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a fluorescence probe for the sensitive and selective
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In this work, yellow emissive carbon dots (Y-CDs) were prepared via a simple hydrothermal method using
catechol and hydrazine hydrate as the carbon and nitrogen sources, respectively. The average particle size
was 2.99 nm. The Y-CDs demonstrate excitation-dependent emission properties, and the maximum
emission wavelength is 570 nm at E, = 420 nm. The fluorescence quantum vyield is calculated to be

28.2%. Ag* could quench the fluorescence of Y-CDs with high selectivity. The quenching mechanism
Received 24th February 2023 . L . " N
Accepted 28th March 2023 was further explored by various characterization techniques. A sensitive fluorescent probe for Ag
detection was established based on Y-CDs with a linear range of 3-300 puM. The detection limit was

DOI: 10.1039/d3ra01259) calculated to be 1.1 uM. The proposed method shows satisfactory results in real water samples without
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Introduction

Silver, as an important kind of toxic heavy metal, has been
widely utilized in various application fields, such as catalytic
engineering, water purification, jewellery manufacturing, and
electrical materials.'® However, the improper disposal of Ag"
would inevitably cause an alarming rise in environmental
pollution and pose a threat to the ecosystem. In addition, Ag"
can combine with some proteins, metabolites and enzymes in
the human body, resulting in enzyme inactivation, cardiac
hypertrophy, skin lesions and other diseases. Therefore, it is of
great importance to develop a fast and sensitive detection
method for Ag’. At present, the main methods for the deter-
mination of Ag" include atomic absorption method, electro-
chemical analysis,® Raman analysis,® colorimetric detection,®
etc. These methods in practical applications are often limited by
complex equipment, less sensitivity, being time-consuming and
cumbersome operation.” Fluorescence detection is proved to be
an effective method for metal ion detection in food and envi-
ronmental samples owing to the advantages of simple opera-
tion, rapid response, low cost and good selectivity.**°
Recently, carbon dots (CDs) have attracted much consider-
ation due to their outstanding features such as fast synthetic

route, easy surface functionalization, environmental
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friendliness, low cost and good fluorescence properties, which
can be used as a new type of fluorescent materials to replace
quantum dots and organic dyes in the field of sensing.'*™*
Heteroatomic doping could induce the Fermi level to move up
and greatly improve the photoluminescence performance of
CDs, thereby expanding the application scope.**™* Doping CDs
have been applied to the detection of metal ions, small organic
molecules and proteins.'®" However, most reported CDs
display blue emissions, which cannot be distinguished from the
largely blue naturally occurring autofluorescence.*® Significant
efforts have been made to make the fluorescence redshift to
long-wavelengths, but the preparations always need long reac-
tion times and severe synthetic conditions. Additionally, the Ag"
detection is rarely reported.

As illustrated in Scheme 1, we proposed a simple hydro-
thermal method to fabricate N-doped CDs with bright yellow
emissions (Y-CDs). A Y-CDs based fluorescence probe was
established to detect Ag" in a real water sample with a quench-
ing response of 3-300 uM under optimum detection conditions.
The characterization and quenching mechanism were investi-
gated in detail.
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Scheme 1 Schematic diagram of Y-CDs preparation and the detec-
tion process of Ag*.
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Fig. 1
spectrum of Y-CDs; (d) full survey XPS spectrum of Y-CDs.

Experimental section

Y-CDs were prepared via a simple hydrothermal route. Briefly,
0.5534 g of catechol and 2 mL of hydrazine hydrate were added
to 30 mL distilled water. The mixture was ultrasonicated for
5 min and transferred to a 50 mL Teflon reaction vessel. After
heating at 180 °C for 4 h, the obtained brown Y-CDs solution
was purified by dialysis (500 Da) and dried at 60 °C by a rotary
evaporator to obtain Y-CDs powders. Aqueous CDs (500 pg
mL ") solutions were obtained by redispersion the Y-CDs
powders in DI water, and then stored in refrigerator at 4 °C
before analysis.

For a typical procedure for Ag" detection, 500 pL of Y-CDs
solution (500 ug mL™"), 3 mL BR buffer solution (pH = 7) and
100 pL of Ag" solutions with different concentrations were
mixed with distilled water to 10 mL. After 10 min of incubation,
the fluorescence spectra were recorded at an excitation wave-
length of 420 nm. During the detection, the excitation and
emission slits were set at 10 nm. To study the selectivity of Y-
CDs to Ag', the fluorescence response to various metal ions,
small molecules and anions was recorded under the same
conditions.

