Vietham Journal of Science and Technology 63 (6) (2025) 1107-1116

doi:10.15625/2525-2518/18033 Re\
check

The effect of fabrication conditions on optical
characteristics of CQDs prepared by micro plasma

Pham Van Duong, Do Hoang Tung, Pham Hong Minh,
Doan Thi Kieu Anh, Nguyen Thanh Binh*

Institute of Physics, Vietnam Academy of Science and Technology,
No. 10 Dao Tan, Giang Vo, Ha Noi, Viet Nam

“Email: tbnguyen@iop.vast.vn

Received: 17 January 2023; Accepted for publication: 8 May 2023

Abstract. Carbon quantum dots (CQDs) are emerging nanomaterials with outstanding
advantages such as non-toxicity, high biocompatibility, and abundant functional groups, making
them highly suitable for biological and optoelectronic applications. In this study, CQDs were
synthesized using a solution-interaction microplasma method operated at atmospheric pressure.
The obtained CQDs exhibit spherical morphology with particle sizes below 10 nm and
demonstrate excitation-dependent fluorescence over the 350 - 650 nm wavelength range. The
effects of fabrication parameters-including plasma electrode polarization, precursor
concentration, and preparation time-on the optical properties of CQDs were systematically
investigated. Variations in these conditions resulted in changes in fluorescence intensity, spectral
width, and emission peak position, reflecting the strong dependence of optical behavior on
surface states and structural features. The results confirm that microplasma synthesis enables
effective tuning of CQD optical properties, providing insights into exciton self-trapped emission
(EST) and supporting the development of environmentally friendly CQD-based fluorescent
materials for potential display and sensing applications.
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1. INTRODUCTION

Carbon nano quantum dots or carbon quantum dots (CQDs) were discovered by Xu et al.
during the refining process of carbon nanotubes. This is a new member of the family of
semiconductor quantum dot-like luminescent nanomaterials [1 - 4]. The luminescence properties
of CQDs can be applied in many fields such as imaging/biosensors, photocatalysis, and
optoelectronic device components [4, 5]. Compared with commonly used metal-semiconductor-
based quantum dots, CQDs have high chemical stability, good solubility in water, high
biocompatibility, and lower toxicity. CQDs indicating the huge potential for applications in the
field of biological applications, including bioimaging, drug delivery, and cancer therapy [6].
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There are several methods used for CQDs, and the choice of method depends on the desired
properties and application of the dots. Fabrication methods of CQDs fall into two categories:
top-down and bottom-up routes [4 - 6]. The top-down routes involve breaking down large-size
graphene, CNTSs, carbon nanofibers or other bulk carbon materials into CDs; while bottom-up
routes are achieved by polymerization and carbonization of small molecules or polymers as
precursors. Both top-down and bottom-up routes can be fulfilled by chemical oxidation, laser
ablation approach, electrochemical synthesis, hydrothermal/solvothermal synthesis, pyrolysis
reaction and microwave treatment. One common method is the hydrothermal method, which
involves heating a carbon source, such as citric acid, in the presence of a stabilizing agent, such
as polyethylene glycol, under high-pressure conditions. This method produces carbon dots with
good water solubility and size control [7]. Another method is microwave-assisted synthesis,
which involves heating the carbon source in a microwave reactor to produce carbon dots with
high fluorescence and a narrow size distribution [8]. Additionally, laser ablation,
electrochemical oxidation, and photochemical methods are also commonly used to fabricate
carbon dots [9]. Each method offers unique advantages and disadvantages in terms of size
distribution, fluorescence intensity, and stability. However, these synthesis methods of CQDs all
face challenges such as using initial toxic materials, requiring special reaction conditions,
complex synthesis processes, and low quantum efficiency. Some methods require synthesis at
high temperatures, which speeds up the chemical reaction but also leads to the creation of
undesirable by-products. The solution-interaction microplasma method is a promising method
for widely applied materials synthesis, catalyst treatment and nanomaterial synthesis. This
method is performed at room temperature and used initially environmentally friendly precursors,
but a few by-products might still appear [10]. The nanoparticle size can be adjusted by changing
the discharge time and voltage between the electrodes. In addition, free radicals, such as [1OH",
1JO%, [JH*, N*, can be formed from the solution via solution-interaction microplasma. This
feature enables the incorporation of surface functions of CQDs without the use of additional
solvents.

