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Green fluorescent carbon dots (GCDs) were synthesized using o-phenylenediamine and ethylenediamine
through a one-step hydrothermal method, thereby eliminating the need for further processing. The
GCDs exhibited strong green fluorescence that was effectively quenched by Hg?* and Fe®*, with
minimal interference from other metal ions, anions, and small biological molecules. By optimizing the

buffer solution, interference from Fe®* was mitigated, which enhanced the robustness of the GCDs as
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Accepted 7th Novernber 2024 a fluorescence probe for Hg=* detection. The detection range for Hg=" was 0-100 uM, with a detection
limit of 300 nM. The quenching mechanism was thoroughly investigated, and the GCDs were

DOI: 10.1035/d4ra06635a successfully applied to detect Hg®* in real water samples, yielding satisfactory results. This work
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1 Introduction

Heavy metal contamination, particularly mercury (Hg>"), poses
a significant threat to environmental and public health due to
its high toxicity and persistence in ecosystems. Mercury can
enter aquatic systems through industrial discharge, mining
activities, and agricultural runoff, leading to bioaccumulation
and presenting serious risks to both ecological systems and
human health. Hg*>" has been reported to cause numerous
health issues, including neurological damage, liver failure, and
brain disorders.'”® Therefore, the detection and quantification
of Hg®" in environmental samples is crucial for monitoring
pollution levels and ensuring compliance with environmental
regulations.

Various conventional methods have been developed for
detecting Hg®" in aqueous media, including atomic absorption
spectroscopy (AAS),* inductively coupled plasma mass spec-
trometry (ICP-MS)® and electrochemical techniques.® Although
these methods demonstrate high sensitivity and accuracy, they
often require sophisticated instrumentation, time-consuming
sample preparation, and high operational costs. This has
created a demand for the development of more accessible, cost-
effective, and rapid analytical techniques. In recent years,
fluorescence sensors have gained significant attention due to
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highlights the potential of GCDs for practical environmental monitoring and water quality analysis.

their low cost, high sensitivity, straightforward operation, rapid
analysis, and non-destructive nature.”® Currently, a variety of
fluorescence probes are being actively developed, such as
organic dye molecules,” metal nanoparticles," and semi-
conductor quantum dots.”” However, these fluorescent mate-
rials often suffer from challenges such as toxicity, low
sensitivity, low selectivity, hydrophobicity, and high cost.

Carbon dots (CDs) have emerged as a promising alternative
for fluorescence-based sensing owing to their unique optical
properties, including high fluorescence quantum yields, excel-
lent photostability, and tunable emission spectra.”**® These
properties render CDs suitable for the development of sensitive
and selective fluorescent probes. The ability of CDs to interact
with specific ions or molecules, resulting in fluorescence
quenching or enhancement, forms the basis of many fluores-
cence detection methods. To date, numerous CDs have been
successfully employed for the detection of Hg>* in aqueous
solutions. For instance, Hao et al. synthesized blue fluorescent
CDs exhibiting a quantum yield of 15% using citric acid and
urea, achieving a linear detection range of 0.5-40 uM and
a detection limit of 0.138 uM." Liu et al. synthesized yellow
fluorescent CDs by carbonizing hydrogen peroxide with o-phe-
nylenediamine and p-aminobenzoic acid, achieving a detection
range of 20-150 puM and a low detection limit of 0.12 uM,
applicable to actual water samples.’® However, most reported
method for the detection of Hg*", while providing low detection
limits, exhibit narrow detection ranges and often rely on blue
light emission. Even when long-wavelength emissive CDs are
synthesized, post-synthesis processing remains complex, often
requiring chromatographic purification,” which significantly
limits their practical application.

Herein, we report a straightforward synthesis approach for
green fluorescent nitrogen-doped carbon dots (GCDs) utilizing
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o-phenylenediamine and ethylenediamine as precursors.
Subsequently, through a systematic investigation of the effects
of pH and buffer types on quenching efficiency, the optimal
conditions of Hg”" detection were identified to minimize
interference from other ions. The primary mechanism respon-
sible for Hg>* detection was elucidated through various
analytical techniques. The satisfactory results demonstrated the
practical applicability of the proposed method in real water
samples. This research highlights the potential of GCDs as an
effective and practical tool for detecting Hg>". By providing
a cost-effective, rapid, and sensitive alternative to traditional
methods, the developed GCD-based probe could significantly
enhance environmental monitoring efforts and safeguard
public health. This study not only advances the field of
fluorescence-based sensing, but also contributes to the devel-
opment of accessible analytical techniques for detecting
hazardous pollutants across diverse environmental matrices.

