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Abstract: In response to the dual challenges of the environmental plastic pol-
lution and the rise of document forgery, this study presents a novel fluorescent
printer ink based on nitrogen and boron co-doped carbon quantum dots (N,B-
-codoped CQDs) derived from styrofoam waste. The CQDs were synthesized
using a microwave-assisted green synthesis approach, and their photolumines-
cent properties were tailored via co-doping with urea and boric acid. The res-
ulting ink formulation not only exhibited strong dual-colour fluorescence under
365 and 532 nm excitation but also demonstrated effective printability and stab-
ility on standard paper substrates. Characterization techniques, including UV—
—Vis spectrophotometry, fluorescence emission, Fourier-transform infrared
spectroscopy and high-resolution transmission electron microscopy confirmed
the successful incorporation of heteroatoms and the formation of nanoscale
amorphous CQDs with rich surface functionality. Compared to the commercial
printer ink, the N,B-codoped CQDs printer ink offered superior anti-counter-
feiting features through fluorescence activation, albeit with a slightly lower ink
absorption rate (0.47+0.14 vs. 0.7440.06 cm/min). This study introduces a low-
-cost, eco-friendly and scalable strategy for producing smart ink with potential
applications in secure printing and sustainable nanomaterial development.
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INTRODUCTION

The document forgery is a criminal act involving the use of falsified doc-
uments.! Such forgery may include counterfeit signatures, falsified document con-
tent, or forged origins of the documents.2 This issue represents a global problem,
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resulting in significant financial losses and posing security threats to individuals,
companies, governments and society at large.3 The Supreme Court of Indonesia
recorded 37,757 cases of document forgery between 2021 and 2023.4 Conse-
quently, the need for anti-counterfeiting technology has become increasingly cru-
cial to protect documents against increasingly sophisticated forgery attempts.

In parallel with this security concern, the issue of environmental sustainability
— particularly plastic waste pollution — has also become a pressing global chal-
lenge. One major contributor to this problem is the increasing use of styrofoam as
food packaging, driven by the rising demand for online food purchases, especially
among street vendors and small-scale traders. This popularity stems from styro-
foam’s affordability, light weight, water resistance, practicality and accessibility.
However, despite its practical advantages, styrofoam poses significant environ-
mental threats because it is a non-degradable plastic that often accumulates in land-
fills or pollutes oceans.> Styrofoam is a significant contributor to environmental
pollution and is categorized as the fifth largest waste material globally.6:7

Interestingly, the recent advances in nanotechnology have revealed that this
problematic waste material can be transformed into high-value nanomaterials.
Styrofoam, made from polystyrene polymer, contains styrene monomers that can
be used to synthesize carbon quantum dots (CQDs). Several studies have success-
fully synthesized carbon-based quantum dots from styrofoam waste.8 This appro-
ach does not only reduces environmental pollution but also creates value by enab-
ling the development of eco-friendly fluorescent inks for anti-counterfeiting appli-
cations. CQDs are particularly well-suited for such applications due to their low
toxicity, ease of synthesis, and cost-effectiveness.? Furthermore, styrofoam’s high
carbon content (approximately 62.6-92.2 %) and its low cost make it an ideal
precursor for sustainable CQDs synthesis. 10

To understand their application potential, it is essential to examine the fund-
amental characteristics of CQDs. These nanomaterials, typically smaller than 10
nm, are composed of fluorescent graphite-like cores.!l:12 Their fluorescence
originates from m-conjugated bandgap transitions and surface defect states.!3:14
However, undoped CQDs generally exhibit low fluorescence quantum yields
(FQY), around 10 %.15 Doping with heteroatoms such as nitrogen can significantly
enhance their FQY, reaching up to 49 %.16 Co-doping strategies — such as com-
bining nitrogen from ethylenediamine and boron from boric acid — have achieved
FQY values around 39 %. In addition, sulphur and oxygen co-doping has been
shown to enable dual-color emission (blue and red).!5 Eda et al.!7 reported that
nitrogen and boron co-doped carbon quantum dots (N,B-codoped CQDs) emit
distinct blue and yellow fluorescence, respectively. These findings underscore the
tunable optical properties of heteroatom-doped CQDs, which are particularly valu-
able in multi-color anti-counterfeiting technologies.

Available online at https://www.shd.org.rs/JSCS/

(CC) 2025 Serbian Chemical Society.



