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Abstract

In this paper, we obtained nitrogen and phosphorus co-doped carbon dots through a hydrothermal method using o-phen-
ylenediamine and citric acid in a 40% phosphoric acid environment. The carbon dots emitted fluorescence at 476 nm
under excitation at 408 nm and exhibited good selectivity and high sensitivity towards mercury ions. These carbon dots
showed excellent dispersibility in water and maintained stable fluorescence even in high concentration salt environments.
The interaction between mercury ions and functional groups on the carbon dots surface through electrostatic interaction
resulted in static quenching. Simultaneously, by detecting the lifetime and transient absorption spectra of the carbon dots,
we observed that the coordination of mercury ions with the carbon dots broadened the band structure of the carbon dots,
and the existing photoinduced electron transfer process increased the non-radiative transition channel. The combined
effect of dynamic quenching and static quenching significantly reduced the fluorescence intensity of the carbon dots at
476 nm. The carbon dots exhibited linear detection of mercury ions in the range of 0.01-1 uM, with a detection limit
as low as 0.0245 pM. In terms of practical water environmental detection applications, these carbon dots were able to
effectively detect mercury ions in tap water and lake water, demonstrating their broad application prospects in the field
of environmental metal analysis.

Keywords Fluorescence probe - Mercury ion detection - Dynamic quenching - Static quenching - Transient absorption

Introduction

The excessive emission of heavy metal ions caused by
large-scale industrialization has had a severe impact on
human health and environmental safety [1, 2]. Therefore,
trace detection of heavy metal ions is of great significance,
particularly in fields such as medicine, biology, and environ-
mental science. Mercury (Hg) is one of the main pollutants
in the environment and one of the most common and danger-
ous metal ions. In the ecological environment, mercury can
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maintain long-term relative stability [3]. Additionally, dif-
ferent oxidation states of mercury are toxic and can accumu-
late in organisms, causing damage to the organs of animals
and humans [4]. Therefore, it is crucial to study economi-
cal, convenient, and sensitive methods for detecting Hg?*.
Researchers have proposed various methods to determine
different forms of Hg”*, including atomic absorption spec-
troscopy (AAS), X-ray fluorescence spectroscopy (XRF),
and atomic fluorescence spectroscopy (AFS) [2]. In addi-
tion, detection methods for Hg?>* based on surface-enhanced
Raman spectroscopy (SERS), colorimetry, electrochemical
techniques, and surface plasmon resonance sensors have also
been developed [2, 5, 6]. These techniques differ in sensitiv-
ity, selectivity, accuracy, and detection time, and they have
certain problems, such as low reproducibility and complex
technical processes [6]. In contrast, many metal ion sensors
are designed using fluorescence probe technology because
this method is simple and has good sensitivity, selectivity,
reproducibility, as well as significant advantages in terms
of detection speed, non-destructive testing, and economics

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10895-024-03594-z&domain=pdf&date_stamp=2024-1-30

Journal of Fluorescence

[7—11]. In this study, we synthesized a simple and low-cost
carbon dots (CDs) probe using a bottom-up strategy. In a
phosphoric acid solution environment, we synthesized CDs
with high selectivity and sensitivity towards Hg>* using sol-
vent-thermal method, o-phenylenediamine, and citric acid.
The CDs solution emitted blue fluorescence under excita-
tion at 407 nm and exhibited an “on-off” response towards
Hg?*. We observed a good linear relationship in the range
0f 10-1000 nM and calculated a detection limit of 24.5 nM.
The application of these CDs in the detection of Hg?* in
practical water environments showed tremendous potential
for the new fluorescent probe in terms of reliability, visual
detection, and selective detection.

Materials and Methods
Reagents

All reagents used in the experiments were of analytical
grade and were provided by Sinopharm Chemical Reagent
Co., Ltd. The reagents used were O-phenylenediamine, cit-
ric acid, phosphoric acid, Hg(NO;),"H,0, AICl;, CaCl,,
Cd(NO,),"4H,0, CoCl,, CuCl,-2H,0, FeCl,-4H,0,
FeCl;-6H,0, MgCl,, Pb(NO;),, ZnCl,, NaCl, NaOH, and
HCI. Ultrapure water (18.2 MQ/cm) was used as the experi-
mental water.