2 Experimental section
2.1 Material and reagent

All reagents used in this experiment were of analytical grade. o-
Phenylenediamine was purchased from Tianjin Guangfu Fine
Chemical Research Institute. Small molecules were obtained
from Aladdin Reagents (Shanghai) Co., Ltd. PBS buffer solu-
tions (0.01 M) were acquired from Beijing Solarbio Science &
Technology Co., Ltd. Other reagents and chemicals were
purchased from Tianjin Tianda Chemical Reagent Factory. The
water used throughout the experiment was doubly distilled
water (>18 MQ cm).

2.2 Instrumentation and spectrometry

The morphology, particle size, and lattice spacing of the GCDs
were characterized using a JEM-2100 high-resolution trans-
mission electron microscope (HRTEM) operated at an acceler-
ating voltage of 200 kV. Raman spectroscopy was conducted
using a DXR2 confocal Raman spectrometer. To examine the
surface functional groups of the GCDs, Fourier-transform
infrared (FT-IR) spectroscopy was performed using a Nicolet
AVATAR 360 spectrometer, with KBr powder serving as the
sample matrix. The elemental composition and relative ratios of
the GCDs, along with further insights into their surface func-
tional groups of the GCDs, were analyzed using X-ray photo-
electron spectroscopy (XPS). Fluorescence spectra of the GCDs
were recorded at room temperature using a Shimadzu RF-5301
fluorescence spectrophotometer (FL). Ultraviolet-visible (UV-vis)
absorption spectra were obtained using a Shimadzu UV-2550
UV-vis spectrophotometer.

2.3 Preparation of GCDs

GCDs were synthesized by a simple hydrothermal preparation
method. Initially, 0.8 g of o-phenylenediamine, 800 pL of
anhydrous ethylenediamine and 30 mL of deionized water were
added to a beaker. The mixture was subjected to ultrasonication
until complete dissolution. The resulting solution was subse-
quently transferred to a 50 mL Teflon-lined reaction vessel and
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heated at 200 °C for 5 h. After the reaction was complete, the
mixture was allowed to cool to room temperature. The resulting
deep brown GCDs solution was filtered through a 0.22 um
microporous filter.

2.4 Detection of Hg>*

As a typical procedure, 20 pL of GCDs solution was diluted with
deionized water (pH 7) to prepare a GCDs stock solution for use.
Then, 50 uL of the GCDs stock solution was mixed with 100 pL
of PBS buffer solution (pH 7.2-7.4, 0.01 M). Various concen-
trations of Hg>" solutions were added, and the mixture was
diluted to 4 mL with deionized water. After incubation for 5 min
at room temperature, the fluorescence emission spectra were
measured with an excitation wavelength set to 390 nm. The
emission wavelength range was recorded from 410 nm to
700 nm, with both the excitation and emission slit widths set at
5 nm.

2.5 Real sample detection

Real water samples were collected from laboratory tap water,
dormitory tap water, surface water, Majiagou river and Nanhu
lake. The water samples were filtered through a 0.22 pm
microporous filter to remove particulate matter. Subsequently,
50 pL of GCDs, 100 pL of PBS buffer solution, and varying
concentrations of Hg”" were added to a 5 mL centrifuge tube,
and the volume was adjusted to 4 mL with the actual water
sample. The fluorescence emission spectra were measured with
an excitation wavelength of 390 nm, an emission wavelength
range of 410-700 nm, and both the excitation and emission slit
widths set at 5 nm. The spiked recovery rate and relative stan-
dard deviation were calculated.

3 Results and discussion
3.1 Structure characterization of GCDs

The morphology of the synthesized GCDs was characterized by
TEM. As shown in Fig. 1a, the GCDs are uniformly dispersed
spherical nanoparticles of similar sizes. The size distribution of
150 GCDs was analyzed, resulting in a size distribution plot and
a Gaussian fitting curve, as depicted in Fig. 1b. The size distri-
bution ranges from 1.8 to 3.9 nm, with an average diameter of
2.8 nm. High-resolution TEM (HR-TEM) images in the inset of
Fig. 1b reveal clear lattice fringes with a lattice spacing of
0.22 nm, consistent with the (100) plane of graphite. The X-ray
diffraction (XRD) pattern in Fig. 1c displays a broad diffraction
peak at 260 = 21.3°, which is associated with the graphitic
structure. FT-IR spectroscopy results in Fig. 1d indicates a broad
peak at 3437 cm ', attributed to O-H and N-H stretching
vibrations. An absorption peak at 1630 cm™' is assigned to
C=N and C=0 stretching vibrations. Peaks at 1503 cm~ " and
1384 cm ™' correspond to C=C and C=N stretching vibrations,
respectively. The absorption peak at 1119 cm™ " represents C-N/
C-0 groups, while the peak at 1044 cm ' is related to C-O group
stretching vibrations.

