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ABSTRACT: Biomass-derived carbon quantum dots (CQDs) have gained considerable attention as sustainable fluorescent
materials due to their low toxicity, intense photoluminescence (PL), and facile synthesis. Among biomass sources, bracken, rich in
polysaccharides, flavonoids, and organic acids, is a promising low-cost precursor for CQD production. In this study, we synthesize
bracken-derived doped CQDs and explore their fluorescence (FL)-based sensing capability for ferric ions. Carbonized bracken
powder was doped with sulfanilamide via a hydrothermal reaction, followed by purification of the resulting CQDs via a sequential
filtration, centrifugation, and dialysis process. The CQDs were characterized via various instrumental analyses, such as FT-
IR, UV-vis, and PL spectroscopy. In ion-sensing experiments, the effective adsorption of Fe** on CQDs induced pronounced
fluorescent quenching, yielding a linear calibration curve in the range of 5-300 M (y = —0.35x + 174.14). The limit of detection
(LOD) and limit of quantification (LOQ) were calculated to be 8.52 and 25.80 pM, respectively. The results of the selectivity
evaluation revealed that Fe’* detection resulted in markedly greater fluorescent quenching than that of other metal ions. These
results strongly demonstrate that bracken-derived CQDs function as effective and selective fluorescent probes for Fe** detection.

KEYWORDS: Environmental Engineering & Science, Green Chemistry, Carbon Quantum Dots, Metal Ion Adsorption,
Fluorescence Sensing.

B Introduction synthesis” routes.”'’ Therefore, the development of CQD-

In various environmental matrices, such as air, soil, and water, based fluorescence (FL) sensors for heavy metal ion detection
large quantities of heavy metals from industrial, agricultural, addresses critical environmental monitoring needs while offer-
and urban activities can cause severe environmental pollution.'? ing early-warning systems to safeguard human and ecological
While pollutants in water or air are transported and diluted by health. Recently, biomass has emerged as an important renew-
flow, heavy metals introduced into the soil become strongly ad- able carbon source with broad applicability."! Biomass-derived
sorbed and fixed to soil particles, particularly clay minerals and CQDs have been extensively studied due to their intense PL,
organic matter.’ Furthermore, heavy metals entering aquatic photostability, catalytic properties, and low toxicity, which
systems are predominantly adsorbed onto particulate suspend- render them suitable for applications in sensors, catalysis, and
ed matter rather than remaining in a dissolved state, eventually bioimaging." Furthermore, they offer distinct environmental
settling at the bottom of rivers and lakes. Unlike general organ- advantages by promoting resource recycling and sustainable
ic chemicals or bacterial toxins, which can degrade over time or material development. Biomass can be readily converted into
be detoxified by the immune system, heavy metals are elemen- CQDs wvia various synthetic methods, such as hydrothermal
tal and thus non-biodegradable and persistent.* Among heavy treatment, microwave-assisted synthesis, and pyrolytic carbon-
metals, ferric ion (Fe*) can be introduced into water systems ization.”
at concentrations significantly higher than natural levels due to Bracken (scientific name: Preridium aquilinum) is a peren-
industrial activities such as acid mine drainage, factory waste- nial fern with a ubiquitous global distribution. While it has
water, and metal corrosion.” Because excessive Fe** disrupts historical significance as a dietary source in some regions, it is
aquatic ecosystems and contaminates drinking water sources, frequently categorized as an invasive and opportunistic weed
it is a critical target for detection in environmental monitoring in many Western areas, often requiring intensive physical or
networks. In addition, from a monitoring perspective, detecting chemical removal. From a material science perspective, utilizing
Fe3 is more practical for real-world environmental analysis, as this abundant and underutilized biomass as a carbon precursor
Fe? is rapidly oxidized to Fe**—the final pollutant form—by offers a sustainable and value-added upcycling strategy.
atmospheric oxygen.® Bracken is a particularly effective biomass precursor for

