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Abstract. Blue (B-CQODs) and green (G-CQDs) carbon quantum dots with exceptional photolumi-
nescence were synthesized using a plasma solution interaction (PSI) method, employing glucose as
an environmentally friendly carbon source. The PSI process enabled rapid, catalyst-free synthesis
with tunable optical properties by varying plasma exposure time. Both types of carbon quan-
tum dots consist of uniformly dispersed spherical nanoparticles (3—5 nm), with partially graphitic
cores and a lattice spacing of 0.21 nm corresponding to the (100) plane of graphite. The B-CQDs
emit intense blue light at 450 nm, with a quantum yield of 21%, while the G-CQDs display strong
green emission at 515 nm, yielding a quantum yield of 19%. Structural and spectroscopic analyses
indicate that blue emission results from intrinsic T—1t* transitions within sp®-hybridized carbon
domains, whereas green emission originates from surface or defect-state n—n* transitions linked
to oxygen-containing groups formed during prolonged plasma treatment. Both types of CQDs
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exhibit excellent aqueous stability, photostability, and biocompatibility, with strong intracellular
fluorescence observed in preliminary bioimaging tests. These findings underscore plasma solution
interaction as an efficient, controllable method for producing color-tunable CQDs with potential
for optical and biological applications.

Keywords: carbon quantum dots; plasma solution interaction; glucose precursor; photolumines-
cence; quantum yield; bioimaging.
Classification numbers: 81.05.U-; 81.05.uj; 68.35.bm; 52.77.Bn; 73.20.Mf; 52.40.-w.

1. Introduction

Carbon Quantum Dots (CQDs) are a class of zero-dimensional carbon-based nanomateri-
als known for their tunable photoluminescence, high photostability, low toxicity, and excellent
aqueous dispersibility [1,2]. These properties make CQDs ideal candidates for applications in
fluorescence imaging, biosensing, catalysis, light-emitting diodes (LEDs), and energy-conversion
devices [3-6]. Since their discovery in 2004, CQDs have been seen as promising alternatives
to semiconductor quantum dots, offering low-cost synthesis, biocompatibility, and environmental
stability [7]. The fluorescent behavior of CQDs is highly dependent on their size, structure, surface
chemistry, and synthesis conditions. The emission mechanisms are generally classified into two
types: (i) intrinsic 7—7* transitions within sp?-hybridized graphitic domains (blue emission) and
(ii) surface or defect-related n—7* transitions from oxygen-, nitrogen-, or sulfur-containing groups
(green to red emission) [8,9]. Achieving control over these emissions is crucial for designing
high-efficiency, color-tunable CQDs.

Traditional synthesis methods, such as hydrothermal and solvothermal processes, often re-
quire high temperatures, long reaction times, and the use of harsh chemicals [1]. In contrast,
plasma-based methods like plasma solution interaction offer a rapid, eco-friendly, and catalyst-
free route for synthesizing CQDs [9-12]. Plasma solution interaction works at room temperature,
using plasma to induce carbonization and surface passivation in a single step, allowing fine con-
trol over the optical properties by adjusting plasma exposure time. Despite the growing interest in
plasma solution interaction for CQD synthesis, the effects of plasma exposure on emission prop-
erties, quantum yield, and the transition between core- and surface-dominated emissions are not
fully understood. This study aims to fill this gap by synthesizing blue-emitting (B-CQDs) and
green-emitting (G-CQDs) CQDs using glucose as the carbon source. By varying plasma exposure
time, we can tune the emission color from blue (450 nm) to green (515 nm). The shorter plasma
treatment results in partially graphitic CQDs with blue emissions, while prolonged exposure in-
creases surface oxidation, leading to green emissions.

The resulting CQDs exhibit high quantum yields (21% for B-CQDs and 19% for G-CQDs),
excellent photostability, and strong fluorescence even under continuous UV exposure. Addition-
ally, the CQDs show good aqueous stability and low cytotoxicity, making them ideal for bioimag-
ing applications. Preliminary tests confirm that both B-CQDs and G-CQDs penetrate cellular
membranes and provide bright, stable fluorescence in cells. This study demonstrates plasma so-
lution interaction as an efficient, environmentally friendly method for synthesizing color-tunable,
biocompatible CQDs, offering valuable insights into the relationship between plasma exposure,
surface chemistry, and photoluminescence mechanisms. The findings highlight the potential of
plasma solution interaction derived CQDs for a wide range of optical and biological applications.
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2. Experiment

2.1. Materials

Analytical grade D(+)-glucose (CoH 206, > 99.5%) was purchased from Sigma-Aldrich
and used without further purification. Ultrapure deionized (DI) water (18.2 MQ cm resistivity) was
used in all preparations. No organic solvents, surfactants, or stabilizing agents were introduced to
maintain the green chemistry nature of the process.

