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Urea-doped carbon dots as fluorescent switches
for the selective detection of iodide ions and their
mechanistic studyf
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A facile and green strategy for the fabrication of fluorescent urea-doped carbon dots (N-CDs) has been
explored. Significantly, the fluorescent N-CDs could recognize iodide ions (I7) with high selectivity, and
their photoluminescence could be efficiently quenched by the addition of I”. The sensitivity analysis for
|~ indicated a linear relationship in the range from 12.5 to 587 uM with the detection limit as low as 0.47
uM. Furthermore, the I~ induced fluorescence (FL) quenching mechanism was investigated employing
a combination of techniques, including UV-vis/fluorescence spectroscopy, Density Functional Theory
(DFT) calculation, TEM and time-resolved fluorescence decay measurements. The DFT calculation results
demonstrated that the amino- and amide groups of N-CDs play a significant role in iodide recognition
through the formation of multiple N-H---17, C—H---I” and C(=O)N-H---I" interactions with I~. The TEM
experiment confirmed the aggregation process when |~ was added to the N-CDs solution. Moreover,

the radiative decay rate of N-CDs, which was first measured and reported the kinetic behaviors of the
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Accepted 30th July 2021 FL-quenching process, decreased from 3.30 x 10” s™" to 1.95 x 10’ s~ after the coordination with |

ions. The reduced lifetime demonstrated that the excited energy dissipation led to a dynamic quenching

DOI: 10.1039/d1ra04558 process. Therefore, such carbon materials can function as effective fluorescent switches for the selective
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1. Introduction

Todide (I") is an important trace element that plays a crucial role
in maintaining and regulating the stability of the intracellular
environment in the human body.** Either deficiency or abun-
dance of iodide can cause harm to the body and result in rele-
vant thyroid diseases, such as goiter, hypothyroidism, and
hyperthyroidism.>® Thus, it is vital to develop simple and
effective methods for the determination and dynamic tracking
of iodide ions, which can provide abundant physiological and
pathological information in clinical medicine. Until now,
several approaches, such as spectrophotometry,® voltammetry,”
potentiometry,® and chromatography, have been proposed for
the detection of iodide ions.” However, many of the above
methods are time-consuming for sample pre-treatment or
difficult in realizing online real-time monitoring. Spectro-
fluorimetry has attracted wide attention due to its advantages of
rapid response and high sensitivity. In recent years, many
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fluorescent sensors have been developed for the detection of
iodide ions,' including benzimidazole derivatives,"*** gold
(silver) nanoparticle clusters,'*'* porphyrin derivatives,* gra-
phene oxide and graphitic carbon nitride.'*"” Unfortunately,
these fluorescent sensors usually either involve complicated
organic synthesis or need the help of coordination between
iodide and heavy metal ions, which impede their practical
applications." Therefore, it is very meaningful to develop green
preparation strategies for fluorescent materials that can be used
for iodide detection.

Carbon dots (CDs), owing to their stable properties and good
biocompatibility, have received extensive attention from scien-
tists in the field of chemistry, material science and medical
science.'® ! Different from traditional fluorescent organic dyes
and semiconductor nanocrystals, CDs exhibit excellent prop-
erties, i.e., stable photoluminescence, adjustable emission,
good biocompatibility and low toxicity.*”>* CDs can be prepared
from various materials, which can be grouped into two classes,
namely small organic molecules and green carbon precursors,
on the basis of the chosen carbon source.”*® Nature is a limit-
less source, which inspired us to develop new ideas on novel
nanomaterials with excellent properties. Thus, the preparation
of new CDs has been continuously explored.

It has been reported that urea or thiourea derivatives can
selectively detect anions through fluorescence spectroscopy or
electrochemical methods.”**® However, to our best knowledge,
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urea-modified CDs as highly efficient anion sensors and their
sensing mechanism are seldom reported.** Cotton is one of the
most abundantly available and important material resources,
which can be comprehensively used.*>** The main component
of white cotton is cellulose, which contains plenty of hydroxyl
groups. Herein, considering the environmental concerns, we
report a green strategy for the synthesis of highly fluorescent
CDs with white cotton as the raw material and urea as the
nitrogen source. More importantly, we further demonstrate that
the prepared urea-doped carbon dots (N-CDs) can act as
a robust fluorescent probe for the direct detection of iodide ions
by the “mixing and testing” method without the need for
coordination with heavy metal ions (Scheme 1).

2. Materials and methods
2.1 Materials

White cotton was provided by the Cotton Research Institute,
Chinese Academy of Agricultural Sciences. (NH,),CO, KI, KBr,
KCl], KF, and quinine sulfate were purchased from Macklin Ltd.

2.2 Instruments

Transmission Electron Microscopy (TEM) images were recorded
on JEM-2100F and Talos F200S at an acceleration voltage of 200
kV. FTIR spectra were acquired on a Nicolet iS10 spectrometer.
The XRD spectra of the samples were measured on a Rigaku
(MiniFlex) powder X-ray diffractometer with CuKo radiation (2
= 0.1540 nm). Ultraviolet-visible (UV-vis) spectra were recorded
using a Shimadzu UV-3100 instrument. Fluorescence spectra
(FL) were obtained with an F-7000 fluorescence spectropho-
tometer (Hitachi, Japan). The nanosecond fluorescence lifetime
measurements were performed on a lifetime and steady-
transient state spectrometer (Edinburgh Instruments FLS980)
using the time-correlated single-photon counting (TCSPC)
system. The samples were excited by a 370 nm picosecond diode
laser (2 MHz repetition rate), and the statistics results were
analyzed by reconvolution fits.