The intense, tunable photoluminescence (PL) of quantum CQD synthesis due to its complex lignocellulosic framework. It
dots (QDs) enables them to serve as highly sensitive probes is rich in cellulose, lignin, and a variety of phenolic compounds,
for detecting low concentrations of metal ions.”® Among vari- which serve as excellent carbon and oxygen sources. During the
ous types of QDs, carbon quantum dots (CQDs) have received hydrothermal process, these organic polymers undergo dehy-
increasing attention because they are low-cost, non-toxic, pho- dration and carbonization, facilitating the formation of stable
tostable, and can be synthesized through eco-friendly “green sp’-conjugated carbon domains that constitute the fluorescent
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core of the CQDs. Furthermore, the presence of intrinsic he-
teroatoms and diverse functional groups within the bracken
matrix promotes self-doping and surface functionalization,
potentially enhancing the optical properties of the resulting
nanoparticles without the need for excessive external reagents.
Consequently, transforming this widely available invasive
species into functional CQDs represents a cost-effective and
eco-friendly approach to environmental monitoring.

In environmental monitoring, rapid and accurate detection
technologies are indispensable. Although conventional meth-
ods, such as electrochemical sensors and mass spectrometry,
offer high precision, they are often constrained by high costs,
the requirement for skilled personnel, and time-consuming
procedures. To address these limitations, FL-based sensing
systems have emerged as a promising alternative, character-
ized by operational simplicity and high sensitivity."* In this
study, we synthesize N, S, and P-codoped CQDs utilizing
carbonized bracken powder and sulfanilamide. Following
the systematic characterization of their structural and optical
properties, we evaluated their sensing performance, specifically
targeting Fe**. Due to their paramagnetic nature and unfilled
d-orbitals, Fe* ions act as effective electron acceptors and en-
ergy-transfer agents, serving as potent fluorescent quenchers.
This interaction induces a pronounced quenching effect,
thereby facilitating the highly sensitive and selective detection
of Fe’.
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Figure 1: (a) Synthetic route of bracken-derived carbon quantum dots
(CQDs) and (b) schematic illustration of PL emission (without any complex
with ferric ions) and fluorescent quenching (by chelating with ferric ions)
when CQD is photo-excited in an aqueous solution.

B Methods

Materials:

Dried bracken, used as the carbon precursor, was sourced
from Jeju, Republic of Korea, a region renowned for its abun-
dant and high-quality wild bracken production. Sulfanilamide
(Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) was used
as the N, S-dopant. Various metal salts were purchased to eval-
uate the ion-sensing selectivity of the CQDs: nickel(II) nitrate
hexahydrate, sodium nitrate, and cobalt(Il) nitrate hexahy-
drate, all obtained from Samjeon Pure Chemical Co., Ltd.
(Pyeongtaek, Republic of Korea). Silver nitrate, magnesium
sulfate, and potassium chloride were purchased from Duksan
Pure Chemical Co., Ltd. (Ansan, Republic of Korea). Zinc ni-
trate hexahydrate, chromium nitrate nonahydrate, and barium
nitrate were obtained from Daejung Chemicals & Metals Co.,
Ltd. (Siheung, Republic of Korea), while aluminum nitrate
nonahydrate and iron nitrate nonahydrate were purchased
from Junsei Chemical Co., Ltd. (Tokyo, Japan). All chemicals
were used without further purification, and all organic solvents

used were of ACS reagent grade.

Synthesis and Purification of Bracken-Derived CQDs:

Bracken-derived CQDs were synthesized as follows (Figure
1). Dried bracken was ground into a powder using a grinder.
A 10 g sample of bracken powder was placed in a crucible and
carbonized at 300 °C for 1 h in a furnace under an air atmo-
sphere. The carbonized powder was finely ground and stored
for further processing. The powder (3 g) was dispersed in 60
mL of distilled water, and a sulfanilamide solution (0.4 g) in
20 mL of ethanol was added. After stirring, the mixture was
transferred to a hydrothermal reactor and heated at 200 °C
for 4 h. The resulting solution was filtered through a 0.2 pm
cellulose acetate membrane, and the filtrate was centrifuged
at 13,500 rpm for 30 min using a Labogene mini centrifuge
(Republic of Korea) to remove residual large particles. The
supernatant was collected and dialyzed against distilled water
for 24 h using a membrane with a molecular weight cut-off
(MWCO) of 500 Da. During dialysis, the distilled water was
replaced several times to ensure the removal of small impuri-
ties. The CQD solution was transferred from the dialysis tube
into a round-bottom flask, and the solvent was removed using
a rotary evaporator (IKA RV10, Germany). Finally, the CQD

powder was collected from the round-bottom flask.

