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Abstract: Mercury ions represent hazardous contaminants
with significant adverse effects on human health, wildlife,
and vegetation. Therefore, it is crucial to create a sensitive
and trustworthy technique for identifying mercury ions. In
this study, nitrogen and boron co-doped carbon dots (N,B-
CDs) were created via a one-step hydrothermal approach,
employing citric acid, polyethyleneimine, and boric as pre-
cursors. The resulting N,B-CDs exhibited spherical mor-
phology with an average diameter of 2.60 nm and emitted
blue fluorescence with peak emissions at 442 nm (Ae,,) upon
excitation at 360 nm (A, yielding a fluorescence quantum
yield of 27.34%. Remarkably, N,B-CDs, without any surface mod-
ifications, functioned as a direct “turn-off” probe, enabling swift,
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highly selective Hg** detection. The N,B-CDs probe could mea-
sure Hg”" in the linear ranges of 0.40-22 M and 22-208 uM,
with a detection limit of 0.12 uM. The detection mechanism was
attributed to dynamic quenching interactions between N,B-CDs,
and Hg*". Additionally, the probe was used to detect Hg>" in
both tap and river water, and the recovery rates ranged from
87.20 to 108.20% (RSD <4.89%). These findings highlighted the
method’s considerable practical potential for detecting Hg** in
environmental water.

Keywords: nitrogen and boron co-doped carbon dots, detec-
tion of Hg™, one-step hydrothermal approach, dynamic
quenching

1 Introduction

Mercury ions (Hg**) constitute a significant group of harmful
pollutants in modern industrial environments, exerting severe
negative effects on human, animal, and plant life [1-4]. Upon
accumulation to critical concentrations in water, food, and the
environment, they infiltrate biological systems, persisting for
extended periods. The affinity of mercury ions for sulthydryl
groups leads to various health issues, including DNA damage,
renal and hepatic dysfunction, neural and cerebral impair-
ment, heightened susceptibility to myocardial infarctions,
and more [5-7]. The Standards for Drinking Water Quality
of China and Environmental quality standards for surface
water establish a stringent threshold of 0.001 mg/L for permis-
sible mercury levels in tap and river water. Consequently, the
development of a robust and highly sensitive technique for
mercury ion detection becomes imperative. Existing meth-
odologies, including atomic absorption spectrometry, atomic
emission spectrometry, and inductively coupled plasma-mass
spectrometry, suffer from drawbacks such as specialized
expertise and expensive equipment requirements. [8] Fluor-
escence probes have become a viable method for detecting
Hg”*. While conventional fluorescence probes incorporate
small organic molecules and semiconductor quantum dots,
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these materials possess intrinsic shortcomings like toxicity
and poor water solubility. Carbon dots (CDs), a new type of
luminous material, offer several strong points, including low
toxicity, admirable water solubility, strong biocompatibility,
economical preparation, and enduring stability [9-11]. In
recent years, CDs have been widely used in sensor areas
[12-14]. Especially in the detection of mercury ions, CDs fluor-
escent probes have been increasingly reported [15-19]. In
practical applications, fluorescence quantum yield and detec-
tion time are important indices.

In our study, we prepared nitrogen and boron co-doped
carbon dots (N,B-CDs) with high fluorescence quantum yield
(27.34%) and quick exam time (40 s) using a one-step hydro-
thermal synthesis approach (Scheme 1). Our functional CDs
demonstrated a specific ability for detecting Hg**, with a
decrease in fluorescence attributed to dynamic quenching.
Furthermore, the utility of N,B-CDs extended successful
detection of Hg”" in samples.