Real water samples were collected from river water, under-
ground water and tap water and filtered using a 0.22 um filter.
The initial Ag" concentrations in real water samples were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) TEM image of Y-CDs; inset is the size distribution based on statistical analysis of 100 particles; (b) HRTEM image of the Y-CDs; (c) FTIR

obtained by standard addition method and compared with the
data by ICP-MS analysis.

Results and discussion

The transmission electron microscopy (TEM) image in Fig. 1a
shows the morphology and size of the Y-CDs. The as-prepared Y-
CDs are spherical and uniformly distributed with average sizes
of approximately 2.99 nm (based on statistical analysis of 100
particles). The high-resolution TEM image inset in Fig. 1b
reveals obvious lattice fringes with a spacing of 0.25 nm, which
is consistent with the (1 0 0) diffraction plane of graphite.* The
Fourier transform infrared (FTIR) spectrum is shown in Fig. 1c.
The characteristic absorption peak at 3429 cm ™' represents the
stretching vibration of O-H and N-H groups.?> The absorption
peak at 2958 cm ™ is the stretching vibration peak of C-H.> The
characteristic peak at 1650 cm ™" indicates the existence of C=0
and peak at 1553 cm ! represents the C=N bonds of imine
groups.>* Peaks at 1450 cm ™', 1375 cm ' and 1125 cm '
represent the bending vibrational modes of C-N, N-H and O-H
groups.” To further ascertain the elemental composition and
chemical bonds of Y-CDs, XPS analysis is conducted as shown
in Fig. 1d. The full survey XPS spectrum demonstrates that C, N
and O coexisted in the Y-CDs at 284.35,399.19 and 531.4 eV with
corresponding contents of 69.53%, 12.98% and 17.49%,
respectively. Deconvolution of C;s can be divided into four
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(a) UV-vis absorption spectrum and fluorescence spectra of Y-CDs, the inset shows the photographs of Y-CDs solution in daylight (left)

and UV lamp (right); (b) fluorescence emission spectra at Aex = 370-450 nm; (c) the fluorescence spectra of Y-CDs solution with different Ag*
concentration; (d) linear relationship between F/Fy and Ag* concentration (3—300 uM).

peaks, corresponding to C=C (284.4 eV), C-N (286.2 V), C=0
(287.7 ev) and C=N/O-C=O0 (288.1 eV), respectively
(Fig. S1at).”* Fig. S1bt shows the high-resolution spectrum of
Nys. The peaks at 398.4 eV, 399.3 eV and 400.2 eV are related to
imine N, C-N and N-(Cj), respectively,"”” which proves the
successful doping of N element. The O;4 spectrum in Fig. Slct
can be resolved into two components of C=0 (531.2 eV) and C-
OH (532.7 eV).>® The FTIR and XPS results demonstrate rich
carboxyl and hydroxyl groups on the surface, making the Y-CDs
with good water solubility.

The optical properties are characterized by UV-vis and fluo-
rescence spectra. As shown in Fig. 2a, the Y-CDs exhibit an
obvious characteristic absorption peak at 278 nm, which can be
ascribed to the m—mt* transition of C=C in the aromatic struc-
ture.”” The Y-CDs solution is light brown under sunlight, while
it emits bright yellow fluorescence under a UV beam of 365 nm.
The fluorescence spectra demonstrate the maximum emission
intensity of 570 nm under 420 nm excitation. The emission
wavelength redshifts a longer wavelength as the excitation
wavelength increases from 420 nm to 580 nm, which is attrib-
uted to the various emissive traps on the surface (Fig. 2b).”” The
fluorescence quantum yield of Y-CDs is calculated to be 28.2%.
The Y-CDs were stable in high concentrations of NaCl solution
(0-2 M), under continuous UV illustration (100 min) and long-
time storage (20 days), indicating good chemical stability and

10510 | RSC Adv, 2023, 13, 10508-10512

photobleaching resistance (Fig. S21). Moreover, the Y-CDs
showed obvious pH sensitive emission properties, which is
due to the protonation and deprotonation of surface functional
groups. The maximum fluorescence intensity was observed at
pH = 7 (Fig. S31).

