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ABSTRACT

This study investigates the synthesis and characterization of carbon quantum dots
(CQDs) derived from orange juice through a plasma-solution interaction method,
followed by functionalization with gold nanoparticles (AuNPs). The CQDs exhibited
strong blue photoluminescence upon excitation at 390 nm, with a
photoluminescence quantum yield (PLQY) of 21.9%. The CQDs were spherical, with
an average size of 3.5 nm, while the AuNPs had an average size of 18 nm. The
resulting Au@CQDs nanohybrids (NHs) demonstrated an increase in size to more
than 20.2 nm. UV-vis absorption and photoluminescence spectroscopy confirmed
the interaction between CQDs and AuNPs, with the nanohybrids displaying
plasmon-enhanced fluorescence. This study presents an eco-friendly approach for
the synthesis of CQDs and their hybridization with AuNPs, emphasizing the effect
of surface modification on their photoluminescent properties, with potential

applications in sensing and photonic devices.

Keywords: Carbon quantum dots, photoluminescence, phytocapped, AuNPs,

surface modification.
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1. INTRODUCTION

Carbon quantum dots (CQDs) are an emerging class of zero-dimensional
nanomaterials that have attracted significant attention owing to their unique optical,
chemical, and structural properties [1,2]. Typically smaller than 10 nm, CQDs exhibit
strong and tunable photoluminescence (PL), high water solubility, chemical stability,
and excellent biocompatibility, making them promising for a wide range of applications
including optoelectronics, sensing, catalysis, and bioimaging [3-6]. Recently, sustainable
and green synthesis strategies for CQDs have gained interest as alternatives to
conventional chemical oxidation or high-temperature processes. Natural precursors
such as fruit extracts, plant leaves, and other biomass sources are abundant in carbon-
rich compounds and functional groups, enabling environmentally friendly synthesis of
highly emissive CQDs [7,8]. In particular, orange juice is rich in citric acid and sugars,
which promote efficient carbonization and surface passivation, leading to CQDs with
strong fluorescence and high quantum yield [9,10].

Surface modification and hybridization have been widely applied to further
improve the optical performance of CQDs. Among them, the combination of CQDs with
noble metal nanoparticles such as gold nanoparticles (AuNPs) has attracted special
interest due to the localized surface plasmon resonance (LSPR) effect of AuNPs [11]. This
plasmonic interaction can enhance CQD fluorescence, modulate emission spectra, and
improve photostability, giving rise to hybrid nanostructures (CQDs@AuNPs) with
advanced optical responses [12]. Such nanohybrids integrate the photoluminescent and
biocompatible nature of CQDs with the unique plasmonic features of AuNPs, making
them suitable for applications in sensing, imaging, and photonic devices. Despite
extensive work on hydrothermal and microwave-assisted methods for CQD synthesis,
the plasma solution interaction technique remains relatively underexplored. Plasma-
based synthesis offers several advantages, including rapid reaction times, mild
conditions, and the absence of toxic reagents [9,13]. Moreover, plasma-induced
chemistry facilitates the incorporation of abundant oxygen-containing functional
groups, improving luminescence efficiency and stability.

In this work, we report the synthesis of phytocapped carbon quantum dots
(CQDs) derived from orange juice using a plasma solution interaction method, followed
by modification with gold nanoparticles (AuNPs) to form Au@CQDs nanohybrids
(NHs). The optical properties of the nanomaterials were systematically characterized
using UV-vis absorption and photoluminescence spectroscopy. The as-prepared CQDs
exhibited strong blue emission at 390 nm, with a relative quantum yield of 21.9%.
Morphological analysis using TEM, SEM, and HR-TEM revealed spherical structures
with average sizes of 3.5 nm for CQDs, 18.2 nm for AuNPs, and over 20 nm for the NHs.
These findings provide new insights into the role of green precursors and surface
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modification in tuning the luminescent properties of CQDs, highlighting the potential of
plasma-assisted synthesis for producing advanced fluorescent nanomaterials.

2. EXPERIMENTAL SECTION
2.1. Materials

Fresh orange juice was employed as the carbon precursor for CQD synthesis.
Chloroauric acid (HAuCly-3H,O, analytical grade) was used as the gold source for
nanoparticle preparation. All reagents were of analytical grade and used without further
purification. Deionized water (18.2 M()-cm) was used throughout the experiments.