2 Results and discussion

2.1 Preparation and optimization of N,B-CDs

The schematic representation of the N,B-CDs preparation
process and the mechanism for Hg** detection are outlined in
Scheme 1. Notably, the reaction’s crucial aspects, including
reactant mass ratios, reaction temperature, and duration,
were identified as primary drivers of CDs formation. The
outcomes of the optimization experiments are presented in
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Scheme 1: Schematic synthesis and detection of N,B-CDs.
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Figure 1. It is evident that the synthesis conditions signifi-
cantly impact the results. Specifically, the best parameters
were found to be 200°C and 10 h for the reaction and a reac-
tant mass ratio of 3:1 for polyethyleneimine to boric acid.
Utilizing these optimal parameters, the QY of the resulting
CDs was measured to be 27.34%. The CDs obtained under
these specific parameters were designated as N,B-CDs.

2.2 Characterization of N,B-CDs

HRTEM was used to determine the size distribution and
morphology of N,B-CDs. The HRTEM findings revealed a
well-dispersed and approximately spherical configuration
of N,B-CDs, with an average size of 2.60 nm and particle
sizes ranging from 1.58 to 3.69 nm (Figure 2a and b). The
average particle size analyzed with DLS was 2.73 nm (inset
in Figure 2b). Further structural analysis was conducted
using X-ray diffraction (XRD) analysis (Figure 2c), revealing
a broad diffraction peak at 20.9° indicative of the amor-
phous carbon structure of N,B-CDs.

FTIR spectroscopy was utilized to recognize the exis-
tence of functional groups or bonds within the compound.
The FTIR spectrum (Figure 2d) exhibited a broad peak span-
ning 3,720-3,045 em™ illustrating N-H and O-H bonds. The
peaks at 2,929-2,817 cm 1 were attributed to C-H, while
the peak at 1,710 cm™* represented the carbonyl group. The
peaks at 1,558, 1,348, and 1,151 cm™ were attributed to C=C,
C-N, and C-O bonds. The peaks at 1,454, 1,348, and 1,151 cm?
were associated with the bending vibrations of saturated
C-H bonds, C-N stretching, and B-O stretching. These FTIR
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Figure 1: QYs at (a) various reactant mass ratios, (b) different reaction temperatures, and (c) varied reaction times.

findings suggested successful boron (B) doping and the exis-
tence of —-NH and C=0 of N,B-CDs [20-27].

XPS analysis was employed for the detailed characteriza-
tion of chemical and elemental composition. The XPS survey
spectrum (Figure 3a) depicted four peaks at 284.80, 53112,
399.78, and 191.21 eV, corresponding to C, N, O, and B, respec-
tively. Elemental composition percentages were determined as
follows: C (66.7%), O (21.8%), N (10.6%), and B (0.9%) (Figure 3b).

The high-resolution XPS spectra revealed specific che-
mical environments for each element. The Cls spectrum
(Figure 3c) displayed three peaks at 283.939 (C=C), 285.22
(C-N), and 287.09 (C-0/C=0) eV. The N1s spectrum (Figure
3d) exhibited two distinctive peaks at 398.62 eV (N-H) and
400.59 eV (C-N). The O1s spectrum (Figure 3e) depicted three

peaks at 531.55 (C-0/C=0), 530.9 6 (B-0), and 530.03 eV
(O-H). The B1s spectrum (Figure 3f) featured a single peak
at 191.26 eV, attributed to B—O bonds [28-33]. Notably, the
XPS and FTIR findings were in agreement, which further
supported the presence of amino and carbonyl groups and
the effective addition of boron (B) doping.

2.3 Optical characteristics of N,B-CDs

The UV-Vis spectrum of N,B-CDs exhibited two distinctive
peaks: one at 243 nm owing to the m—m* transition of carbon
nuclei, and another at 358 nm associated with the n—m* tran-
sition of C=0 and surface defects arising from the nitrogen-
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Figure 2: (a) HRTEM image, (b) size distribution, (c) XRD, and (d) FTIR spectra.

containing conjugate structure [34-38]. The appearance of
the N,B-CDs aqueous solution was visually depicted in a
complementary inset in Figure 4, appearing pale yellow
in natural light and emitting luminous blue color when
exposed to a 365 nm UV lamp.