XPS was employed to analyze the surface elemental compo-
sition and chemical states of the GCDs. Fig. 2a displays

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
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(@) TEM and HR-TEM (inset), (b) particle size distribution histograms, (c) XRD pattern and (d) FTIR spectrum of GCDs.
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Fig. 2 Total XPS (a), Cys (b), Ngs (c), Os XPS spectrum (d) of GCDs.

characteristic peaks for C;5 (285.4 €V), Ny4 (401.8 eV), and Oy,
(532.1 eV), with atomic percentages of 34.3%, 18.0%, and

47.7%, respectively. The high-resolution C;4 spectrum (Fig. 2b)

shows four distinct peaks at 284.5 eV, 285.1 €V, 286.2 eV, and
287.7 eV, corresponding to C=C, C-C, C-N/C-O, and C=N
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bonds, respectively. The high-resolution N, spectrum (Fig. 2c)
exhibits two peaks at 400.7 eV and 401.6 eV, attributed to N-H
and C-N bonds. The O, spectrum (Fig. 2d) splits into two peaks
at 531.7 eV and 532.3 eV, suggesting the presence of C=0 and
C-0O-C/C-OH groups on the surface of GCDs. Collectively, these

RSC Adv, 2024, 14, 36273-36280 | 36275
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Fig. 3
spectra of GCDs at different excitation wavelengths.

results indicate that the GCDs possess a surface rich in nitrogen
and oxygen-containing functional groups, endowing excellent
water solubility to the GCDs.

3.2 Optical properties of GCDs

The optical properties of the GCDs were investigated using UV-
vis absorption and fluorescence spectroscopy. As shown in
Fig. 3a, two absorption peaks at 233 nm and 289 nm are
attributed to the 7-7* transition of C=C bonds and the n-7*
transition of C=0 bonds, respectively.’* The GCDs exhibit
optimal excitation and emission wavelengths of 390 nm and
518 nm, respectively. Consequently, under UV light at 365 nm,
the GCDs emit bright green fluorescence, while the GCDs
solution appears deep brown under daylight (inset of Fig. 3a).
Additionally, as the excitation wavelength increases from
330 nm to 460 nm, the emission wavelength shifts from 518 nm
to 580 nm (Fig. 3b). The various functional groups and irregu-
larities on the surface can introduce localized energy levels
within the bandgap. These surface states may trap excitons and
alter the recombination dynamics, leading to a shift in the
emission wavelength as the excitation energy increases. Simi-
larly, smaller CDs often exhibit quantum confinement effects,
leading to blue-shifted emission, while larger CDs can show red
shifts due to decreased bandgap. Thus the excitation
wavelength-dependent behavior may be attributed to the
interplay between surface defects and size variations.**>* The
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absolute fluorescence quantum yield of the GCDs was calcu-
lated to be 23.1%

Fluorescence stability is crucial for the performance of
fluorescence sensors. To investigate the fluorescence stability of
the GCDs, we assessed key factors including the effects of salt
solutions (NaCl), pH, exposure to 365 nm UV light, and storage
time on their fluorescence intensity. Fig. Siaf illustrates the
fluorescence intensity of the GCDs in NaCl solutions ranging
from 0 to 2 M. It was observed that the fluorescence intensity of
the GCDs decreases slightly with increasing NaCl concentra-
tion. Even at a high concentration of 2 M NaCl, the fluorescence
intensity remains approximately 90% of its initial value.
Fig. Sibt shows the fluorescence intensity of the GCDs at
different pH levels. As the pH value increases from 1 to 13, the
fluorescence intensity first increases and then decreases,
reaching a maximum at pH 7. This trend may be attributed to
the protonation and deprotonation of carboxyl and amino
groups on the surface under acidic and alkaline conditions,
respectively.> Fig. Slct depicts the change in fluorescence
intensity of the GCDs upon continuous exposure to 365 nm UV
light for 90 min. The fluorescence intensity remains relatively
stable, indicating that GCDs possess good photobleaching
resistance. Additionally, the fluorescence intensity still retains
approximately 93% of its initial value after storage for 35 days,
demonstrating the excellent storage stability of the GCDs
(Fig. S1df¥).
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3.3 Detection of Hg”"