Structural and PL Characterization:

Surface functional groups and elemental composition
were analyzed using Fourier transform infrared spectroscopy
(FT-IR; FT/IR-6600, Jasco Co., Tokyo, Japan) and X-ray
photoelectron spectroscopy (XPS; Nexsa, Thermo Fisher
Scientific, Hillsboro, OR, USA), respectively. The crystalline
structure was examined via X-ray diffraction (XRD; Panalyt-
ical Empyrean, Malvern Co., Malvern, Worcestershire, UK),
while particle morphology and size distribution were charac-
terized using transmission electron microscopy (TEM; Titan
G2 ChemiSTEM, Thermo Fisher Scientific, Hillsboro, OR,
USA). PL lifetime and absolute quantum yield (QY) were
determined using a time-resolved fluorescent spectrometer
(FLS-1000, Edinburgh Instruments, Livingston, Scotland,
UK). The measurement was conducted using the absolute
QY measurement method utilizing the equipped integrating
sphere module. UV-vis absorption spectra were recorded with
a Shimadzu UV-3600i Plus spectrophotometer (Kyoto, Japan),
and PL emission spectra were obtained using a Jasco FP-6500

fluorometer (Tokyo, Japan).

Ferric Ion Detection:

Before the sensing experiments, FL stability was assessed
under continuous 365 nm UV irradiation and across a pH
range of 0.5-12.4. The effect of ionic strength on PL response
was also investigated using varying KCI concentrations (0-1
M) to evaluate potential applicability in bioimaging. The Fe**
sensing performance was examined by monitoring fluorescent
quenching over a concentration range of 0-300 pM and calcu-
lating the detection sensitivity (limit of detection). Selectivity
tests were performed using 0.5 mM solutions of interfering
metal ions.

DOI: 10.36838/IJHSR816.129

130



ijhighschoolresearch.org

B Results and Discussion

Structural Properties of Bracken-Derived CQDs:

The size and chemical structure of CQDs are critical fac-
tors in determining their fluorescent properties. As shown in
the size distribution graphs (Figures 2a and 2b), dark grains
of CQDs are well-dispersed, with an average particle size
of approximately 9.30 nm. Given that this is larger than the
typical size of CQDs (3-5 nm), this suggests that partial ag-
gregation may have occurred. Moreover, as shown in Figure
2¢, the CQDs display distinct lattice fringes across the entire
particle area, indicating a graphitic-like crystalline structure.
The d-spacing of the CQDs was measured to be 0.249 nm,
corresponding to the (100) or (1120) plane (in-plane lattice
of the hexagonal carbon ring in a graphene sheet).”® In the
XRD pattern, a broad peak is observed around 20 = 21°, cor-
responding to a d-spacing of 0.42 nm. This indicates that the
CQDs consist primarily of amorphous or turbostratic graphite
components associated with the (002)-like plane, suggesting
a disordered carbon framework. This structural characteristic
may be attributed to the presence of surface functional groups
and heteroatom doping, which will be further verified through
FT-IR and XPS analyses in the following sections (Figure
3a).1

Averge particle size: 9.30 nm

derived CQDs. (a) Transmission electron microscopy (TEM) image showing
well-dispersed nanoparticles. (b) Particle size distribution histogram fitted
with a Gaussian curve, indicating an average diameter of 9.30 nm. (c) High-
resolution TEM (HRTEM) image displaying distinct lattice fringes with an
interplanar spacing of 0.249 nm. TEM and HRTEM analyses of the bracken-
derived CQDs show well-dispersed nanoparticles and lattice fringes.