The Aex and Agy, of N,B-CDs were observed at 360 and
442 nm (Figure 5a). Furthermore, the Commission Interna-
tionale de 1'Eclairage (CIE) color coordinates of N,B-CDs
(0.1930, 0.1037) highlighted their characteristic blue fluor-
escence upon UV irradiation (Figure 5b). The fluorescence
spectra revealed a gradual decrease in intensity with
increasing excitation wavelengths from 300 to 390 nm,
accompanied by a minor red-shift of the emission peak
from 439 to 446 nm (Figure 5c). This red-shift was more
pronounced upon normalization (Figure 5d), indicating a

favorable low wavelength dependence of the experimen-
tally produced N,B-CDs.

Various factors, including illumination, ionic strength,
and pH, were crucial in assessing the durability of N,B-CDs.
The effect of ion concentration on intensity was evaluated
by introducing varying contents of NaCl (0.2-1.0 mM). The
intensity of N,B-CDs exhibited negligible changes (Figure
6a), illustrating their robust salt tolerance and potential
applicability for biological applications.

The photographic stability was assessed by monitoring
changes in fluorescence intensity under continuous 365 nm
UV light irradiation over 120 min (Figure 6b) and indicated
a gradual reduction in intensity, stabilizing at approxi-
mately 65min. The intensity of N,B-CDs diminished to
32.83% after irradiation for 90 min.
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Figure 3: (a) XPS spectrum; (b) element content diagram; and the XPS spectra of (c) Cls, (d) N1s, (e) O1s, and (f) B1s.

The pH effects (Figure 6¢) revealed rapid fluorescence
intensity enhancement within an acidic range (pH 1-5),
followed by a decrease in weakly acidic to strongly basic
environments (pH 6-14). This observation underscored the
robust fluorescence stability of N,B-CDs across a spectrum
from weakly acidic to strongly alkaline conditions. For sub-
sequent experiments, a pH of 5.0 was chosen as the optimal
condition.

The practical applicability of N,B-CDs in assays was
assessed by evaluating key performance indicators, including
response time and interference resistance for Hg*" detection.
A crucial aspect for accurate and efficient Hg*" detection is
the response time, as both excessively prolonged or short
response times can impact experimental precision. As
illustrated in Figure 6d, the intensity of N,B-CDs rapidly
decreased by 44% within 5s, followed by a minor
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Figure 4: UV-vis spectrum (inset: natural light [left] illumination and UV
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decrease of 11% within 40 s, and then stabilized until 90 s.
To ensure accuracy and credibility, a response time of
40 s was selected for subsequent experiments.

2.4 Hg*" detection

In practical detection, the presence of other substances or
metal ions may potentially interfere with the Hg** detec-
tion process. As depicted in Figure 7a, N,B-CDs exhibited a
strong response solely to Hg”* while showing negligible
response to other substances containing metal ions (Ba",
Ca*, cd**, K*, Ni**, Na*, Mg?*, Fe**, and Cu*"), anions (Cl",
F, %, and NO;3"), organic small molecules (L-Phe, AA,
L-Ser, and L-Thr), and antibiotics (amoxicillin, florfenicol,
erythromycin, and streptomycin). Furthermore, the addi-
tion of interfering substances with Hg** did not signifi-
cantly affect fluorescence intensity (Figure 7b). Thus, these
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Figure 5: (a) Excitation and emission fluorescence spectra, (b) CIE coordinate diagram, (c) fluorescence spectra (300-390 nm), and (d) normalized

fluorescence spectra (300-390 nm).
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results conclusively demonstrated the excellent selectivity
and resistance to interference of N,B-CDs in Hg2+ detection.