N,B-CODOPED CQDs PRINTER INK 93 1

The recent studies have increasingly explored the use of CQDs for anti-coun-
terfeiting applications, focusing on their tunable fluorescence and low toxicity. For
example, Deng et al.” synthesized CQDs via a solvothermal method using ascorbic
acid as a carbon source, but his work did not explore the use of eco-friendly waste
materials or their scalability in industrial printing. Similarly, Eskalen et al.!8 suc-
cessfully derived blue-fluorescent CQDs from Laurus nobilis leaves, yet his study
lacked an evaluation of ink absorption behaviour. Eda et al.17 research demon-
strated promising dual-color emission from N,B-codoped CQDs but did not assess
printing performance, particularly the crucial parameter of ink absorption rate.

This study seeks to bridge these gaps by synthesizing N,B-codoped CQDs
from styrofoam waste and formulating them into printer ink. It focuses not only on
the sustainable and low-cost production of fluorescent N,B-codoped CQDs but
also on evaluating their performance in anti-counterfeiting document printing,
specifically regarding ink absorption efficiency.

EXPERIMENTAL
Materials

Locally collected styrofoam waste (Bengkulu, Indonesia) was used as the primary carbon
source. Monohydrate citric acid (C¢HgO7-H,0, 210.14 g mol™!), boric acid (H;BO;, 61.83 g
mol "), and urea ((NH,),CO, 60.06 g mol!), all analytical grade, served as dopant precursors.
These chemicals were procured from Emsure® Merck and used without further purification.
Activated charcoal and technical grade ethanol (96 %) were used, with ethanol serving as the
solvent.

Preparation of styrofoam waste

Styrofoam waste was washed thoroughly under running water to remove surface imp-
urities and air-dried. The dried styrofoam was chopped into small pieces and heated in an oven
at 240 °C for varying durations of 30, 60, 90, 120 and 150 min. After softening, the material
was ground into fine powder using a laboratory grinder and sieved through a 100-mesh sieve to
ensure uniform particle size. The resulting powder was stored in an airtight container for
subsequent use.

Synthesis of N,B-codoped CQDs

N.,B-codoped CQDs were synthesised via microwave-assisted synthesis based on the
method reported by Alkian et al.!® with slight modifications in precursor ratios and microwave
exposure time. 1 g of styrofoam powder was mixed with 1 g each of citric acid, boric acid and
urea in a 250 mL glass beaker. To facilitate homogenisation, 2 mL of distilled water was added
to the mixture, which was then heated in a microwave oven for 5 min. After cooling, 25 mL of
96 % ethanol was added, and the mixture was stirred thoroughly. The solution was filtered using
standard filter paper to separate the filtrate containing the N,B-codoped CQDs from the solid
residue. UV irradiation (365 nm) of the filtrate produced a cyan-blue emission, while irradiation
with a green laser (532 nm) yielded yellow fluorescence, confirming successful N,B-codoped
CQDs formation.

Characterization of N,B-codoped CQDs

The optical properties of the synthesised CQDs were analysed using a Thermo Scientific
Genesys 50 UV—-Vis spectrophotometer in the wavelength range of 250-800 nm. Fluorescence
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characteristics were assessed using a Horiba FluoroMax hybrid fluorescence spectroscopy
steady state and life time system. All samples for UV—Vis and fluorescence measurements were
prepared using identical dilution volumes, without quantitative concentration calibration. Func-
tional group analysis was conducted using a Bruker Alpha II FTIR spectrometer. The particle
morphology, interplanar spacing, and selected area electron diffraction (SAED) patterns were
investigated using a high-resolution transmission electron microscope (HRTEM) Talos F200X.

Preparation of N,B-codoped CQDs-based printer ink

The printer ink formulation was adapted from the method reported by Sari et al.2? with
adjustments made to the concentrations of activated charcoal and the gum arabic-to-water ratio
to improve stability and fluorescence. A 10 mL portion of the N,B-codoped CQDs solution was
mixed with 2 g of activated charcoal under constant stirring. Separately, 3.5 g of gum arabic
was dissolved in 20 mL of distilled water. The two solutions were combined and homogenised.
UV irradiation at 365 nm confirmed the successful formulation through the observation of blue
fluorescence.

Testing of N,B-codoped CQDs-based printer ink

The ink absorption rate was evaluated using a capillary rise method adapted from previous
studies.2® A strip of standard A4 printing paper was cut to dimensions of 2 cmx15 ¢cm and
vertically immersed to a depth of 1 cm into each ink formulation for precisely 2 min. Immedi-
ately upon removal, the total length of ink rise (i.e., the distance from the base of the strip to the
furthest visible color front) was measured in cm using a ruler. This experiment was repeated
five times for each ink type to ensure reproducibility.