The fluorescence response of the GCDs to a range of metal ions,
anions, and small molecules was investigated in a Tris-HCI
buffer solution at pH 7 (Fig. S21). Both Fe** and Hg>* were
found to significantly quench the fluorescence of the GCDs, and
Hg>" caused a greater quenching effect (Fig. S2at). Other anions
and small molecules had a minimal impact on the fluorescence
of the GCDs (Fig. S2b and ct). To determine the optimal pH for
Hg”" detection and minimize interference from Fe®", we tested
various pH levels (pH 4-13) and buffer types (Tris-HCl, HEPES,
and PBS) for their effects on fluorescence quenching. As shown
in Fig. S3a,T the fluorescence intensity of the GCDs was highest
at pH 7, and the quenching effect of Hg”" was also maximal at
pH 7. Fig. S3bt indicates that PBS buffer effectively reduces
interference from Fe*", therefore, PBS at pH 7 was selected for
subsequent tests.

As depicted in Fig. 4, only Hg®" demonstrated a significant
quenching effect on the GCDs in PBS buffer (pH = 7). Thus, the
GCDs can be utilized as a fluorescent probe for detecting Hg>".
Fig. S47 illustrates the change in fluorescence intensity ratio (F/
F,) of the GCDs before and after the addition of Hg** over time.

View Article Online
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The fluorescence intensity of GCDs gradually quenches upon
Hg”" addition and reaches a stable level after approximately
4 min, thus a reaction time of 5 min was chosen for Hg”"
detection.

Under the optimized experimental conditions, we further
evaluated the capability of the GCDs to detect Hg**. Fig. 5a
shows the fluorescence spectra of the GCDs in the presence of
0-110 pM Hg>*. The fluorescence intensity of the GCDs
decreases with increasing Hg** concentration. As illustrated in
Fig. 5b, there is a good linear relationship between F/F, and
Hg>" concentration in the range of 0-100 uM (R*> = 0.9973),
represented by the following linear equation:

FIFy = 1.00624 — 0.00792c;, >

where F and F, represent the fluorescence intensities with and
without Hg?", respectively. The detection limit (LOD) for Hg>",
calculated based on 30/Ky,, is 300 nM, where Ky, is the slope of
the calibration curve for F/F, at 390 nm versus Hg2+ concentra-
tion, and o denotes the standard deviation of the blank (n = 20)
at 390 nm in the absence of Hg”".
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Fig. 5 (a) The fluorescence spectra of the GCDs with different concentrations of Hg®* (0—110 uM), (b) the linear relationship between F/Fg and

the concentration of Hg?".

Table 1 Detection of Hg®" in actual samples

Sample Detected by this work (uM) Detected by ICP-MS (uM) Added (uM) Found (uM) Recovery (%) RSD (%, n = 3)
1 — — 5 4.89 97.80 3.65
20 21.20 106.0 2.57
80 80.45 100.6 1.27
2 — — 5 5.21 104.2 3.11
20 20.05 100.2 3.56
80 78.90 98.62 2.09
3 — — 5 4.88 97.60 2.21
20 20.78 103.9 1.67
80 80.56 100.7 1.34
4 — — 5 4.92 98.40 2.21
20 20.78 103.9 2.58
80 78.23 97.79 3.12
5 — — 5 4.77 95.40 3.44
20 21.98 109.9 3.42
80 81.24 101.6 1.45

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.4 Detection mechanism

To elucidate the quenching mechanism of GCDs in the pres-
ence of Hg”", we investigated the fluorescence decay curves, UV
absorption spectra, zeta potentials, and Fourier-transform
infrared (FTIR) spectra of the GCDs and GCDs-Hg>" system.
Plotting Fo/F against the concentration of Hg>* (Fig. S5at)
reveals a distinct upward curvature, indicating that the
quenching of GCDs results from a combination of dynamic and
static quenching mechanism.”® Specifically, the presence of
Hg>" affects the surface functional groups of GCDs, leading to
fluorescence quenching.