The surface functional groups of the CQDs were further
characterized by FT-IR spectroscopy. As shown in Figure
3b, a weak peak appears at 1640 cm™ due to the stretching
vibration of C=C bonds, which originate from the aromatic
sp” (n-bonded) carbon domains within the CQD core. The
absorption band at 3340 cm™ is attributed to the overlapping
vibrations of O-H and N-H functional groups.”” Addition-
ally, the bending vibrations corresponding to N-H and C-N
groups at 1570 cm™ confirm the presence of nitrogen doping.'®
Due to the sulfanilamide doping, symmetric and asymmetric
stretching vibrations of SO, groups are observed at 1150 cm™
and 1300 cm™, respectively.”” Peaks at 1100 cm™ and 1450
cm™ indicate the formation of C—O-P and P=O functional
groups on the surface of the CQDs.? These functional groups
likely originate from inorganic phosphate present in the brack-
en, which may condense into pyrophosphate species or form

phosphate ester bonds with hydroxyl and carboxyl groups

during carbonization. Additionally, organic phosphate esters
may decompose and dehydrate during the process, leading to
the incorporation of P-doping sites on the CQD surface.
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Figure 3: Spectroscopic characterization of the bracken-derived CQDs. (a)
X-ray diffraction (XRD) pattern showing a broad diffraction peak centered at
20 = 21°, corresponding to an interlayer spacing (d-spacing) of 0.42 nm. (b)
FT-IR spectrum identifying surface functional groups. XRD analysis reveals
an amorphous or turbostratic carbon structure, while FT-IR spectra confirm
the presence of N, S, and P-containing functional groups.
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Figure 4: XPS analysis of the synthesized N, S, and P-codoped CQDs.
(a) Full-scan survey spectrum showing the elemental composition. High-
resolution spectra of (b) C 1s, (c) O 1s, (d) N 1s, (e) S 2p, and (f) P 2p. XPS
analysis confirms successful N, S, and P codoping of the CQDs.

To further investigate these surface functional groups, the
elemental composition and chemical structure of the N, S, and
P-codoped CQDs were analyzed using XPS. As shown in Fig-
ure 4a, binding energy peaks corresponding to Ols, N1s, and
C1s were observed at 545.0, 402.2, and 298.1 €V, respectively.
Quantitative elemental analysis revealed that the CQDs con-
tained 15.24 at% oxygen, 8.04 at% nitrogen, and 75.98 at%
carbon. In addition, due to the introduction of dopants and the
intrinsic components of bracken, small amounts of sulfur (0.59
at%) and phosphorus (0.14 at%) were incorporated into the
CQDs.* In other words, the resulting CQDs feature inten-
tional N, S-doping and natural P-enrichment, inherited from
the intrinsic phosphorus content (~0.2% by dry weight) of the
bracken precursor.’? In the high-resolution spectra (Figures
4b and 4c), three major peaks for carbon were identified at
284.6 eV (C-C/C=C), 285.9 ¢V (C-N/C-0), and 287.3 eV
(C=0), while the oxygen peaks were mainly associated with
C=0 (530.8 €¢V) and C-O- (531.9 ¢V) bonds. These results
are consistent with the FT-IR analysis, confirming that the
CQD surface is rich in hydrophilic groups, including hydroxyl

and carboxyl moieties.
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Figure 5: Optical properties of the bracken-derived CQDs. (a) UV-vis
absorption spectrum showing a characteristic peak at 251 nm. (b) PL emission
spectra were recorded under various excitation wavelengths from 340 to 450
nm. The inset displays photographs of the CQD solution under natural light
(left) and 365 nm UV light (right). (c) PL excitation (blue line) and emission
(red line) spectra, with maxima at 366 nm and 451 nm, respectively. (d) Time-
resolved fluorescence decay profile fitted with a mono-exponential function,
yielding an average lifetime (t) of 3.81 ns. The CQDs exhibit a uniform
radiative transition process with a peak emission at 450 nm.