The absorption rate (cm/min) was calculated using the formula:20

Absorption rate = Absorption length/Immersion time (N

For the printing test, the printer ink was loaded into an empty Canon iP2700 ink cartridge.
The printed outputs were then exposed to UV light at 365 nm to observe fluorescence, con-
firming the presence and activity of the N,B-codoped CQDs within the printed material.

RESULTS AND DISCUSSION

Qualitative evaluation of N,B-codoped CQDs using laser illumination

The successful synthesis of N,B-codoped CQDs is visually confirmed under
various lighting conditions, as illustrated in Fig. 1.

(a) (b)

Fig. 1. Visual appearance of N,B-codoped CQDs solution under: a) normal lighting,
b) UV laser (365 nm) and c) green laser (532 nm).
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Under ambient lighting (Fig. 1a), the N,B-codoped CQDs solution exhibits a
dark green color. Upon excitation with a 365 nm UV laser (Fig. 1b), it emits a
strong cyan-blue fluorescence, which is attributed to the surface defect states and
functional groups that facilitate radiative recombination of photoexcited electron—
—hole pairs. This phenomenon is consistent with prior studies highlighting the
pivotal role of surface chemistry in determining carbon dot emission behaviour,
particularly the involvement of sp? domains and defect-related energy states in
generating blue-shifted luminescence.2! Upon the exposure to a 532 nm green laser
(Fig. 1c¢), the solution displays a yellow emission, suggesting longer-wavelength
transitions associated with deeper surface states or boron-induced mid-gap trap
levels. This excitation-dependent, multicolor emission behaviour underscores the
tunable photoluminescence of the N,B-codoped system, in line with observations
by Feng et al.??2 who emphasized the role of heteroatom doping in modulating the
emissive characteristics of CQDs.

Morphological and structural analysis via HRTEM

Fig. 2. presents the morphology, crystallinity and size distribution of the
synthesized N,B-codoped CQDs.

The HRTEM images in Fig. 2a and b reveal the quasi-spherical morphology
and uniform dispersion of the N,B-codoped CQDs. A magnified HRTEM image
(Fig. 2¢) displays a clear dark-light fringe pattern with an interplanar spacing of
0.28 nm. This dark-light pattern signifies the presence of sp2? hybridization in the
core carbon atoms, further supporting the structural integrity of the N,B-codoped
CQDs.23 This spacing is comparable to those reported by Eda et al.l7 (0.25 nm)
and Qu et al.23 (~0.21 nm), suggesting partial graphitization of the carbon core.23

The SAED pattern (Fig. 2d) exhibits the diffuse diffraction rings characteristic
of amorphous carbon, consistent with synthesis conducted at 240 °C. This obs-
ervation agrees with the findings of Yadav et al.14 who reported that synthesis
temperatures below 300 °C favour amorphous carbon formation, whereas higher
temperatures promote the development of graphitic crystallites. The particle size
distribution (Fig. 2e) reveals an average diameter of 5.7 nm, which falls within the
typical size range for CQDs (<10 nm).!4 Collectively, the HRTEM analysis con-
firm the successful synthesis of amorphous N,B-codoped CQDs with the desired
structural features, interplanar spacing, and nanoscale size distribution.

Optical properties via UV—-Vis spectrophotometry

The UV-Vis absorbance spectra of the N,B-codoped CQDs at varying syn-
thesis times are shown in Fig. 3.

The UV—Vis spectrum of the N,B-codoped CQDs displays a prominent abs-
orption peak at 348 nm, attributed to the n—n* transition of the C=O bond. This
electronic transition typically occurs within the 300—-500 nm range and aligns with
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(d)

Number of N,B-codoped CQDs

4 5 6 7 8 9 10

N,B-codoped CQDs Size (nm)
(e)
Fig. 2. A and b) HRTEM images of N,B-codoped CQDs; c) magnified HRTEM image
showing interplanar spacing; d) SAED pattern of N,B-codoped CQDs; e) particle size
distribution.