In this report, we present the results of the fabrication of carbon quantum dots by the
solution-interaction microplasma method. Besides, the influence of fabrication conditions on
optical characteristics of quantum dots, including electrode change, fabrication time, precursor
solution concentration, and electrolyte concentration in solution was evaluated.

2. MATERIALS AND METHODS

Figure 1 shows a schematic diagram of the microplasma system for making carbon
nanoscale quantum dots by the solution-interaction plasma method. The microplasma system for
the synthesis of CQDs includes a high-voltage DC 5900 V power source, a plasma injector, and
two electrodes: a working electrode for creating plasma (plasma electrode) and a grounding
electrode; a cup of 50 ml (Bomex) contains 20 ml of the precursor solution. Argon gas is blown
into the plasma injector, which is a hollow glass tube with an outer diameter of 15 mm and an
inner diameter of 10 mm. The injector covers a plasma electrode and has an argon gas flow rate
of 100 sccm. The Molybdenum (Mo) plasma electrode is placed 0.75 cm away from the surface
of the precursor solution and connected to a 100 kQ capacity resistor. The gold (Au) ground
electrode is immersed in a precursor solution. The DC potential applied to the plasma electrode
can change as a negative or positive potential relative to the earth electrode.

The precursor solution used to synthesize CQDs is a mixture of sucrose solution
(C12H2,04;, Guangdong Guanghua Sci-Tech Co., Ltd, China) with a variable content (12.5 - 200
g/l) in an aqueous solution of NaOH (0.25 - 4 g/ml H,0, Xilong Scientific Co., Ltd., China),
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whose rate varies depending on experimental conditions. The plasma-generating current was
maintained constant throughout the sample preparation at 5 mA. The temperature of the solution
in contact with the plasma changes between 30 °C and 40 °C after 30 minutes of fabrication.

The synthesis and mechanism study of these reactants has also been explored using other
synthesis methods [10 - 12]. Sucrose is used as a carbon source to make carbon guantum dots,
which form through the dehydration and polymerization
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Figure 1. Schematic of microplasma system for fabricated carbon quantum dots.

of NaOH and C,,H,,0,; with the assistance of plasma energy, as shown in Figure 2.
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Figure 2. Mechanism of formation of CQDs by micro plasma.

The samples after fabrication were examined for their structural morphology by
Transmission electron microscopy (TEM), high resolution scanning electron microscope
(SEM- Regulus 8100 Hitachi, Japan), Fourier transform infrared spectroscopy (Cary FTIR 630
Agilent), and optical properties were investigated on the UV-Vis-Nir UV2600 spectroscopy
system (Shimadzu); Cary Eclipse fluorescence spectrometer (Agilent).

3. RESULTS AND DISCUSSION
3.1. Morphological and structural characteristics of carbon nano-quantum dots

The results of SEM, TEM imaging, and infrared absorption spectroscopy show no
significant differences in the structural morphology of the fabricated CQDs under various
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conditions, such as synthesis time, precursor concentration, and polarized voltage. Figure 3
shows TEM and SEM image of CQDs fabricated from NaOH 1 g/I; Sucrose: 100 g/l in 30
minutes with the positive applied voltage.

nm x100k SE(UL) O:

Figure 3. SEM and TEM image of CQDs prepared from NaOH 1 g/I; Sucrose: 100g/l in 30 minutes
with the positive applied voltage.

The TEM and SEM images show that CQDs have a spherical or quasi-spherical shape, with
particle sizes less than 10 nm. The particles are arranged in clusters, they form a layer on the
substrate plane. This clustering of particles can be explained by the surface tension of the
solvent, which is generated by evaporation. In liquid solvents, the CQDs exist in suspension,
which is not deposited after fabrication. The particle size and average size distribution of CQDs
from TEM images were also previously reported, which were used with the same method and
precursor concentration for fabrication [13].