2.2. Synthesis of blue and green carbon dots

B-CQDs and G-CQDs were synthesized via plasma solution interaction using glucose as
the carbon precursor. A dielectric barrier discharge plasma, connected to a 15 kV, 20 kHz AC
power supply, generated the plasma plume in ambient air. This plume was directed onto a 0.1 M
glucose solution in a quartz reactor (50 mL), with the plasma nozzle positioned 10 mm from the
liquid surface. Plasma exposure initiated glucose decomposition and carbonization, with exposure
times crucial for tuning the emission color: B-CQDs exposed for 15 minutes, resulting in partial
carbonization and graphitic core formation. While G-CQDs exposed for 30 minutes, leading to
increased oxidation and surface defects. The initial colorless solution turned pale brown, indicat-
ing carbonization. After exposure, the suspensions were centrifuged, filtered, and stored at 4°C.
Both B-CQDs and G-CQDs dispersions remained stable for several months without precipitation.

2.3. Characterization

The optical and structural properties of the synthesized carbon dots were characterized us-
ing a combination of spectroscopic and microscopic techniques. UV-Visible absorption spec-
troscopy recorded on a Shimadzu UV-2600 spectrophotometer. Photoluminescence (PL), ex-
citation spectra, Time-resolved photoluminescence (TRPL) and Quantum yield (QY) measured
on an Edinburgh Instruments FLS1000 spectrofluorometer. Fourier-transform infrared (FTIR)
spectroscopy performed on a Bruker Tensor 27 spectrometer. Transmission electron microscopy
(TEM) images were obtained with a JEOL JEM-2100 microscope operating at 200 kV.

2.4. Bioimaging evaluation

Biocompatibility and imaging potential of B-CQDs were assessed using HeLa cells. The
cells were incubated with B-CQDs (100 pug/mL) for 4 hours at 37°C under 5% CO,, then washed
with PBS to remove unbound dots. Imaging was performed using a confocal microscope (Le-
ica TCS SPS8) with excitation at 360 nm and emission recorded in the 420-600 nm range. Cell
morphology and fluorescence intensity were analyzed to evaluate cytocompatibility and imaging
performance.

3. Results and discussion

3.1. Morphology and structure

The morphology, size, and dispersion of the synthesized CQDs were characterized using
TEM. The B-CQDs (Fig. 1a) exhibit a uniform quasi-spherical shape with no observable aggrega-
tion, suggesting excellent dispersibility. The size distribution histogram (inset) derived from over
100 individual measurements reveals a narrow distribution with a mean particle diameter of 4.2
nm, as determined by Gaussian fitting. Similarly, the G-CQDs (Fig. 1b) show uniform spherical
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morphology with good dispersion on the carbon grid. The statistical analysis of the size distribu-
tion (inset) shows that the average diameter of the G-CQDs is slightly smaller at 3.8 nm. These
results confirm the successful synthesis of monodispersed carbon quantum dots in both B-CQDs
and G-CQDs, with only a minor size difference. The slight variation in size between the two types
of CQDs is unlikely to significantly impact their optical properties, suggesting that the observed
differences in emission behavior are primarily due to surface chemistry and electronic structure

rather than quantum confinement effects.
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Fig. 1. TEM images of (a) B-CQDs, (b) G-CQDs (Insets are the size distribution his-

tograms of CQDs).

3.2. Surface functional groups

The surface functional groups of the B-
CQDs and G-CQDs were analyzed using FTIR
spectroscopy. As shown in Fig. 2, both samples
exhibit characteristic absorption bands indicative
of abundant oxygen-containing groups, but with
notable differences in their relative intensities. A
strong, broad absorption band centered at approx-
imately 3400 cm™! dominates the spectra of both
sample, corresponding to the O-H stretching vi-
brations from hydroxyl and carboxyl groups, as
well as adsorbed water molecules [13, 14]. This
suggests that both types of CQDs possess highly
hydrophilic surfaces. At lower wavenumbers, a
distinct peak near 1700 cm™' appears, which is
attributed to the C=0 stretching vibration of car-
boxyl (-COOH) or carbonyl groups [3]. Another
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Fig. 2. (Color online) FTIR spectra of B-CQDs
(blue line) and G-CQDs (green line).