previous findings by Yuniarti et al.24 and Kasmiarno et al.25 In addition, a m—n*
transition associated with C=C bonds is observed between 250-300 nm range.25:26
These features reflect the intrinsic optical characteristics of N,B-codoped CQDs,
which are influenced by both surface functional groups and the core structure.2’
The synthesis duration plays a critical role in tuning the surface chemistry and,
consequently, the optical absorption behaviour of the CQDs.14:25 As illustrated in
Fig. 3, the optimal synthesis time is identified at 90 min. At shorter durations, the
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N,B-codoped CQDs exhibit insufficient surface development, resulting in reduced
absorbance intensity. In contrast, N,B-codoped CQDs synthesised for 90 min dem-
onstrate enhanced structural homogeneity and a higher density of functional
groups, particularly those contributing to n—n* transitions, thereby yielding a more
pronounced absorption peak.25:26 Beyond this optimal synthesis time, extended
thermal treatment induces surface degradation, possibly due to the over-oxidation
or the particle aggregation, leading to a decline in absorbance. These observations
are consistent with the report by Kasmiarno et al.,25> which highlights the adverse
effects of prolonged synthesis on the structural and electronic integrity of CQDs.
Hence, precise control of synthesis time is essential for optimizing the optical
performance of N,B-codoped CQDs.
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Fig. 3. UV-Vis absorbance spectra of N,B-codoped CQDs synthesized at different durations.

Photoluminescence analysis via fluorescence spectroscopy

The fluorescence spectra of the N,B-codoped CQDs are presented in Fig. 4.
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Fig. 4. Fluorescence emission spectra of N,B-codoped CQDs: a) at 469 nm (1., = 365 nm),
b) at 582 nm (Ao = 532 nm).
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Under 365 nm excitation, a prominent emission peak is observed at 469 nm,
corresponding to the cyan-blue fluorescence, which is consistent with the visual
observation under UV laser irradiation (Fig. 1b). In contrast, excitation at 532 nm
results in an emission peak at 582 nm, yielding a yellow fluorescence, as visually
demonstrated under green laser illumination (Fig. 1¢). These emissions originate
from the radiative recombination of photoexcited electron—hole pairs, facilitated
by surface states and functional groups introduced through nitrogen and boron co-
-doping.27-28 These dopant-related functional moieties play a significant role in
enhancing the FQY and tuning the emission characteristics of the CQDs.29-3! This
finding is consistent with the study by Eda et al.17 who reported a similar cyan-
-blue emission peak at 477 nm under 365 nm excitation, along with a secondary
emission peak at 575 nm under 532 nm excitation, corresponding to yellow emis-
sion. Such dual-colour emission behaviour underscores the wavelength-dependent
photoluminescent properties of N,B-codoped CQDs.

Functional group identification via FTIR

FTIR spectraof the N,B-codoped CQDs solution confirm, Fig. 5, the incur-
poration of nitrogen and boron functional groups.

3329
N-H

Transmittance

616
B-N

1016
C-B

T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 5. FTIR spectrum of N,B-codoped CQDs.

The FTIR spectrum of the N,B-codoped CQDs solution exhibits the charac-
teristic absorption peaks corresponding to various functional groups. The N-H
stretching vibration appears at 3329 cm~!, while the C—H stretching vibration is
observed at 2947 cm~!. Peaks at 1650 and 1585 cm™! indicate the presence of C=C
bonds and C=0 stretching vibrations, respectively. Additional absorption bands at
1398, 1016 and 616 cm™! correspond to C-N, C-B and B-N bonds, confirming
the successful incorporation of nitrogen and boron during doping. The previous
studies by Eda ef al.17 and Liu et al.32 reported that the formation of N-H, C-N,
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C-B and B—N bonds is characteristic of N,B-codoped CQDs, resulting from inter-
actions between precursor materials and dopant atoms during synthesis. The pre-
sence of N—H and C—N groups suggests the effective nitrogen integration, which
enhances the hydrophilicity and the surface reactivity of the CQDs. Similarly, the
C-B and B—N functional groups confirm boron incorporation, playing a crucial
role in modulating the electronic properties and surface chemistry.

These FTIR features further verify successful N and B doping, as evidenced
by distinct absorption bands associated with these functional groups. The intro-
duction of nitrogen and boron atoms is expected to generate some additional active
sites, improving the optical performance of CQDs. Moreover, these functional
groups contribute to the stabilization of surface states and influence the FQY of
the nanomaterials.!5-17.29-31

Qualitative comparison of N,B-codoped CODs and commercial printer ink

The distinct fluorescent properties of N,B-codoped CQDs-based printer ink
are compared with commercial printer ink in Fig. 6.

o 8

Fig. 6. Comparison under: a) normal light and b) 365 nm UV laser between N,B-codoped
CQDs and commercial printer ink.