The extensive quenching performance of Y-CDs could be
observed upon the addition of Ag" (Fig. 2¢). To determine the
selectivity, the influence of different metal ions, small mole-
cules and anions at the same concentration was investigated. As
shown in Fig. S4,1 Cu®>" demonstrates obvious quenching effect
on the fluorescence, whereas other ions and molecules showed
negligible changes in fluorescence (Fig. S4t). EDTA, as a coor-
dination agent for Cu®", was added to the system, which might
effectively eliminate the interference. As shown in Fig. S5,7 at
pH = 7, Ag" demonstrated the largest quenching performance
and Cu®" may exert some interference on Ag* detection. But
after the introduction of EDTA, the quenching effect of Cu**
could be ignored. Meantime, the co-existing metal ions also
showed little influence on the Y-CDs/Ag" system (Fig. S67).
Thus, Y-CDs could be used as a fluorescence probe for the
selective detection of Ag'. The fluorescence quenching reached
equilibrium after 8 min (Fig. S7f). Therefore, 10 min was
selected as the incubation time. The effect of Ag" at different
concentrations ranging 0-500 uM on the fluorescence intensi-
ties was investigated in detail. A good linear correlation was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Fluorescence lifetime of Y-CDs before and after Ag* addition; (b) UV-vis absorption spectrum of Ag* and excitation and emission
spectrum of N-CDs; (c) UV-vis absorption spectrum of N-CDs with different concentrations of Ag™* (illustration shows the flocculation effect of

Ag*), (d) zeta potential change after addition of Ag™.

observed over the concentration of Ag" in the range of 3-300 uM
(Fig. 2d). The regression equation is as follows:

FIFy = —0.0012¢ + 0.9879

The detection limit of Ag" was calculated to be 1.1 uM based
on a 3d/slope, which is comparable with the sensor reported in
other literature (Table S17).

The mechanism of quenching performance by Ag" was
further investigated. As shown in Fig. 3a, the average fluores-
cence lifetime of Y-CDs changed from 1.362 ns to 1.424 ns after
the addition of Ag", which is not consistent with dynamic
quenching.”® Ag" showed a UV absorption band at 302 nm,

Table 1 Determination of Ag* in real samples

while the excitation peak of Y-CDs was located at 420 nm
(Fig. 3b). The absorption of Ag" does not overlap with the
excitation and emission peaks of Y-CDs, thus eliminating the
IFE quenching mechanism. The UV-vis spectra of Y-CDs did not
change significantly with the addition of Ag", and PET (photo-
induced electron transfer) and complex formation were
excluded (Fig. 3c).?**® The zeta potential value of Y-CDs gradu-
ally decreases with the addition of different concentrations of
Ag" (Fig. 3d). The peak at 1553 cm™ ' derived from C=N
disappears and the FTIR peaks of N-H groups slightly shift
(Fig. S87). Black flock-like precipitation appears at the bottom of
the bottle. Therefore, the quenching mechanism may be
derived from the imine group on the surface of Y-CDs oxidized
or shielded by Ag®. Thus, Ag" is reduced to Ag® nanoparticles

Recovery RSD (n

Samples Detected/uM Detected by ICP-MS/uM Spiked/uM Found/uM (%) =3)
1 3.3 3.6 5 8.498 104.0 4.2
50 52.62 98.64 3.4
2 Not detected Not detected 10 9.32 93.20 2.2
100 94.91 94.91 3.9
3 Not detected Not detected 20 21.18 105.9 2.6
300 292.42 97.47 1.1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and attached to the surface of Y-CDs, which leads to fluores-
cence quenching.™*°

To verify the feasibility of the Y-CDs based fluorescent probe
in practical applications, we applied it to the determination of
Ag' in real water samples. For this purpose, river water,
underground water and tap water were collected. Prior to the
fluorescence experiments, the samples were filtered through
a 0.22 pm microporous filter. The results are shown in Table 1.
The detection results were approximately identical with that
measured by ICP-MS. The recoveries of the spiked samples
ranged from 93.20% to 105.9%, and the RSD was lower than
4.2%. Despite the potential interference from the coexistence,
the proposed method indicates good sensitivity and accuracy.

Conclusions

In this work, N doped CDs with bright yellow fluorescence (Y-
CDs) were synthesized in one step by a hydrothermal method.
The prepared Y-CDs demonstrate good chemical and optical
stability. The imine groups on the surface of Y-CDs may be
oxidized or shielded by Ag®, so that Ag" was reduced to Ag
nanoparticles and attached to the surface of Y-CDs, resulting in
significant fluorescence quenching. The quenching perfor-
mance displayed a linear relationship in the range of 3-300 uM,
and the detection limit was 1.1 uM. Subsequently, the proposed
method was applied to the quantitative detection of Ag" in real
water samples with satisfactory recoveries of 93.20-105.9%,
indicating good applicability in practical analysis.
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