To elucidate the capacity of N,B-CDs for Hg** detection,
a range of Hg** concentrations (0-208 uM) was introduced
to N,B-CDs solutions. The intensity at 442 nm gradually
decreased with increasing Hg”* concentrations (Figure 8a).
The calculated (F, — F)/F, ratio demonstrated a robust linear
association with Hg®* concentration within the ranges of
0.40-22 and 22-208 uM (Figure 8b). The resulting equations
were (Fy — F)/Fy = (0.01037 + 7.06605 x 10™%) [Hg?*] + (0.05929
+ 0.01226) (R? = 0.99085), and (Fy - F)/F, = (0.00156 +
3.73145) x 107* [Hg®*] + (0.2504 + 0.00397) (R* = 0.99772),
respectively, with the limit of detection (LOD, 30/K) of
0.12 uM. The N,B-CDs exhibited an extensive detection range
and an impressive LOD for Hg** detection, as summarized in
Table 1, outperforming previous studies.

Co-doped CD probe for detecting Hg®" and the detection mechanism =— 7

2.5 Quenching mechanism

The UV spectrum of N,B-CDs (Figure 9a) revealed two evi-
dent peaks at 243 and 355 nm. Upon introduction of Hg*",
the peak at 243 nm weakened, possibly due to the reduction
of the conjugated aromatic  system triggered by Hg**. How-
ever, no new compounds were formed. Further insight into
the detection mechanism was gained through examination of
fluorescence lifetime. Notably, the addition of Hg?* induced a
significant change in the fluorescence lifetime, resulting in a
decrease from 11.53 to 7.45ns (Figure 9b). This decrease
unequivocally indicated that the observed fluorescence
quenching was attributed to the dynamic quenching process.
Additionally, the emission spectrum of N,B-CDs and the UV
spectrum of Hg*" did not overlap, elucidating that there was
no resonance energy transfer between them (Figure 9c). Based
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Figure 6: The fluorescence intensity at (a) ion strength, (b) continuous UV irradiation (365 nm), (c) different pH values, and (d) response time of

N,B-CDs for Hg?* detection.
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on these results, it was deduced that in the dynamic quenching

Table 1: Comparative analysis of Hg*" detection methods
process, the excited-state electrons of our CDs transferred to

Linear range (UM)  LOD (uM)  Ref. the 6s orbits of Hg®", which caused fluorescence quenching.
N,S-CDs 0.7-15 0.54 Lee et al. [39]
N-CDs 0.9-10 0.15 Zhang et al. [40] . .
N,5-CDs 0-120 0.16 Liu et al. [41] 2.6 Detection of specimen
CDs-MnO,  0.16-16 37 Xu et al. [42]
CDs 0.95-50 0.27 Zhengetal. [43]  The Hg”" level of local tap water and Neijing river water
Y-CDs 20-150 0.12 Liu et al. [44]

was measured using N,B-CDs in order to clarify practical
utility. Table 2 reveals the absence of detectable Hg** in tap
Bold values represent to emphasize our work. and river water. Additionally, three distinct concentrations

N,B-CDs 0.40-208 0.12 This work
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Table 2: Detection of Hg®" in practical samples

Sample Added Measured Recovery (%) RSD (%)
(uM) (uM)
Tap water 5 4.74 94.48 4.89
10 9.67 96.70 4.79
15 15.48 103.20 1.94
5 4.36 87.20 3.67
River water 10 10.88 108.80 2.79
15 14.34 95.60 3.57

of Hg?* (5,10, and 15 pmol/L) were introduced to tap water
to assess the performance of N,B-CDs. Remarkably, the
recovery rates ranged from 87.20 to 108.20% (RSD <4.89%),
underscoring the robust practicality and precision of our
N,B-CDs within real sample contexts.

3 Conclusion

In summary, we successfully developed a highly selective
fluorescence sensing probe utilizing N,B-CDs for Hg”" detec-
tion. Notably, our N,B-CDs, without any surface modifica-
tions, demonstrated exceptional efficacy as direct fluorescent
probes for Hg** detection based on dynamic quenching. This
innovative approach underscored the potential of the CDs for
real-world monitoring of Hg*", offering a valuable tool for
environmental assessment.
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