Under normal lighting conditions, both the N,B-codoped CQDs ink and
commercial printer ink appear black, exhibiting no discernible differences in visual
appearance (Fig. 6a). However, upon exposure to a 365 nm UV laser, a marked
contrast is observed: the N,B-codoped CQDs ink emits a bright cyan-blue fluores-
cence, whereas the commercial ink remains non-fluorescent (Fig. 6b). This cyan-
-blue emission directly stems from the inherent photoluminescent properties of the
N,B-codoped CQDs,17:33 confirming their successful incorporation into the ink
formulation. The fluorescence observed in the N,B-codoped CQDs printer ink
corresponds to the emission peak at 469 nm detected in the fluorescence spectrum
of the CQDs solution (Fig. 4). In contrast, the absence of fluorescence in the com-
mercial ink reflects the lack of N,B-codoped CQDs or analogous fluorescent com-
ponents, further emphasizing the distinctive properties of the N,B-codoped CQDs
printer ink.
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Ink absorption rate comparison
Table I summarizes the ink absorption test comparing commercial and N,B-
-codoped CQDs printer ink formulations.

TABLE 1. Comparison of absorption rate (cm/min) between commercial and N,B-codoped
CQDs printer ink

. Material

Experiment no. Commercial printer ink N,B-codoped CQDs printer ink
1 0.75 0.60

2 0.80 0.35

3 0.70 0.40

4 0.65 0.35

5 0.80 0.65

Mean + SD, cm/min 0.74+0.065 0.47+0.144

The data presented in Table I reveal a notable difference in the absorption
rates between commercial and N,B-codoped CQDs-based printer inks. The com-
mercial ink exhibits a higher average absorption rate (0.74+0.065 cm/min) com-
pared to the CQDs-based ink (0.47+0.144 cm/min). This discrepancy is primarily
attributed to the compositional differences between the two formulations. Specific-
ally, the absorption behaviour is influenced by the nature of the added compounds,
particularly the surface-functionalised CQDs present in the latter.

Commercial printer inks typically contain organic dyes dispersed in solvent
systems tailored to maximise penetration and drying efficiency on cellulose-based
substrates.34 These formulations often include the surfactants and humectants that
enhance interaction with paper fibres, thereby increasing the absorption rate.35 In
contrast, the N,B-codoped CQDs-based ink incorporates these nanomaterials as its
main functional component, significantly altering the ink’s physicochemical pro-
file. The structured and functionalised surfaces of the doped CQDs can reduce the
mobility of the ink, thereby slowing its capillary-driven absorption into the paper
matrix.

Furthermore, the presence of hydrophilic functional groups on the N,B-codoped
CQDs surfaces modulates the interaction with the substrate, contributing to the
observed lower absorption rate,3¢ which because of slower absorption may initially
be perceived as a drawback, it can actually enhance print quality by reducing ink
feathering and improving colour uniformity. These characteristics make N,B-co-
doped CQDs-based inks promising candidates for the high-resolution or the anti-
counterfeiting printing applications, where precision and stability are essential.

Printing test of ink

Printed samples were tested under normal light and UV 365 nm in Fig. 7.
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(a) (b)
Fig. 7. Printed paper samples using N,B-codoped CQDs-based printer ink (top) and
commercial printer ink (bottom) under: (a) normal lighting, and (b) UV 365 nm illumination.

Fig. 7 compares the visual and fluorescent properties of printed paper using
N,B-codoped CQDs and commercial printer ink. Under the normal lighting (Fig.
7a), the prints exhibit no discernible difference in appearance. However, upon
exposure to the UV illumination at 365 nm (Fig. 7b), the N,B-codoped CQDs ink
emits a distinct cyan-blue fluorescence, whereas the commercial printer ink shows
no fluorescence. The observed cyan-blue emission arises from the photolumines-
cent characteristics of the N,B-codoped CQDs incorporated into the ink, which are
attributed to their surface functional groups and the electronic transitions, consist-
ent with the previous reports by Deng et al.® and Eskalen et al.13 This fluorescence
behavior corroborates the findings presented in Fig. 6, confirming the unique lum-
inescent properties of the N,B-codoped CQDs printer ink under similar excitation.

The absence of fluorescence in the commercial ink highlights the enhanced
functional capabilities of the N,B-codoped CQDs printer ink, which, unlike con-
ventional inks relying solely on dyes or pigments,35-36 incorporates nanomaterials
that impart fluorescence and improved photostability. These properties present the
N,B-codoped CQDs printer ink as particularly advantageous for applications in
security printing, anti-counterfeiting and high-resolution imaging. Overall, the
results validate the successful formulation of a fluorescent N,B-codoped CQDs-
-based printer ink.