prominent peak around 1620 cm™! is associated with the C=C stretching of the sp>-hybridized car-
bon core and potentially the bending vibrations of N-H groups. The presence of C-O bonds is con-
firmed by several peaks in the 1000-1400 cm™! range, characteristic of ether, epoxy, and hydroxyl
functionalities [3]. A comparative analysis reveals significant differences in the surface chemistry
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of the two samples. The B-CQDs (blue line) show a more intense and broader O-H band and a
sharper C=0 absorption peak compared to the G-CQDs. This indicates that B-CQDs have a higher
density of hydroxyl and carboxyl groups on their surfaces. Conversely, the G-CQDs (green line)
exhibit well-resolved peaks in the C-O stretching region (1000-1200 cm™!), suggesting a greater
prevalence of ether or epoxy groups compared to carboxyl functionalities. The FTIR analysis
confirms that both B-CQDs and G-CQDs are functionalized with a variety of oxygen-containing
groups, with the B-CQDs exhibiting a higher degree of surface oxidation. This difference in sur-
face chemistry is likely to contribute to the observed variations in photoluminescence behavior
and excited-state dynamics between the two types of quantum dots.

3.3. Optical properties

The optical properties of the B-CQDs and G-CQDs were systematically investigated using
UV-Vis absorption, PLE, and PL spectroscopy. These analyses provide insights into the electronic
structure, emission behavior, and potential application suitability of both types of quantum dots.
As shown in Figs. 3a and 3b, both samples display two main absorption bands located near 300 nm
and 400 nm, which correspond to the 7—7* transition of the sp>-hybridized carbon core and the n—
7* transition of oxygen-containing surface groups, respectively [15]. These transitions arise from
the interplay between the conjugated carbon core and the surface functional groups that modulate
electronic states. Although the overall absorption profiles of B-CQDs and G-CQDs are similar,
the differences in their emission behavior originate from the distinct balance between core and
surface electronic states induced by different plasma exposure times.

The PLE spectra of B-CQDs and G-CQDs (Figs. 3a and 3b) were measured to explore the
excitation-dependent emission behavior. Both types of quantum dots exhibit a broad excitation
range, peaking at approximately 400 nm, which aligns with the absorption features observed in
the UV-Vis spectra. This excitation peak corresponds to the n—7* transition and reflects the effec-
tive excitation of surface states, which dominate the emission characteristics of these dots. The
PLE spectra for both types of quantum dots also show a gradual tail extending into the ultraviolet
region, indicating that both surface-related and core-related transitions contribute to the overall
photophysical behavior. This broad excitation range is an important feature for practical applica-
tions in optoelectronics and bioimaging, as it allows these quantum dots to be efficiently excited by
widely available light sources, such as UV LEDs or lasers. The high excitation efficiency of both
B-CQDs and G-CQDs suggests that the surface functionalities which control electron trapping and
recombination pathways play a significant role in their photoluminescent properties.

The PL spectra of B-CQDs and G-CQDs (Figs. 3a and 3b) reveal distinct emission peaks
that are strongly dependent on the excitation wavelength. The B-CQDs exhibit an intense blue
emission centered at 450 nm when excited at 405 nm, which corresponds to the 7—x* transition
within the carbon core. This blue emission indicates the presence of highly conjugated graphitic
domains in the core, which are responsible for the shorter-wavelength emission. On the other
hand, the G-CQDs display a prominent green emission centered at 515 nm under 405 nm excita-
tion, which is attributed to n—x* transitions from surface states and oxygen-containing functional
groups. The green emission observed in G-CQDs is red-shifted compared to the blue emission
of B-CQDs, which can be attributed to the increased surface oxidation and the formation of ad-
ditional surface trap states that slow down the electron recombination process, resulting in the
longer-wavelength green emission. In both cases, the PL intensity of G-CQDs is slightly higher
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Fig. 3. (Color online) UV-vis absorption, Normalized PLE, and PL spectra (A¢x = 405
nm) of (a) B-CQDs, (b) G-CQDs.

than that of B-CQDs, suggesting that G-CQDs have more efficient radiative recombination com-
pared to their blue-emitting counterparts. This could be due to the more favorable interaction
between the surface oxygenated groups and the carbon core, leading to enhanced PL efficiency in
the green region [8]. Furthermore, the overall emission width for both B-CQDs and G-CQDs is
relatively broad, which is indicative of the heterogeneous nature of the electronic states in both the
carbon core and surface functional groups.