The overall experimental procedure is illustrated in Figure 1. Details for the
synthesis of CQDs from orange juice, AuNPs from orange peels, and the final Au@CQDs
nanohybrids are provided in the following sections.

2.2. Synthesis of Carbon Quantum Dots (CQDs)

CQDs were synthesized using a plasma solution interaction method. Freshly
squeezed orange juice was filtered to remove pulp and directly used as the carbon
precursor without dilution. The filtered orange juice (50 mL) was transferred into a
quartz reactor. Plasma discharge was generated using a high-voltage AC power supply
(5 kV), with stainless steel electrodes immersed in the solution at a fixed gap of 5 mm.
Plasma treatment was carried out for 15 minutes under continuous stirring. During the
exposure, energetic electrons and reactive species induced the carbonization of organic
molecules in the orange juice, resulting in the formation of fluorescent CQDs [9]. The
resulting brownish-yellow solution was centrifuged at 10,000 rpm for 15 minutes and
filtered through a 0.22 um syringe filter to remove larger particulates. The purified CQD
solution was then stored at 4 °C for further use.
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Figure 1. Schematic illustration of the synthesis process for CQDs from orange juice, AuNPs

from orange peels, and the subsequent formation of Au@CQDs NHs.
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2.3. Synthesis of Gold Nanoparticles (AuNPs)

AuNPs were synthesized via a plasma-assisted reduction method. An aqueous
solution of HAuCl, (1 mM, 50 mL) was directly mixed with freshly orange peels, which
served as the reducing and capping agent. The mixture was subjected to plasma
treatment using a high-voltage AC power supply (5 kV) for 15 minutes, under
continuous stirring. The plasma-induced energetic electrons and reactive species
facilitated the reduction of Au®* ions, leading to the formation of gold nanoparticles
[14,15]. The color of the solution changed from pale yellow to ruby red, confirming AuNP
formation. The nanoparticles were collected by centrifugation at 10,000 rpm for 10
minutes, washed twice with deionized water, and redispersed in water.

2.4. Preparation of Au@CQDs NHs

The Au@CQDs NHs were prepared by mixing the synthesized CQDs with
AuNPs under plasma treatment. Typically, 20 mL of CQD solution was mixed with 20
mL of AuNP solution (1 mg/mL). The pH of the mixture was adjusted to approximately
9 using 0.1 M NaOH to promote surface interaction. The mixture was then subjected to
plasma treatment at 5 kV for 15 minutes under continuous stirring. The plasma
treatment facilitated electrostatic interactions and the binding of AuNPs to the surface
functional groups (-COOH, —-OH) of the CQDs, forming the Au@CQDs NHs [12,16]. The
resulting nanohybrids were purified by centrifugation and stored at 4 °C for further use.

2.5. Characterization Techniques

UV-vis absorption spectroscopy (Varian Cary 5000, 200-800 nm) was used to
study electronic transitions in the samples. Photoluminescence (PL) spectroscopy was
performed wusing the FLS1000 Photoluminescence Spectrometer (Edinburgh
Instruments) to measure the emission spectra and Photoluminescence quantum yield
(PLQY). Before recording the PL spectra, all samples (CQDs and Au@CQDs NHs) were
diluted to ensure that the optical density (OD) at the excitation wavelength (320-500 nm)
was below 0.1 (in a 1 cm quartz cuvette) in order to minimize inner-filter effects and
obtain reliable PL intensity. High-resolution transmission electron microscopy (HR-
TEM) and transmission electron microscopy (TEM) (JEOL JEM-1010, 80 kV) were
employed to analyze the morphology and particle size distribution. Fourier-transform
infrared spectroscopy (FTIR, Jasco FT/IR-6700) was used to identify surface functional
groups and structural features. Scanning electron microscopy (SEM) images were
obtained using a Hitachi SU-8010 SEM. The PLQY of the samples was determined based
on the ratio between the integrated photoluminescence intensity of the sample and the
scattering intensity of the reference solvent (deionized water) [17], according to the
following relationship:
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PLQY (%) = % %100
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where Es and Ss are the photoluminescence and scattering intensities of the sample, and
Er and Sr are the photoluminescence and scattering intensities of the reference solvent.
This method allows the determination of the absolute photoluminescence efficiency of
the nanomaterials relative to a blank solvent.