CONCLUSION

This study successfully synthesized the N,B-codoped CQDs from styrofoam
waste via a microwave-assisted method. The resulting N,B-codoped CQDs exhi-
bited quasi-spherical morphology with an average size of 5.7 nm and an interplanar
spacing of 0.28 nm, indicating partial graphitization. The fluorescence analysis
revealed the emission peaks at 469 nm (4., = 365 nm) and at 582 nm (4., = 532
nm). FTIR confirmed the incorporation of N—H, C-N, C-B and B-N functional
groups. The formulated N,B-codoped CQDs-based ink demonstrated strong cyan-
-blue fluorescence under UV light and effective printability on standard paper.
Despite a lower average ink absorption rate (0.47+0.14 cm/min) compared to the
commercial ink (0.74+0.06 cm/min), it provided superior anti-counterfeiting feat-
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ures. In conclusion, the modified ink offers enhanced functionality and sustain-
ability, making it a competitive and eco-friendly alternative to conventional com-
mercial inks.
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H3BOJ

HOBHUHA Y TOHEPY 3A IITAMITAY FASUPAHA HA YIJBEHUYHUM KBAHTHUM
TAYKAMA (CQDs) JOBMJEHUM U3 OTITAJA Ol CTUPOIIOPA 3A TEXHOJIOTUJY
[MTPOTHB ®AJTUCUOHKOBABA JOKYMEHATA
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Kao onrosop Ha fiBa npodsiema, 3araheme KMBOTHE CpefHHa IIaCTUKOM M nopacT dancu-
(ukoBama JokyMeHara, OBa CTyAxja IpeAcTas/ba HOBU (IIyOpPECLIEHTHH TOHED 3a ITaMIay dasu-
PaH Ha YIJbeHWYHHM KBAaHTHUM Taykama KO-ZONHWpaHUM a3oToM U dopom (N,B-xopomupane
CQDs) cunTeTHcanuM U3 oTnaga of cruponopa. CQDs cy nobujeHe NpUCTYNIOM 3e/IEHE CHHTe3e
MIOAIOMOTHYTEe MUKpOTaacuma, a ibHUxoBe (POTOTyMHUHECLIEHTHE 0COOMHE Cy MeaHe KO-/I0MH-
pameM ca ypeoM U HopHOM KrcenuHoM. PesynTyjyha dopmynaiyja 3a ToHEp He camo f1a je IoKa-
3aj1a UHTEH3UBHY AB000jHY GiIyopeclLieHIIHjy oz IejcTBOM 1ModyhuBauKuX TajJaCHUX Ay)KUHA Off
365 u 532 nm, Beh je nokasana ¥ e(eKTHBHY MOTYNHOCT IITaMIama U CTaDMIHOCT Ha CTaHAapA-
HUM MalMpHUM CyncTpatuMa. TeXxHHKaMa 3a KapaKTepusauujy koje yxpydyjy UV-Vis ciekrpo-
oTtometpujy, dnyopecuenty emucujy, FTIR cnekTpockonujy U TPaHCMHCHOHY €JeKTPOHCKY
MuKpockon#jy Brucoke pesonynuje (HRTEM), motBpheHa je ycneurHa WHKOpIiopanuja XeTepo-
aToma ¥ dopmupame aMmop(dHUX Ha HaHoMeTapckoj ckanu CQDs ca (yHKIHMOHAIHOM IMOBp-
IKHOM. Y nopehemwy ca KOMEpLMjaJlHUM TOHEPOM 3a IITamnay, ToHep Ha da3u N,B-komonupa-
Hux CQDs noxasyje cynepuopHe KapaKTEPUCTHKE 3a CpedaBame QancudrkoBama JOKyMeHaTa
KpO3 axTuBauHjy (iayopecleHnyje, AOAyLle y3 HEIITO HIDKY Op3HHY alcopIlydje TOHepa
(0,47%0,14 Hacripam 0,74%0,06 cm/min). OBa cTyuja MpencTas/ba eKOHOMHYHY, €KOIOLIKH ITPH-
XBAT/BUBY U IPUIAroJ/bUBY CTpATerHjy 3a MPOU3BOIY TOHEpa ca MoryhHourhy mprumeHe y curyp-
HOM LITaMIamwy ¥ OOPKUBOM pasBOjy HaHOMaTepHjaa.

(ITpummeno 17. mapra, peBuaMpaHo 26. mapTa, npuxsaheno 26. maja 2025)
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