Figure 4 shows the FTIR infrared absorption spectrum of the fabricated carbon quantum
dot. In the observed spectrum, absorption peaks at 3260 cm™, 2100 cm™, 1620 cm™, and 1036
cm? correspond to the vibrations of the bonds -OH, C=C, H-O-H, C=0, C=C, and —CH,
correspondingly [8]. These associations derive from CQDs or functional groups of CQDs. The
positions and intensities of the infrared absorption peaks remain virtually unchanged for the
fabricated samples under different conditions. Interestingly, this is indicated in fluorescence
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properties and confirms that the fabricated CQDs have rich functional groups suitable for doping
many different pigments for each specific application.
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Figure 4. FTIR infrared absorption spectra of the fabricated CQDs.
3.2. Carbon quantum dot optical properties

The absorption and stationary emission spectra of CQDs observed using a Shimadzu UV-
Vis UV-2600 absorption spectrometer and a Cary Eclipse fluorescence instrument are shown in
Figure 5a. There are no significant differences in the shape and position of the absorption
spectrum of the CQDs samples prepared under different conditions. CQDs exhibit strong
absorption in the ultraviolet wavelength domain, with the tail extending into the visible region.
This absorption is caused by electrons transitioning from the orbital to C=N bonds, as well as
electronic transitions from C—-O [14] and the n-n* transition of C=C [15].

The optical absorption of carbon nanoscale quantum dots can be converted to longer
wavelengths by surface passivation and doping with a suitable doping agent. Furthermore, the
functional groups on the surface of CQDs also play an important role in their absorption
properties. Absorption of CQDs occurs at wavelengths below 550 nm and gradually increases
towards short wavelengths, with double absorption at 400 nm and 350 nm. The fluorescence
spectra show that the carbon nanoparticle quantum dots exhibit optical properties that are
dependent on the excitation wavelength in the range of 350 - 650 nm.

Figure 5a-b shows the emission spectra as a function of excitation wavelengths, Figure 5c
displays the normalized intensity of the fluorescence. Emission spectra of the CQDs can be
observed at excitation wavelengths from 320 nm. However, at excitation wavelengths below 380
nm, the peak position of the fluorescence spectrum remains relatively constant, the fluorescence
intensity is weak, and the obtained spectrum is diffracted compared to measurements made at
other excitation wavelengths. On the other hand, a clear fluorescence peak shift is observed as a
function of excitation wavelength increases above 380 nm, while the fluorescence intensity
decreases gradually and the spectral width increases. The obtained fluorescence spectra are
smooth and stable compared to those obtained at excitation wavelengths below 380 nm. At
excitation wavelengths above 520 nm, the fluorescence signal is still present. However, the
sharp increase in spectral width makes it difficult to observe the peak, as its position is located
next to the excitation wavelength. Figure 5d depicts the dependence of the fluorescence peak of
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CQDs on the excitation wavelength, and it shows a linear relationship between the fluorescence
peak and the excitation wavelength.
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Figure 5. The absorption spectra of CQDs were obtained from a precursor solution of 20 ml with sucrose
concentration of 100 g/l and NaOH concentration of 1 g/l, prepared for 30 minutes (5a). The emission
spectra as a function of excitation wavelengths (5a-5c), and a linear dependence of fluorescence intensity
on excitation wavelength (5d).