Decay time (ns)

Furthermore, the N1s spectrum (Figure 4d) clearly shows
major peaks at 398.3 eV (pyridinic nitrogen), 399.6 eV (pyr-
rolic nitrogen), and 400.4 eV (graphitic nitrogen), indicating
successful nitrogen doping as a key heteroatom. To investigate
the minor dopants, the S2p and P2p spectra were analyzed
(Figures 4e and 4f). Although present in trace amounts,
distinct chemical states were observed. For sulfur, a peak cor-
responding to sulfoxide/sulfone (C-SO,) was observed at
168.2 eV, while a sulfate (-SO4*) peak appeared at 169.6 eV
due to surface oxidation.” Additionally, the phosphorus signal
showed a peak at 133.2 €V, attributed to P-O-C and P=0O
functional groups, which typically form during moderate-tem-

perature synthesis (200-400 °C).

Optical Properties and Stability of CQDs:

An aqueous solution containing 0.1 mg/mL CQDs was
used to investigate the optical properties of the CQDs. As
shown in Figure 5a, the UV—vis absorption spectrum exhibits
a single peak at 251 nm, which is typically attributed to the
n—7t" electronic transition of carbonyl (C=0) or nitroso (N=0O)
groups within the sp>~hybridized domains of the CQDs.> In
addition, the inset photographs in Figure 5b display the ap-
pearance of the CQD solution under natural light (left) and
UV light (A = 365 nm). While the aqueous solution appears
dark brown under natural light, it exhibits strong blue photo-
luminescence (PL) under UV irradiation. Given the average
particle size from the TEM images, the blue emission likely
arises from abundant surface defects and functional groups
formed by the carbon precursor and dopant, rather than quan-
tum confinement. Furthermore, the large particles observed in
the TEM images may be characteristic of carbon polymer dots
(CPDs), consisting of aggregates of individual blue-emissive
CQDs. As the excitation wavelength (L) is varied from 340
to 450 nm, the emission peaks shift from 420 to 520 nm (Fig-

ure 5b). The highest PL intensity was observed at an excitation
wavelength of 360 nm. This characteristic behavior of CQDs
is primarily determined by variations in particle size and the
distribution of emission trap sites.*
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Figure 6: Effect of pH on the PL intensity of the bracken-derived CQDs.
(a) PL emission spectra were recorded at different pH values ranging from
0.5 to 12.4. (b) Variation of the maximum PL intensity as a function of pH,
indicating the pH-dependent fluorescence behavior. This result suggests that
the PL intensity is stable near neutral pH but drops at extreme pH levels due
to surface group changes.
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To investigate the PL properties in more detail, PL exci-
tation (PLE) and emission spectra were obtained. As shown
in Figure 5c¢, the PLE spectrum exhibits an absorption peak at
366 nm, corresponding to electron transitions from the highest
occupied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO) within the nt-orbitals (or sp?
domains). Upon excitation at this wavelength, the maximum
emission peak appears at 451 nm, with a full width at half max-
imum (FWHM) of approximately 125 nm. Furthermore, the
fluorescence lifetime of the CQDs was determined to be 3.81
ns based on the FL decay profile measured at an excitation
wavelength of 370 nm and an emission wavelength of 450 nm
(Figure 5d). This single-exponential decay behavior indicates a
relatively uniform radiative transition process in the CQDs.*
In addition, the fluorescent QY under 370 nm UV excitation
was measured to be 0.03% in an aqueous solution and 0.19%
in a 1:1 (v/v) ethanol/distilled water mixture. The PL emission
of these CQDs is attributed to the radiative recombination at
passivated surface energy traps.?’
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Figure 7: Photostability evaluation of the bracken-derived CQDs under
continuous UV irradiation. (a) PL emission spectra recorded at 1-h intervals
over a period of 5 h (A = 365 nm). (b) Time-dependent variation of the
PL intensity. The shaded region indicates the stabilization of PL emission
after 2 h of UV irradiation. This result shows that the emission stabilized
under prolonged UV irradiation, following the initial 2 h decline caused by
UV degradation.
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Figure 8: Stability analysis of CQDs (0.1 mg/ml) via fluorescence emission
spectra under varying ionic strengths (0-1 M KCI).