3. RESULTS AND DISCUSSION
3.1 Morphological of CQDs and AuNPs

The morphological characteristics of the synthesized CQDs and Au@CQDs NHs
were analyzed using TEM, SEM, and HR-TEM as shown in Figure 2. The TEM image of
the pristine CQDs (Fig. 2(a)) shows well-dispersed, spherical nanoparticles with an
average size of approximately 3.5 nm, as confirmed by the particle size distribution in
the inset histogram. This narrow size distribution indicates that the CQDs were
synthesized with excellent size control, which is essential for their uniform optical
properties. In contrast, the SEM image of the AuNPs (Fig. 2(b)) reveals a broader particle
size distribution, with nanoparticles ranging from 14 to 22 nm, as shown by the size
histogram. The AuNPs appear to form aggregates, but the distribution remains relatively

uniform, typical of colloidal gold nanoparticles.

9 14 16 18 20 22

Size (nm)

Au/CQDs HNs

Figure 2. (a) TEM image of CQDs, (b) SEM image of AuNPs, (c) Labeled HR-TEM image of
Au@CQDs NHs showing the AuNP core and CQD layer, and (d) Schematic illustration of the
ideal Au@CQDs MHs structure.

The HR-TEM image of the Au@CQDs NHs (Fig. 2(c)) clearly shows the
decoration of the CQDs with AuNDPs. The interface between the CQDs and AuNDPs is
well-defined, indicating strong interactions between the two components. The lattice
fringes observed in the HR-TEM image confirm the crystalline structure of the AuNPs,
while the CQDs show an amorphous nature. These results demonstrate that the CQDs
and AuNPs are successfully hybridized, with AuNPs decorating the surface of the CQDs,
enhancing their structural stability and optical properties. A magnified view of this
interface reveals distinct lattice fringes. In the core nanoparticle, a lattice spacing of 0.24
nm is measured, which corresponds to the (111) crystallographic plane of face-centered
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cubic gold. This provides definitive evidence for the crystalline structure of the AuNPs.
Interestingly, smaller crystalline domains are also observed within the surrounding
carbonaceous layer, exhibiting a lattice spacing of 0.21 nm. This value is attributed to the
(100) plane of graphitic carbon, indicating that the CQDs possess a semi-crystalline
nature despite being largely amorphous. These combined observations confirm the
successful formation of a tightly-bound hybrid structure composed of crystalline AuNPs
decorated with semi-crystalline CQDs, enhancing their structural stability and
influencing their optical properties.

3.2. FTIR Spectroscopy Analysis

The FT-IR spectra of CQDs and Au@CQDs NHs are shown in Figure 3. Both
spectra exhibit characteristic absorption bands corresponding to oxygen-containing and
hydrocarbon functional groups, which are essential for the surface passivation and
stability of the nanostructures. For the CQDs, a broad absorption band centered at 3294
cm™ is attributed to the stretching vibration of hydroxyl (-OH) and/or amine (-NH)
groups, indicating the presence of abundant surface passivation groups derived from
the organic molecules in orange juice [9]. Peaks at 2992 and 2909 cm™ correspond to C-
H stretching vibrations from aliphatic groups, confirming partial carbonization of sugars
and citric acid precursors. A strong band at 1640 cm™ is associated with C=O stretching
vibrations of carbonyl and carboxyl groups, while the absorptions at 1452-1225 cm™ are
due to C-O and C-N stretching, typical of alcohols, esters, and amines. The band at 1050
cm™ is assigned to C-O-C stretching vibrations, confirming the presence of ether
linkages [18]. These features collectively demonstrate that the CQDs are decorated with
abundant oxygen- and nitrogen-containing groups, which enhance dispersibility and

luminescence.

In the case of Au@CQDs NHs, all major functional groups observed in the
pristine CQDs are retained, but noticeable intensity changes and slight shifts are evident.
The ~-OH/-NH stretching band (3294 cm™) and C-H stretching bands (2992-2909 cm™)
show reduced intensity, suggesting partial interaction of the surface hydroxyl and
carboxyl groups with AuNPs. The carbonyl band at 1640 cm™ becomes more prominent
in the nanohybrid, likely due to coordination interactions between Au atoms and the —
COOH groups of CQDs. Additionally, the region between 1452-1225 cm™ shows peak
broadening in Au@CQDs NHs, consistent with enhanced interactions between AuNPs
and carboxylate and hydroxyl functional groups [19].
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Figure 3. FTIR spectrum of CQDs and Au@CQDs nanohybrids.