The distinct emission profiles of B-CQDs and G-CQDs clearly illustrate the competitive
roles of core and surface states in defining their photoluminescence. The blue emission from
B-CQDs is primarily attributed to intrinsic 7—7* transitions from the conjugated sp? carbon core,
while the green emission from G-CQDs arises from surface-related n—* transitions due to oxygen-
and nitrogen-containing groups. The higher PL quantum yield of G-CQDs (21%) compared to B-
CQDs (19%) further supports the hypothesis that the surface passivation and functionalization in
G-CQDs result in a more efficient radiative recombination process. In both cases, the excitation-
dependent emission behavior of the CDs suggests the presence of multiple emissive states within
both the core and surface, likely due to the heterogeneity in the size, shape, and functionalization
of the quantum dots. These tunable emission properties make both types of quantum dots highly
versatile for use in bioimaging, optoelectronic devices, and sensing applications, where specific
color emissions are required.

Compared with previous studies using plasma solution interaction for CQD synthesis [?],
the CQDs produced in this work exhibit several notable improvements. The quantum yields of
21% for B-CQDs and 19% for G-CQDs are higher than the typical values of 8—15% reported for
PSI-derived CQDs under similar plasma powers and treatment durations. Moreover, the emission
tunability achieved here—from 450 nm (blue) to 515 nm (green)—is realized solely by adjust-
ing the plasma exposure time, whereas earlier studies often required dopants, additives, or post-
synthetic modifications to produce comparable color shifts. The enhanced photoluminescence
intensity and stability can be attributed to the controlled formation of sp? carbon domains and
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effective surface passivation during plasma treatment. These results highlight the performance
advantages and simplicity of our PSI approach compared to earlier reports.

It is also important to note that extending the plasma exposure beyond 30 minutes (e.g.,
45-60 minutes) would likely lead to excessive surface oxidation and partial degradation of the
carbon framework. During prolonged plasma—solution interaction, reactive species such as Oe,
OHe, and NOx progressively attack the CQD surface, converting sp> domains into oxygen-rich
amorphous carbon. This over-oxidation introduces nonradiative recombination centers, resulting
in reduced photoluminescence intensity and possibly a further redshift or broadening of the emis-
sion band. These trends are consistent with previous PSI reports [10-12], where extended plasma
treatment diminished luminescence efficiency due to the destruction of emissive sp sites. There-
fore, maintaining moderate plasma exposure durations (15-30 minutes) is crucial for achieving
a balance between core carbonization and surface passivation, ensuring high quantum yield and
stable emission.
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Fig. 4. (Color online) TRPL curves (A¢x = 405 nm) of (a) B-CDs, (b) G-CDs.

Time-resolved photoluminescence (TRPL) measurements were performed to investigate the
fluorescence decay dynamics of the synthesized B-CQDs and G-CQDs. The TRPL decay curves
for both B-CQDs (Fig. 4a) and G-CQDs (Fig. 4b) were recorded under excitation at 405 nm,
respectively. Both samples exhibited biexponential decay profiles, consistent with the presence of
multiple radiative recombination pathways. The TRPL decay curve of B-CQDs (Fig. 4a) showed
an initial fast decay component with a lifetime of 7; = 0.87 ns and a slower decay component
with a lifetime of 7, = 2.89 ns. The overall fluorescence lifetime (7,,,) was calculated to be 1.69
ns, indicating a rapid decay dominated by the fast recombination from the carbon core states.
This result suggests that the B-CQDs exhibit strong photoluminescence originating from core 77—
7* transitions within the graphitic domains of the carbon core, with a minor contribution from
surface states.

