formation mechanism of the a GQDs, b intermediates, and c CNTs in terms of the catalytic-ion dose
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The formation mechanism of the carbon allotropes in terms of the catalytic-ion dose can be explained as follows. 
When the PtDS with a low dose of Pt ions (i.e., thin catalytic film on a substrate in Fig. 5a) was annealed at a sufficiently 
high temperature, the thin Pt film started to transform into small nanoparticles (i.e., < a few nanometers) and then the 
low cohesive energy of the small PtNPs causes separate Pt droplets to form on the substrate [28, 44–46]. Subsequently, 
after reacting with the carbon source, independent GQDs precipitate on the substrate, akin to the chemical vapor depo-
sition (CVD) growth of graphene on liquid metal catalysts from hydrocarbon gas precursors [46–48]. Note that the Pt 
droplets are thermally evaporated and gradually removed from the substrate (Fig. 5a) [46]. This process results in the 
production of high-purity GQDs. When the PtDS with a high dose of Pt ions (i.e., thick catalytic film on a substrate in 
Fig. 5c) was annealed at the same condition, the relatively large PtNPs (> ~ 10 nm) induced by dewetting the thick Pt 
film were formed. Unlike the process for growing GQDs, the larger PtNPs were able to survive even at high temperatures 
in a vacuum due to their high cohesive energy [34, 37, 44, 45]. This enabled the catalytic graphitization process to be 
sustained at the annealing temperature, similar to the CVD growth of the CNTs using metal nanoclusters [33–35, 39]. As 
a result, the growth of CNTs with catalytic PtNP cap was achieved (Figs. 4c, 5c, and S4d) [49, 50]. These findings indicate 
that PtNPs serve as nucleation sites for the growth of carbon allotropes. Meanwhile, the mixed structure of GQDs and 
CNTs observed in Fig. 4b can be attributed to the intermediate amount of PtNPs used during synthesis. PtNPs in the 
intermediate step cannot be completely dissolved and a Pt particle remains due to their moderate size. As mentioned 
above, GQDs are generated from the molten Pt droplets, but CNTs grow from the Pt particle (Fig. 5b), which induced 
ultimately the mixture structure of GQDs and CNTs in the intermediate step.

Not only the dose of catalytic ions, but also the amount of carbon source and thermal energy were key parameters 
in controlling the shape of carbon allotropes. Figure S3 displays the carbon allotropes prepared by different amounts of 
the carbon source. Both the GQDs ( Fig. S3a) and CNTs ( Fig. S3b) were synthesized at the same condition, but only the 
amounts of the carbon source were different. When the allotropes were formed with a low amount of carbon source 
 (CH4 25 sccm), small spot-sized GQDs were grown on the substrate ( Fig. S3a). However, it can be distinctly seen that 
increasing the amount of carbon source produced elongated CNTs instead of GQDs, even under the same conditions 
(Fig. S3b). It clearly showed the effect of the amounts of carbon source on the shape control of the carbon allotropes. 
The structural characterizations of the CNTs measured by a FESEM, TEM, Raman spectroscopy, and XPS were described 
in the Supplementary Information (Fig. S4). In addition,  Figure S5 demonstrates that the thermal energy can also be a 
powerful parameter in tailoring the shape of the carbon allotropes. Increasing the annealing temperature accelerated 
the surface migration and thermal evaporation of the catalytic ions. It led to an early termination of the catalytic gra-
phitization process [28, 33–35], resulting in smaller-sized GQDs ( Fig. S5a and S5b). Additionally, as can be inferred in 
the previous results shown in  Fig. S3, it was confirmed that the large-sized GQDs were generated ( Fig. S5c) when the 
amount of carbon source was increased under the same fabrication conditions with  Fig. S5b.

The controllable formation from GQDs to CNTs for key parameters such as the dose of catalytic ions (D), amounts 
of carbon source (S), and thermal energy (T) can be clearly summarized as shown in Fig. 6. Based on the various data 

Fig. 6  Key parameters for the 
controllable formation from 
GQDs to CNTs. The shape 
of carbon allotropes can be 
effectively tailored from GQDs 
to CNTs by controlling three 
key parameters such as the 
dose of catalytic ions (D), 
amounts of carbon source (S), 
and thermal energy (T)



Vol.:(0123456789)

Discover Nano           (2024) 19:83  | https://doi.org/10.1186/s11671-024-04027-3 Research

presented in this study, it can be inferred that the control of growth from GQDs to CNTs is comparatively proportional to 
D and S, but inversely proportional to T. In addition,  Figure S6 significantly proves our synthesis mechanism. As verified 
in  Fig. S5b and S5c, only GQDs were actually fabricated at 1050 °C, but when the D and S were simultaneously increased 
from the relationships inferred by Fig. 6, the CNTs were perfectly grown on the substrates instead of the GQDs (Fig. S6b 
and S6c).  Figure S6 reveals that adding variables that favor CNT synthesis can lead to preferential CNT growth, even 
under favorable conditions for the GQD growth. In conclusion, if our growth control technology, which consists of a 
combination of three key parameters, is well utilized, various carbon allotropes from GQDs to CNTs can be synthesized 
with the desired size, structure, and morphology. Moreover, intermediate region may give rise to a scientific concern 
liked to the quantum criticality of the metal–insulator transition, as GQDs exhibit insulating properties while CNTs dem-
onstrate metallic behavior [36, 37].

4  Conclusions

We have presented a simple and convenient route to the synthesis mechanism from GQDs to CNTs by using an ion-
sputtering assisted one-step annealing process. During the thermal annealing, the deposited Pt thin film changed to 
PtNPs, which act as catalysts and nucleation sites to synthesize carbon allotropes. Our synthesis method enables the 
controlled creation of carbon allotropes with the desired size, structure, and morphology by manipulating three key 
parameters (D, S, and T). The validity of these parameters was confirmed through experimental data conducted under 
various fabrication conditions. In addition, our bottom-up synthesis strategy makes it possible to generate pure GQDs 
and CNTs with the cap of PtNPs, which is highly desirable in applications to industrial- and bio-fields. Another thing to 
note here is that the present work is the first report of the synthesis mechanism from GQDs to CNTs. Therefore, we believe 
that the present approach is very useful for diverse applications such as optoelectronics, nanophotonics, and sensing, 
as well as energy or environmental-related applications.
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