3.3. The effect of manufacturing conditions on the luminescence properties of CQDs

The fluorescence spectra of CQDs fabricated at positive or negative plasma polarization
potential and the concentration of NaOH and sucrose in the precursor solution did not have
much change in spectral form, as shown in Figure 6a. It can be seen that there is no difference
change in the position of the fluorescence peak when the fluorescence spectra of CQDs
fabricated with the concentration of 1 g/l NaOH precursor and 100 g/l sucrose, using negative
and positive potentials applied to the plasma electrode (Figure 6a). However, the fluorescence
spectral width of CQDs with the negative potential direction has a small change compared to the
sample prepared with the positive potential direction, and the fluorescence peak intensity is also
larger. The change in fluorescence properties of CQDs with the same precursor concentration
but changed plasma polarization potential is due to the reaction of forming CQDs when the
plasma polarization potential is negative and positive, leading to quality CQDs, the functional
groups formed in addition to different CQDs. The electronic interaction mechanism causing the
difference in input voltage on the fluorescence spectra of CQDs is still being studied.
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The influence of fabrication conditions such as precursor concentration (sucrose, NaOH),
fabrication time and electrode orientation on the photodynamic characteristics of CQDs were
investigated. Figure 6b shows the change of concentration of precursor solution with sucrose
content (12.5 - 200 g/l) and constant concentration of NaOH electrolyte 1 g/l prepared in 30
minutes with positive voltage direction. Figure 6¢ shows the dependence of the fluorescence
spectrum with the NaOH electrolyte concentration varying from 0.25 g/l to 4 g/l when the sugar
concentration is 100 g/l and the fabrication time is 30 minutes. Figure 6d presents the change of
fluorescence spectra of CQDs with the time of sample preparation with the concentration of
precursor solution (sucrose 100 g/l, NaOH 1 g/I) constant. The samples were excited at 405 nm
for comparison in terms of fluorescence spectral intensities.
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Figure 6. The fluorescence spectra of CQDs were fabricated with a) different electrodes,
b) precursor solution concentration, c) electrolyte concentration and d) different fabrication times,
when excited by 405 nm.

In Figures 6b-d, the fluorescence spectroscopy results show that the fluorescence intensity
of CQDs and spectral width gradually increase as the precursor concentration and fabrication
time are increased. When the fabrication conditions are increased to a certain threshold, the
fluorescence intensity gradually decreases and there is a shift of the peak of the spectrum
towards the longer wavelength.

This effect has been found in most of the nanocarbon nanostructured materials and shown
in previous publications [15, 16], the dependence of the fluorescence intensity on the excitation
wavelength for CQDs is mainly derived from the heterogeneous surface state, size and electronic
properties of heteroatoms. For the case of CQDs with multiple surface functional groups, the
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presence of surface states can change the band gap and radiant energy state of the CQDs. Under
optical excitation, electrons are promoted to higher energy states in the conduction band, that are
far away from the radiating electronic states caused by the surface effect. Therefore, the ability
to emit photons from CQDs is reduced as the concentration of carbon quantum dots increases.
This is a consequence of the fluorescence emission from CQDs with unevenly distributed
functional groups affecting the radiative recombination of electron-hole pairs formed by the sp?
conjugated domain and neighboring state groups [17, 18]. The emission mechanism proposed
here is: (i) the emission of CQDs electrons is achieved through the m-n* conversion from the sp®
conjugated domain to the n-n* transition, (ii) the atom is recovered from the n-n* state to the
C=0 energy level through a nonradiative transition, and (iii) radiative recombination for holes in
the sp’ state to neighboring states [19]. The approach is discrete since electrons are produced by
different functional groups [20].

4. CONCLUSION

We employed a simple, fast, and environmentally friendly method to synthesize carbon
guantum dots (CQDs) that have abundant functional groups and a particle size of less than 10
nm. CQDs also have a wide fluorescence emission spectral region from 350 to 650 nm, and the
peak of the emission spectrum changes with the excitation wavelength. However, preparation
conditions such as the polarization potential applied to the plasma electrode, precursor
concentration, and preparation time can affect the optical properties of CQDs. CQDs made with
negative polarization potential have a narrower spectral width and higher intensity than those
made with positive polarization potential, possibly due to the formation of CQDs and different
functional groups. The fluorescence intensity and emission peak of CQDs shift with changes in
precursor concentration and fabrication time. The cause of the change in optical properties of
CQDs will be studied more closely in the following works.
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