Fig. S5bt presents the fluorescence decay curves of GCDs
with and without Hg>". Upon the addition of 80 uM Hg**, the
fluorescence lifetime of the GCDs increased from 2.16 ns to 2.35
ns, which is contrary to the expected outcome for Forster reso-
nance energy transfer (FRET), typically characterized by
a significant reduction in fluorescence lifetime. Thus, FRET is
not the primary mechanism involved in the quenching process.

The FTIR spectra (Fig. S5ct) indicate notable changes in the
absorption peaks of nitrogen and oxygen-containing functional
groups after the addition of Hg?*, particularly at 1384 cm ™ * (C=
N), 1119 cm ™' (C-N/C-0), and 1044 cm ™' (C-O). These changes
suggest that Hg”" interact with these functional groups,
potentially forming new coordination complexes. This interac-
tion can lead to the alterations in the electronic environment
surrounding the GCDs, which may facilitate fluorescence
quenching.

Additionally, the UV-vis absorption spectra (Fig. S5d¥) indi-
cate significant changes in the spectra of GCDs upon the
addition of varying concentrations of Hg>', suggesting the
formation of new complexes. Notably, the absorption spectra of
Hg>" show minimal overlap with the optimal excitation and
emission spectra of the GCDs, effectively ruling out the inner
filter effect (IFE) as a contributing factor to the observed
quenching performance.

Zeta potential measurements (Fig. S5ef) reveal that the
GCDs are negatively charged. After the addition of 20, 50, and 80
uM Hg?*, the zeta potential gradually becomes more positive,
supporting the notion of complex formation between Hg>* and
GCDs. This positive shift in zeta potential indicates strong
electrostatic interactions, which are particularly relevant given
that Hg>* has a high binding affinity for certain functional
groups on the GCDs.

The selective quenching of fluorescence by Hg** compared to
other metal ions can be attributed to these strong interactions
and the unique energy transfer dynamics involved. While other
cations may not interact as effectively with the surface groups of
the GCDs, the binding affinity and specific coordination
chemistry of Hg>* enable a more pronounced quenching effect.
Thus, we conclude that static quenching is the predominant
mechanism for fluorescence quenching in this system, driven
by the formation of stable complexes between GCDs and Hg*".

3.5 Real water samples detection

To further demonstrate the practical application potential of
the proposed fluorescence probe, we conducted Hg”" detection
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in real water samples, including laboratory tap water, dormitory
tap water, surface water, and samples from the Majiagou river
and Nanhu lake, designated as samples 1, 2, 3, 4 and 5,
respectively. No Hg>" was detected in these samples by ICP-MS.
As shown in Table 1, the proposed method also confirmed the
absence of Hg>* in all real water samples. Through spiked
recovery tests, the recovery rates for Hg>* ranged from 95.40% to
109.9%, with relative standard deviations between 1.27% and
3.65%. These results demonstrate that GCDs exhibit good
sensitivity and accuracy in detecting Hg>" in real water samples,
confirming their potential for practical quality
monitoring.

Compared to other recently developed CDs-based fluores-
cence probes for detecting Hg”', the proposed method
demonstrates a comparable detection limit, a wider linear
range, and a simpler preparation and operational procedure
(Table 2). The low LOD ensures sensitivity even in contaminated
water sources, while the broad linear range allows for effective
quantification across varying Hg>" concentrations. Moreover,
the raw materials of GCDs are cheap and easy to obtain. The
synthesis method is facile to operate and can be completed
within 5 h. The green fluorescence emission and high quantum
yield of GCDs enhances visibility under UV light, making it
easier for observing the results. Overall, this method provides
a robust and efficient approach to Hg*" detection, contributing
significantly to environmental safety and public health.

water

4 Conclusions

In conclusion, we have developed a highly sensitive and accu-
rate fluorescence probe based on GCDs for the detection of
Hg”*. Our experimental results demonstrate that GCDs exhibit
significant fluorescence quenching in the presence of Hg>",
with the quenching mechanism primarily attributed to static
quenching. Optimal detection conditions were established
using PBS buffer at pH 7, effectively minimizing the interfer-
ence from other metal ions, particularly Fe*". The probe exhibits
a strong linear relationship between fluorescence intensity and
Hg>" concentration, with a detection limit of 300 nM. Further-
more, the feasibility of the probe was validated through real
sample applications with recovery rates ranging from 95.40% to
109.9%. These findings confirm the practical utility of GCDs as
a reliable and efficient tool for monitoring Hg>* in environ-
mental water samples. The advantages of the method, including
its simplicity, sensitivity and broad applicability, underscore its
potential for water quality assessment and environmental
monitoring.
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