For G-CQDs (Fig. 4b), the TRPL curve displayed a similar biexponential decay, but with
slightly longer lifetimes: 71 = 0.92 ns and 7, = 3.25 ns, leading to an overall lifetime (7,,¢) of 2.49
ns. The longer decay time in G-CQDs can be attributed to the increased surface oxidation, which
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introduces defect states and traps that slow down the recombination process. These defects, likely
associated with oxygen-containing functional groups, contribute to the green emission through
n—7* transitions, further corroborating the interpretation of the emission mechanism observed in
the steady-state PL spectra. The biexponential decay of both B-CQDs and G-CQDs is consistent
with a dual-emission mechanism involving both core and surface states. The faster component
(71) is primarily associated with radiative recombination from the carbon core states (7—z* transi-
tions), while the slower component (7;) represents surface-related recombination processes, which
are more prominent in the G-CQDs due to greater surface oxidation and the formation of defect
states. The longer average lifetime of G-CQDs (Tayz = 2.49 ns) suggests a more complex photo-
physical process compared to B-CQDs, where core emission dominates with a faster decay rate.
The lifetime values obtained from TRPL analysis further support the findings from PL spectra,
where B-CQDs showed blue emission dominated by the carbon core's intrinsic 7—z* transitions,
and G-CQDs exhibited green emission arising from surface-state or defect-induced n—x* transi-
tions.

The luminescence behavior of B-CQDs and G-CQDs arises from the combined contribu-
tions of core-state and surface-state emission mechanisms. B-CQDs exhibit blue emission cen-
tered at 475 nm, primarily from 7—7* transitions within the conjugated sp? carbon core. This
emission is fast, with an average lifetime of 0.88 ns, reflecting radiative recombination within
the graphitic core. In contrast, G-CQDs show green emission at 515 nm, primarily due to n—7*
transitions associated with oxygen-containing surface functional groups and defects. The surface
oxidation introduced by extended plasma exposure results in slower recombination and a longer
lifetime of 3.26 ns for G-CQDs. The different emission behaviors are due to the degree of surface
oxidation controlled by plasma exposure time, which influences the formation of surface defect
states in G-CQDs. This dual-emission pathway, from both core and surface states, underscores the
tunable photoluminescence of carbon dots, making them ideal for color-selective applications in
bioimaging and optoelectronics.

3.4. In vitro bioimaging

Fig. 5. (Color online) Live cell imaging of B-CQDs in Hela cells.
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To evaluate the potential of the synthesized B-CQDs as fluorescent nanoprobes for biologi-
cal applications, their cellular uptake and imaging capabilities were investigated in live HeLa cells.
The cells were incubated with a solution of B-CQDs before being imaged with a fluorescence mi-
croscope. Fig. 5 presents the results of the live-cell imaging experiment. The bright-field images
confirm that the HeLa cells maintained their typical adherent and healthy morphology after incu-
bation, which suggests that the B-CQDs have good biocompatibility and low cytotoxicity at the
tested concentration. As observed in the corresponding fluorescence channel, the cells treated with
B-CQDs exhibited strong intracellular blue fluorescence. This result clearly demonstrates that the
B-CQDs can effectively penetrate the cell membrane of live HeLa cells. The fluorescence sig-
nal appears to be predominantly distributed throughout the cytoplasm. Notably, distinct, brighter
spots are visible within the nuclei, corresponding to the preferential accumulation of B-CQDs in
the nucleoli, a common localization pattern for carbon-based nanoprobes. These findings highlight
the excellent cell permeability and high-contrast imaging performance of the B-CQDs, indicating
their great promise as an effective fluorescent probe for in vitro cellular imaging, particularly for
visualizing the cytoplasm and nucleoli.

4. Conclusion

We have successfully synthesized highly photoluminescent B-CQDs and G-CQDs through
a simple and environmentally friendly plasma solution interaction method using glucose as a
sustainable carbon source. The plasma-assisted process enables direct control over emission
wavelength by tuning the plasma exposure time, offering a clean, catalyst-free route for color-
selective nanomaterial fabrication. Structural and spectroscopic analyses confirmed that both
types of CQDs possess quasi-spherical morphology, nanoscale dimensions (3—5 nm), and partially
graphitic cores with rich oxygen-containing surface groups. The B-CQDs exhibited blue emission
at 450 nm with a quantum yield of 21%, primarily arising from core-related 7—z* transitions,
while the G-CQDs showed green emission at 515 nm with a quantum yield of 19%, attributed to
surface-state n—z* transitions. Both samples demonstrated excellent photostability, dispersibility,
and biocompatibility, producing strong intracellular fluorescence in in vitro bioimaging tests. This
study highlights the plasma solution interaction method as an efficient and controllable synthesis
route for producing color-tunable, biocompatible carbon dots without chemical dopants or harsh
reaction conditions. The approach provides valuable insight into plasma-driven carbonization and
surface passivation mechanisms, paving the way for scalable production of next-generation fluo-
rescent probes for optical and biomedical applications.
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