To determine the optimal operating conditions for the sen-
sor, the effect of pH on the PL intensity of the CQDs was
investigated over a wide pH range (0.5-12.4). As shown in
Figure 6a, the PL intensity shows a strong dependence on
solution pH. The corresponding trend in Figure 6b clearly
indicates that the PL emission reaches its maximum at pH
7.75 and remains relatively stable near neutral conditions (pH
5.3=7.75). However, a significant decrease in PL intensity is
observed under strongly acidic (pH < 3) or alkaline (pH > 10)
conditions. This phenomenon can be attributed to the pro-
tonation and deprotonation of the abundant surface functional
groups (e.g.,~COOH,-NH,,—OH). In highly acidic environ-
ments, protonation of carboxyl and amino groups can induce
CQD aggregation or alter their surface electronic states, lead-
ing to fluorescent quenching.”® Conversely, under strongly
basic conditions, the deprotonation of surface moieties can
facilitate non-radiative electron recombination pathways, re-
sulting in reduced emission. The high stability observed near
neutral pH suggests that the synthesized CQDs are well-suit-
ed for environmental and biological applications that require
physiological pH conditions.

Additionally, to evaluate the fluorescent stability of the
CQDs, the emission intensity was measured at 1-h intervals
over 5 h under continuous UV irradiation (Aex = 365 nm)
(Figure 7a). Although the emission intensity decreased grad-
ually over time, it retained 71.2% of its initial value. During
the initial 2 h, the emission decreased significantly due to UV
degradation; however, the emission stabilized upon prolonged
UV irradiation (Figure 7b), demonstrating UV photostability.
Therefore, the CQDs exhibit excellent long-term fluores-
cent stability and low susceptibility to degradation, indicating
strong potential for practical applications. It is noteworthy that
the fluorescence degradation occurred primarily during the
initial 2 h. This initial drop can be attributed to the photo-ox-
idation or photobleaching of thermally unstable functional
groups or surface defects on the CQDs.?? However, after this
"burn-in" period (0-2 h), the PL intensity reached a steady
state (indicated by the grey shaded region), showing negli-
gible further variations. This suggests that the core structure
and stable surface passivation layers of the CQDs are robust
against prolonged UV exposure. Consequently, despite the
initial attenuation, the CQDs exhibit sufficient long-term
photostability to serve as reliable fluorescent probes. Further-

more, the fluorescence intensity of CQDs was monitored in
aqueous KCI solutions with various concentrations ranging
from 0 to 1 M (Figure 8). Across the entire concentration
range, the change in fluorescence intensity (IPL,ave =329.1
3.1 at Aex = 360 nm, Aem = 436 nm) was negligible. This result
indicates that the CQDs exhibit excellent stability even under
high-salt conditions, suggesting their strong potential for vari-
ous applications in complex and harsh environments.
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Figure 9: Fluorescence sensing performance of the bracken-derived CQDs
toward Fe®* ions. (a) PL emission spectra of the CQDs (0.1 mg/mL) in the
presence of various Fe** concentrations ranging from 0 to 300 uM. (b) Linear
calibration plot of PL intensity versus Fe** concentration. This result displays
that PL excited at 360 nm showed a gradual decrease in emission intensity at
440 nm as the Fe** concentration increased.

Metal Ion Sensing Properties:

In general, Fe(IIl) ions induce interparticle crosslink-
ing/aggregation through mono- or bidentate chelation with
carboxylate (~COO") groups present on the surface of the
CQDs. For the principal dopant nitrogen (N), monodentate
coordination can occur via -NH,; moreover, cooperative in-
teractions between NH, and -COO~/C=0 groups can lead to
the formation of mixed O,N-chelation complexes.’**' Addi-
tionally, for trace sulfur doping, —SOx can strongly coordinate
with Fe*, and adjacent —S— together with -COO7/-OH can
bind simultaneously to produce multidentate chelates.** In the
phosphorus-doped regions, bidentate coordination (two O at-
oms binding to a single Fe*) is also feasible.