Apparatus

We used a JEM-2100 F transmission electron microscope
(JEOL, Japan) to capture high-resolution transmission
electron microscope images of CDs. To obtain informa-
tion about the elemental composition and functional groups
of the CDs, we used the ESCALAB 250Xi photoelectron
spectrometer (Thermo Fisher Scientific, USA) to record
X-ray photoelectron spectroscopy (XPS) and the Frontier
infrared spectrometer (Perkin-Elmer, USA) to obtain the
Fourier transform infrared spectroscopy (FTIR) of CDs.
The fluorescence spectrum and ultraviolet-visible (UV-Vis)
absorption spectrum of the samples were measured using
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Fig. 1 The schematic diagram
of the synthesis of CDs and its Ho o

O "oH
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the FS5 fluorescence spectrometer (Edinburgh Instruments,
UK) and UV-2600 UV-Vis spectrophotometer (Shimadzu,
Japan), respectively. The fluorescence lifetime information
of the samples was obtained using the FLS920 steady-state/
transient fluorescence spectrometer (Edinburgh Instruments,
UK). The Zeta potential of the samples was studied using
the Zetasizer Nano ZS90 nanoparticle size and zeta poten-
tial analyzer (Malvern Instruments Ltd., UK). The femto-
second transient absorption spectrometer was developed by
the research group, and the light source was sourced from
Coherent.

Synthesis of CDs

We synthesized CDs using a hydrothermal method. 0.108 g
of o-phenylenediamine and 0.192 g of citric acid were dis-
solved in 9 milliliters of a 40% concentration phosphoric
acid solution (Fig. S1), and the mixture was vigorously
shaken for 5 min and then sonicated at room temperature
for 15 min to ensure thorough mixing. The mixture was
then transferred to a 25-milliliter PTFE-lined autoclave and
heated at 200 °C for 8 h to obtain crude CDs (Fig. 1). Silica
gel column chromatography with ethyl acetate as the mobile
phase was used to remove colored impurities. Finally, the
CDs were concentrated using a rotary evaporator. The
obtained CDs were stored in a low-temperature refrigerator
for subsequent characterization and use.

Stability and Selectivity of CDs

To investigate the fluorescence stability of CDs under dif-
ferent salt concentrations, we measured the changes in
fluorescence intensity within the range of 0 to 1.0 M NaCl
concentration. To explore the influence of solution pH on
the fluorescence intensity of CDs, we prepared buffer solu-
tions with pH ranging from 3 to 12 using 0.1 M NaH,PO,
and 0.1 M Na,HPO, solutions. To validate the selectivity of
CDs for Hg**, we selected 10 common interfering cations
including AI’*, Ca®*, Cd**, Co®*, Cu?*, Fe’*, Fe’t, Mg,
Pb**, and Zn?>*. Under pH 8 conditions, each metal ion at a
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concentration of 1 mM was incubated with the CDs. Sub-
sequently, the fluorescence spectra of the solutions were
measured under excitation at 378 nm, and the fluorescence
intensities at 430 nm were recorded. In the experiment to
measure the detection limit of Hg?*, the CDs solution was
diluted 800 times and mixed with different concentrations
of Hg?" solution and a pH 8 buffer solution in a volume
ratio of 1:1:8. The above samples were then subjected to
fluorescence spectroscopic analysis with an excitation
wavelength of 378 nm and an emission wavelength range
of 390-550 nm. Each experiment was repeated three times.
The calculation formula for the limit of detection (LOD)
is LOD=30/s, where o represents the standard deviation
of three blank samples and s is the slope of the calibration
curve.

Actual Measurements

To evaluate the feasibility of this method for the detec-
tion of Hg*" in environmental water samples, we con-
ducted tests on tap water and lake water samples. Tap water
samples were obtained from our laboratory, while lake
water samples were obtained from the university’s lakes.
Before analysis, the lake water samples were centrifuged
at 11,000 rpm for 10 min and filtered three times using a
0.22 pm microporous membrane. To calculate the recovery
rate based on this determination, different concentrations of
standard Hg?* solutions were added to the environmental
water samples for testing. All analysis methods were carried

Fig.2 a TEM image of CDs. b
Corresponding size distribution
of CDs, ¢ FT-IR spectrum of
CDs, d XPS spectrum of CDs

out as described in the previous section. Each experiment
was repeated three times.