These spectral differences provide strong evidence for the successful anchoring
of AuNPs onto CQDs through electrostatic and coordination interactions with surface
functional groups such as -OH, -COOH, and -C=O. The retention of abundant
oxygenated groups ensures good aqueous dispersibility of the nanohybrids. It is
important to clarify why a dedicated hybridization step is necessary and why the
Au@CQDs nanohybrids do not form directly during the AuNP synthesis. The primary
reason lies in the surface chemistry dictated by pH. The stable binding of AuNPs to the
CQD surface relies on the electrostatic attraction with the negatively charged carboxylate
groups (-COO") on the CQDs [20,21]. This is achieved by adjusting the pH to a basic
condition (~9) during our hybridization step. In contrast, the one-pot synthesis of AuNPs
occurs in a highly acidic environment, where the CQD surface groups would remain
protonated (-COOH), thus lacking the negative charge required for stable hybrid
formation. Furthermore, the rapid reduction of Au®* ions is the dominant reaction
pathway, consuming the reducing agents before significant carbonization into stable
CQDs can occur.

3.3. Opticals properties
3.3.1. UV-Vis Absorption Spectroscopy

As shown in Figure 4, the UV-Vis absorption spectrum of the pristine CQDs
displayed strong absorption bands at 223 and 282 nm, corresponding to the m—mt*
transition of aromatic C=C bonds and the n—7* transition of C=O groups, respectively
[4]. These features are typical of carbon quantum dots, indicating the presence of
conjugated domains and oxygen-containing surface functionalities. In contrast, the
AuNPs exhibited a distinct absorption peak at ~540 nm, characteristic of the surface
plasmon resonance (SPR) of metallic gold nanoparticles.

Interestingly, the spectrum of the Au@CQDs NHs nanohybrid displayed the
characteristic absorption peaks of CQDs at 225 and 285 nm, but the SPR peak of AuNPs
at ~540 nm was completely quenched. This quenching of the plasmon resonance
suggests a strong electronic interaction at the interface between the CQD surface
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functional groups (-OH, -COOH) and the Au atoms. Instead of coexisting as separate
entities, the strong coupling likely alters the dielectric environment around the AuNPs
and introduces efficient energy transfer pathways, leading to the suppression of the
collective electron oscillations [19,22]. This observation confirms the successful
formation of a tightly-bound hybrid structure and indicates a significant modification of
the nanomaterials' optical properties.
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Figure 4. UV-vis absorption spectra of CQDs, AuNPs, and Au@CQDs NHs, with an inset

showing a zoomed-in view of the plasmon resonance region.
3.3.2. Photoluminescence (PL) Properties

The excitation-dependent PL spectra of the CQDs are presented in Figure 5(a).
Under excitation wavelengths ranging from 340 to 480 nm, the CQDs exhibited strong
blue emission with a maximum intensity of approximately 3.5 x 10° a.u. at 420 nm
excitation. The emission peaks progressively red-shifted from ~450 nm to ~560 nm as the
excitation wavelength increased, a well-known characteristic of carbon quantum dots.
This behavior is attributed to multiple emissive sites, including core-state and surface-
state transitions, which contribute to the excitation-dependent luminescence. The
highest emission intensity observed near 450470 nm corresponds to a relative quantum
yield of 21.9%, confirming the efficient radiative recombination of the CQDs [23].
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Figure 5. PL spectra of CQDs (a) and Au@CQDs NHs
(b) at excitation wavelengths of 340 to 480 nm.
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In contrast, the Au@CQDs NHs nanohybrid spectra in Figure 5(b) showed
excitation-dependent emission between 340 and 480 nm, with the maximum PL intensity
reaching approximately 1.8 x 10° a.u. at 440 nm excitation. While the overall intensity
was lower than pristine CQDs, the nanohybrid exhibited noticeable spectral broadening
and red-shifting. This behavior suggests that the localized surface plasmon resonance
(LSPR) of AuNPs influences the recombination pathways, enhancing radiative
transitions but also introducing non-radiative quenching channels [22].