Based on these various coordination possibilities, the con-
centration dependence of adsorption was investigated by
monitoring PL attenuation of a CQD solution (0.1 mg/mL)
upon exposure to Fe* over 5-300 pM (Figure 9a). As the
Fe’* concentration increased, PL excited at 360 nm showed a
gradual decrease in emission intensity at 440 nm. As shown in
Figure 9b, a linear calibration curve, y = -0.35x + 174.14, ob-
tained over 5-300 pM yielded a sensitivity of 0.35 IPL/pM and
an R? of 0.998. Using this calibration, the limit of detection
(LOD) and limit of quantitation (LOQ) were calculated as 3.3
(8/|m|) and 10 (S/|m|), respectively, where S is the standard
deviation of the y-intercept and || is the slope of the regres-
sion line.* The corresponding values were 8.52 pM for LOD
and 25.80 pM for LOQ.
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Figure 10: Selectivity evaluation of the bracken-derived CQDs toward
various metal ions. The bar chart displays the relative PL intensity (P/Po) in
the presence of different metal ions (0.5 mM). PL intensity at Aey = 440 nm
was collected under UV light (A = 360 nm) after the adsorption of each
metal ion in CQD solutions (0.1 mg/mL). This result suggests that Fe** ions
induced a distinct fluorescent quenching effect compared to other metal ions.

Specific oxygen-containing functional groups on the surface
of CQDs can serve as selective coordination sites for transi-
tion-metal ions, making them promising candidates for ion
detection. As shown in Figure 10, to investigate PL inten-
sity changes caused by metal ion adsorption, a doped CQD
aqueous solution (0.1 mg/mL) was prepared, and various met-
al ions (0.5 mM) — Co*, Cr*, Ba*, Al*, Ag*, Fe*, Ni**, K*,
Mg?*, Zn*, and Na* — were introduced to evaluate selective
adsorption behavior. Among them, Fe** ions induced a dis-
tinct fluorescent quenching effect compared to other metal
ions. Specifically, the PL intensity decreased by approximately
78.4% relative to the baseline of the CQDs upon Fe* adsorp-
tion. In contrast, the PL responses for Co*, Cr*, Ba*, Al*,
Ag*, Ni*, and K* ions remained within the range of 68—-88%
of the initial value. Furthermore, in the presence of Mg*, Zn*,
and Na* ions, the PL intensity exhibited almost no change, in-
dicating that the synthesized CQDs were not affected by the

adsorption of these ions.

B Conclusion

In this study, we successfully synthesized N, S, and P-co-
doped CQDs wvia a facile hydrothermal route, using bracken,
an abundant biomass, as a green carbon precursor and sulfanil-
amide as a dopant. The structural analyses (TEM, XRD, XPS,
and FT-IR) confirmed that the CQDs possess a graphitic core
with an average diameter of 9.30 nm and are rich in hydrophilic
surface functional groups ((COOH and ~OH) and heteroat-
oms (N, S, and P). These surface states endowed the CQDs
with excellent water solubility and stable blue PL centered
at 451 nm. The CQDs exhibited remarkable stability against
high ionic strength and long-term UV irradiation, highlighting
their suitability for practical sensing applications. Notably, the
CQD-based sensor exhibits stable and high sensitivity within
the pH range of 5.30-7.75. This range is particularly signifi-
cant as it encompasses the physiological pH of biological fluids
and the typical pH levels found in natural water bodies. The
ability to detect Fe** within this near-neutral window without
extensive pH adjustment highlights the practical utility of the
proposed probe for real-time environmental monitoring and

bio-analytical applications. In sensing experiments, the CQDs
demonstrated high selectivity and sensitivity toward Fe*, at-
tributed to strong fluorescent quenching induced by Fe
coordination to surface carboxyl, amine, and doped function-
al groups. The sensor showed a wide linear response range of
5-300 uM with the LOD of 8.52 uM. Despite these promising
results, a current limitation of this study is the relatively low
QY (0.03%), which may restrict the sensor's performance in
environments with high optical background noise. To address
this, our future research will focus on optimizing the hydro-
thermal reaction parameters and exploring advanced surface
passivation techniques to enhance the radiative recombination
rate. Furthermore, validation in complex environmental ma-
trices, such as tap and river water, remains a priority to assess
the practical robustness of the probe. Consequently, this work
suggests that converting bracken into functional CQDs is a
promising, eco-friendly strategy for developing low-cost flu-
orescent probes for environmental monitoring of heavy metal
ions.
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