Results and Discussion

Characterizations of CDs

Characterization through TEM (Fig. 2a) shows that the
CDs exhibit a near-spherical appearance and can be uni-
formly dispersed in the solution. The size distribution ranges
from 5 to 6.5 nm, with a relatively concentrated size distri-
bution and an average size of 5.74 nm. HRTEM reveals that
the synthesized CDs have a typical lattice structure with a
lattice spacing of 0.3 nm corresponding to the plane lattice
spacing of graphite (002) [12]. Infrared absorption spec-
troscopy (Fig. 2¢) was used to analyze the composition of
the CDs. The results show a broad absorption band in the
range of 2700 cm™'-3600 cm ™! [13], representing the pres-
ence of N-H and O-H. An absorption peak is observed at
1640 cm™ !, representing the stretching vibration of C=0 or
the bending vibration of N-H. Strong absorption is observed
at 1142 ecm™! and 1008 cm™!, corresponding to C-O and
N-P, respectively [14, 15].

XPS analysis (Fig. 2d) reveals the presence of vari-
ous functional groups in the CDs. The binding energies of
134.43 eV, 191.98 eV, 285.17 €V, 401.19 eV, and 532.71 eV
correspond to P 2p, P 2s, C 1s, N 1s, and O 1s, respectively.
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Fig. 3 a Excitation spec-

trum, emission spectrum and
steady-state UV-Vis absorption
spectrum of CDs. b Steady-state
three-dimensional fluorescence
spectrum
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In the Cls region, the fitting peaks at 284.8 eV, 286.02 eV,
287.72 eV, and 289.25 eV correspond to C=C/C-C, C-N/C-
0, O-C=0 and C=C-N, respectively. The fitting peak at
401.10 eV in the Nls region is mainly attributed to C3-N
(graphitic nitrogen). In the Ols region, the fitting peaks at
531.12 eV and 532.60 eV correspond to P=0 and 0=C-O",
respectively. The fitting peak at 134.34 eV in the P2p region
is attributed to P-O or P-C bonds (Fig. S2) [16, 17].

Optical Properties of CDs

Numerous research reports have shown that the core and
surface states of CDs, as well as their surface functional
groups, play important roles in their absorption spectra
[18]. As shown in Fig. 3a, the UV-visible absorption spec-
trum reveals clear absorption peaks of the CDs at 280 and
360 nm-420 nm. The peak centered at 280 nm is attributed
to the m-n" transition of aromatic C=C, while the absorp-
tion band in the range of 360-420 nm corresponds to the
n-n" transition of C=O or the sp> hybridization of C—-OH on
the CDs’ surface [19]. The steady-state fluorescence excita-
tion spectrum and steady-state absorption spectrum exhibit
significant overlap in the range of 350-410 nm, indicating
that the fluorescence of the CDs is mainly caused by sur-
face defects [20]. A strong excitation peak is observed at
408 nm, and the emission peak is located at 472 nm. The
three-dimensional fluorescence spectrum displayed in the
right panel shows that the emission wavelength of the CDs
remains stable at different excitation wavelengths.
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Fluorescence Detection of Hg?*

stability and ion interference experiments of the CDs
were conducted. As shown in Fig. 4a, the fluorescence inten-
sity of the CDs remains relatively unchanged with increas-
ing NaCl concentration, indicating good salt resistance.
Among various metal ions added to the solution of CDs,
only Hg”* exhibits a significant quenching effect, while
other ions have little interference with the fluorescence of
CDs, indicating good selectivity. When both other ions and
Hg?* are simultaneously added to the solution of CDs, the
fluorescence quenching effect is significant, further demon-
strating the good anti-interference performance of the CDs.

pH optimization experiments were conducted on the CDs
(Fig. 5). The emission peak of CDs is significantly enhanced
and accompanied by a blue shift as the pH of the CDs solu-
tion changes from 3 to 12. When pH =8, the quenching rate
of CDs reaches its maximum, and the fluorescence inten-
sity is higher. Under acidic conditions (pH < 7), the fluo-
rescence intensity of CDs slightly decreases and shows a
red shift phenomenon, which may be caused by the bind-
ing of - COOH on the surface of CDs and H, leading to
excited proton transfer [21]. The PL of CDs under alkaline
conditions mainly depends on B-dicarbonyl groups, while
carboxyl and hydroxyl groups contribute relatively less
[21]. The fluorescence intensity has no significant alteration
with the increase of pH from 7 to 12, indicating that the
amount of B-dicarbonyl on the surface of CDs is small [18,
22]. Therefore, pH =8 was used in subsequent experiments.
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Fig.5 a Emission spectra of CDs
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Table 1 Analysis of fluorescence lifetime components of CDs before
and after adding Hg>*