® (@) 3
CQDs AuNPs Au/CQDs HNs FRET

Figure 6. Schematic of the proposed photoluminescence quenching mechanism in Au@CQDs

nanohybrids via non-radiative energy transfer.

The significant decrease in photoluminescence intensity, combined with the
complete quenching of the surface plasmon resonance peak observed in the UV-Vis
spectrum, points towards a dominant non-radiative energy transfer mechanism rather
than a balance between enhancement and quenching.

These results indicate that a strong electronic coupling exists at the interface
between the CQDs and AuNPs. This coupling facilitates an efficient energy transfer
pathway (FRET or charge transfer), where the energy absorbed by the CQDs is
transferred to the AuNPs instead of being emitted as light [19,22]. This process,
illustrated in Figure 6, is responsible for the pronounced quenching of the
photoluminescence and serves as strong evidence of a successful and intimate surface
hybridization between the two components.

4. CONCLUSION

This study successfully synthesized carbon quantum dots (CQDs) from orange
juice using a plasma-solution interaction method, followed by modification with gold
nanoparticles (AuNPs) to form Au@CQDs nanohybrids. The CQDs exhibited strong blue
photoluminescence with a quantum yield of 21.9%, while the nanohybrids displayed
altered optical properties due to plasmonic effects. Characterization of the nanohybrids
revealed a strong electronic interaction between the components, resulting in a complete
quenching of the AuNPs' surface plasmon resonance and a significant quenching of the
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CQDs' photoluminescence. This work highlights the critical role of surface hybridization

in tuning the optical properties of CQDs and demonstrates a green, plasma-assisted

method for developing advanced nanomaterials with potential applications in sensing

and

optoelectronics, where energy or charge transfer processes are desirable.
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PHAT QUANG CUA CHAM LUONG TU CARBON SINH HOC BIEN TINH
VOI HAT NANO VANG

Lé Anh Thi'?, V6 Thanh Tung?, Lim Thi Bich Tran4,
P06 Hoang Tungs, Nguyén Nhu Lé&s, Lé Thi Kim Dung’,
Tran Duy Quynh Nhw’, Nguyén Minh Hoa”™*
Vién nghién cttu va Phat trién, Dai hoc Duy Téan, Da Ngmg
2Khoa Khoa hoc tu nhién, Dai hoc Duy Tan, Da Ngmg
3Truong Dai hoc Khoa hoc, Dai hoc Hué
‘Truong Dai hoc Su pham Thanh phd H6 Chi Minh, Gia Lai
5Vién Vat ly, Vién Han lam Khoa hoc va Cong nghé Viét Nam
6Khoa Vat ly, Truong Dai hoc Su pham, Dai hoc Hué
’Khoa Khoa hoc co ban, Truwong Dai hoc Y Dugc, Dai hoc Hué
TOM TAT
Nghién cttu nay khao sat qua trinh téng hop va dac trung ctia chim luong tir carbon
(CQDs) tir niedc cam bang phuong phép plasma-dung dich, sau d6 chitc ning hoéa
v6i hat nano vang (AuNPs). CQDs cho phat quang xanh manh khi kich thich tai 390
nm, v6i hiéu suat luong tir dat 21,9%. CQDs ¢ dang cau véi kich thudc trung binh
~3,5 nm, trong khi AuNPs c6 kich thuwdc trung binh 18 nm. Cac nanohybrid
Au@CQDs (NHs) thu dugc c6 kich thudce tang 1én >20,2 nm. Phd hap thu UV-Vis va
huynh quang chitng minh sy tuong tac gitta CQDs va AuNPs, véi cac nanohybrid
thé hién su tang cwong huynh quang nho hiéu tng plasmon. Nghién ctru nay dé
xuat mét phuong phap tong hgp CQDs than thién v6i moi truong va lai hdéa véi
AuNPs, nhdan manh vai tro ctia bién tinh bé mét d6i v6i dac tinh quang, hita hen ting
dung trong cam bién va thiét bi quang tt.
Tw khéa. Cham luong tir carbon, phat quang, phytocapped, AuNPs, bién tinh bé

mat.
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