Comp.l  Comp.2
a(%) 36.62 63.38
Alpha 0.009616 0.016641
Tau(ns) 7.81 4.29

Comp.l Comp.2 Comp.3
a(%) 45.25 29.41 25.34
Alpha 0.003535 0.002298 0.00198
Tau(ns) 7.81 4.29 0.58

Additionally, we further studied the relationship between
Hg?* concentration and CDs fluorescence quenching degree
(Fig. 6). The experimental results show that the fluorescence
intensity of CDs gradually weakens as the Hg?* concentra-
tion increases from 0 to 1000 nM. Moreover, within the
range of 10-1000 nM, the quenching degree of CDs exhibits

600 700 0 5 10 15 20 25 30 35

Time(ns)

a good linear relationship with Hg?* concentration. Through
linear fitting, we calculated the detection limit of Hg* to be
24.5 nM.

Possible Mechanism of Hg?* Sensing

We subsequently revealed the mechanism of Hg>*
quenching CDs fluorescence through various means. Zeta
potential analysis (Fig. S3) showed that the CDs solution
was negatively charged. After the addition of Hg?*, the
solution remained negatively charged, but the absolute
value decreased, indicating that the stability of the solu-
tion decreased and complexation occurred between the CDs
and Hg?*. The steady-state absorption results are shown in
Fig. 7a. After the addition of Hg*", the peak intensity of
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Fig. 8 Three-dimensional
transient absorption spectra of (@)
CDs before and after addition of
Hg?*a before c after. Transient
absorption spectra of typical
moments of CDs before and after
addition of Hg>*b before, d after

Delay time (ps)

Delay time (ps)

Wavelength (nm)

Table 2 Global fitting component analysis of transient absorption
spectra before and after the addition of Hg**

Comp.! Comp.2 Comp.3
Alpha 0.000154949 0.0142942 0.170527
Tau(ps) 6453.72 69.96 5.86

Comp.1 Comp.2 Comp.3
Alpha 0.00191473 0.0754079 0.924438
Tau(ps) 522.27 13.26 1.08

the broad absorption peak at 380 nm in the CDs solution
decreased, the absorption band widened, and the absorption
in the short-wavelength region below 320 nm strengthened.
This further indicates the formation of a complex between
the CDs and Hg?*, resulting in static quenching. The fluo-
rescence lifetime analysis results are shown in Fig. 7b. After
the addition of Hg?*, the fluorescence lifetime of the CDs
changed. Through data fitting, the results in Table 1 show
that the fluorescence lifetime of the CDs consists of two
components. This may be due to the anisotropy of the CDs
molecules. In addition, dynamic quenching occurs after the
addition of Hg?*, and the fluorescence lifetime components
change from two components to three components, with
the appearance of a short-lived component (approximately
0.58 ns). This further indicates the occurrence of dynamic
quenching.

In order to explore the dynamics process of CDs more

accurately, we performed transient absorption spectroscopy
(Fig. 8). The left two figures show the three-dimensional

@ Springer

0.03 (b) 0.03
0.02 0.02
a8
001 S om
<
<
. “j 0 0.00
-0.01 0,01 L— . . . ; .
450 500 550 600 650 700
Wavelength (nm)
0.03
0.025
(d) 1ps
0.020
0.015
a8
0010 S
<
<
0.005
0.000
-0.005 L

450 500 550 600 650 700
Wavelength (nm)

transient absorption spectra of CDs before and after the
addition of Hg?*, and the right figure shows the transient
absorption spectra of CDs at typical moments. The com-
ponents obtained after global fitting and their lifetimes are
listed in the Table 2. From the three-dimensional transient
absorption spectra, it can be observed that there is excited-
state absorption in the range of 500-700 nm, with two
excited-state absorption peaks located at 530 and 680 nm,
respectively. Weak stimulated emission processes are
observed in the range of 450-500 nm. After the addition
of Hg?", the excited-state absorption peaks broaden, which
is consistent with the changes in the steady-state absorp-
tion spectra of the solution before and after the addition of
Hg?*. The results obtained from the global fitting show that
the lifetimes of the three components before the addition
of Hg?* are 5.86ps, 69.96 ps, and 6453.72 ps, respectively
(Table 2). Among them, the 5.86 ps component corresponds
to the process of optical phonon scattering [23-25], the
69.96 ps component corresponds to the process of acoustic
phonon scattering [23, 24], and the 6453.72 ps component
corresponds to the transition of electrons to the ground state,
which can be regarded as the process of radiative transition.
After the addition of Hg?", there is photo-induced electron
transfer, resulting in a decrease in the lifetimes of the three
components [26]. The lifetime of the process of optical pho-
non scattering decreases from 5.86 ps to 1.08 ps, the lifetime
of the process of acoustic phonon scattering decreases to
13.62 ps, and the lifetime of the radiative transition process
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Fig.9 Schematic diagram of 5.89 1.08
energy levels of CDs before and ( Ps) & ( Ps)
after adding Hg**
B —— (69.96ps) +Hg?* B (13.26ps)
C (6.45ns) ¢ ———— (0.52n9)

: Excitation
% :Radiative transition

‘ :Non-radiative transition

Table 3 Results of the determination of Hg?* in real samples using
CDs fluorescent probe (n=3)

Sample Added (uM) Detected Recovery RSD
(M) (%) (%)
Tap Water 0.2 0.199 99.4 0.177
0.4 0.405 101.1 1.183
0.6 0.584 97.3 2.376
Lake Water 0.2 0.203 101.4 0.846
0.4 0.394 98.6 3.535
0.6 0.59 98.3 1.478

decreases from 6453.72 ps to 522.3 ps. The result of the
radiative transition lifetime is consistent with the mea-
surement result obtained by time-correlated single-photon
counting, which verifies the accuracy of the experimental
results.

Finally, we obtained the energy level diagram of CDs
(Fig. 9). Under the excitation of 407 nm light, the CDs enter
the A state, corresponding to the process of optical phonon
scattering, with a lifetime of 5.86 ps, and then decay to the
B state. B is more like a vibrational relaxed S1state and the
B state corresponds to the process of acoustic phonon scat-
tering, with a lifetime of 69.96 ps, and then decay to the C
state, the C state corresponds to the process of electronic
transition to the ground state, with a lifetime of 6.45 ns,
which also corresponds to the average fluorescence lifetime
of the CDs. After the addition of Hg?", the energy levels of
the CDs widen due to the complexation between the Hg**
and the CDs. Due to the simultaneous occurrence of photo-
induced electron transfer, the lifetimes of the A and B states
decrease, and non-radiative transition processes of the CDs
increase, suppressing the radiative transition process, result-
ing in fluorescence quenching.

Detections of Hg?* in Real Samples

To evaluate the feasibility of detecting Hg?** in actual
water environments using CDs, we selected laboratory tap
water and campus lake water as samples, and filtered and
used them as solvents. The recovery rates were measured
using the standard addition method, and the results are

shown in Table 3. Within the linear range, the recovery rates
for Hg?* ranged from 97.3 to 101.4%, with a relative stan-
dard deviation (RSD) of less than 3.6%. The experimental
results above indicate that this method can accurately deter-
mine the concentration of Hg>* in practical applications.

Conclusion

We synthesized a highly sensitive CDs for the detec-
tion of Hg?* through hydrothermal method. The detection
limit (LOD) is as low as 0.024 uM, and the linear detec-
tion range is 0.01-1 pM. We also analyzed the mecha-
nism of Hg?* quenching CDs fluorescence and found that
it mainly includes static quenching and dynamic quench-
ing. In the process of static quenching, Hg?* coordinate
with the functional groups on the surface of CDs, form-
ing CDs/Hg?* ground-state complexes, which significantly
reduce the fluorescence emission of CDs at 470 nm. At the
same time, photo-induced electron transfer occurs, leading
to the quenching of CDs fluorescence. In the practical water
environment experiment, the recovery rates reached 97.3-
101.4%, indicating the feasibility of this method in practical
applications. In summary, this method has the character-
istics of simplicity, high sensitivity, and selectivity, mak-
ing it potential in environmental water quality monitoring.
Furthermore, we have gained a clear understanding of the
mechanism of CDs fluorescence quenching, which is ben-
eficial to the rational design of CDs-based fluorescence
probes.
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