2.3. Preparation of N-CDs

To prepare the carbon dots, 0.50 g white cotton and 4.0 g urea
were dissolved in deionized water (20 mL) under stirring.
Afterward, the suspension was transferred to a poly(tetrafluoro-
ethylene) autoclave (50 mL) and heated at 210 °C for 12 h. After
the reaction, the reactors were cooled to room temperature
using water. The crude product, which was a yellow fluorescent
solution, was obtained by removing the large dots using a 0.22

CO(NH,), -
Hydrothermal ® . ' .. @
(]
— oo® —. .. (
A ol X X -
i FL "On FL “Off"
white cotton N-CDs

Scheme 1 The preparation of N-CDs and their application in iodide
detection.
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um filter membrane. The filtrate was dialyzed against distilled
water through a dialysis membrane with an MWCO of 1000 Da
to remove salt and impurities. After freeze-drying, the sample
was kept in a dark and cool bottle for further study.

2.4 Measurement of quantum yield

Quinine sulfate (0.1 M H,SO, as the solvent, ®r = 54%) was
employed as the standard to measure the quantum yields (QYs)
of N-CDs through the slope method. The QYs were calculated by
comparing the integrated fluorescence intensity (excited at 360
nm) and the absorbance value (the value was below 0.1 at the
excitation wavelength). The slope method equation used is as
follows:

o, = (pst(Kx/Kst)(nx/nst)z

where @ is the quantum yield, K is the slope of the linear fitting
curves and 7 is the refractive index of the corresponding solvent.

2.5 Fluorescence detection of I

Ultrapure water was used to prepare a KI solution of 50 mM
concentration; then, I” solutions of different concentrations
(12.5 puM, 37.5 uM, 87.5 uM, 187.5 uM, 287.5 uM, 387.5 uM,
587.5 uM, 887.5 uM, 1.287 mM, 1.687 mM, 2.562 mM,
4.312 mM, 6.062 mM, 7.812 mM, 9.562 mM) were separately
added into the N-CDs solution (50 pg mL™", 2 mL) by diluting
the above-mentioned stock solution. After incubation for 30 s,
the FL emission intensity spectra were measured at 410 nm.

The FL spectra of N-CDs (50 ug mL ™", 2 mL) with different
halide ions (Br~, Cl7, F~) were examined to estimate the
selectivity of the sensing system. The concentration of various
halide ions was 9.6 mM.

2.6 Density Functional Theory (DFT) calculation

All the theoretical calculations were performed using the
Gaussian 09 program at the bp86/6-31G (d) level. Then, the
vibrational spectrum of each molecule was calculated at the
same level of theory to ensure that all the structures correspond
to the true minima of the potential energy surface. Meanwhile,
the lowest unoccupied molecular orbitals (LUMO) and highest
occupied molecular orbitals (HOMO) were calculated, the rela-
tive energy gaps (Egap) were obtained thereby. Finally, the Gibbs
free energies of N-CDs, iodide ions (I") and N-CD/I" in water
(298.15 K) were calculated at the bp86/6-31G (d) level. Subse-
quently, the corresponding binding energies between N-CDs
and iodide ions were obtained as well.

2.7 Determination of I in real samples

For the analysis of real samples, tap water was collected and pre-
treated by exposing it to sunlight and heat for two hours. A
standard addition method was employed to validate the
proposed fluorescent switch. The procedure was the same as the
above-mentioned iodide ion detection method, except that the
standard I" solutions (0, 4, 20, 60 and 100 uM) added into the N-
CDs solution were replaced by the real samples.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1 Characterization of the N-CDs

The fluorescent CDs were prepared by a one-step hydrothermal
method with cotton as the precursor; the quantum yield (QY) of
the cotton-based carbon dots (C-CDs) was 6.05% (Fig. Sia,
ESIt). The QY of C-CDs increased with urea as the N-dopant.
Upon changing the amount of doped urea from 1 equivalent
to 8 equivalent, the QY of the urea-doped CDs (N-CDs) gradually
increased from 7.32% to 18.79% (Fig. S1b and Table S1, ESIT).
When the amount of added urea was increased again, the QY of
N-CDs started to decline, which is illustrated in Table S1.1 The
morphologies and sizes of the N-CDs were characterized
through transmission electron microscopy (TEM) (Fig. 1a, S2a
and b, ESIT). The representative TEM image showed that the
typical product contained a variety of N-CDs well-dispersed
across the whole section, and the size statistic of the N-CDs
indicated that their sizes were centered between 4-5.5 nm
(Fig. 1b). However, N-CDs particles that possessed well-resolved
lattice fringes were not observed in the high-resolution TEM
image (inset in Fig. 1a, S2c and d, ESIf). The XRD pattern
exhibited a typical intense peak centered at 24° (002 plane),
which was associated with highly disordered carbon atoms
(Fig. 1c).*® The XRD pattern of the as-prepared N-CDs also dis-
played a weak peak at 37° corresponding to the (101) plane. The
poor crystalline nature of N-CDs demonstrated the presence of
more oxygen-containing functional groups on their surface.

a)@
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Additionally, the surface functional groups of N-CDs were
further characterized by, FTIR spectra (Fig. 1d). Broad and
strong bands associated with the stretching vibrations of the C-
OH and C-NH, groups were found at 3427 cm™ " and 3234 cm ™,
respectively. The peaks at 2870 cm ' and 1290 cm ' were
assigned to the stretching vibration and bending vibration of
the C-H groups, respectively. The peaks at about 1640 cm ™' and
1590 cm ' corresponded to the stretching vibration of the
carbonyl (C=0) groups. Besides, the absorption bands ranging
from 1250 to 1000 cm ™ were attributed to a large number of
C-O-C groups. The N-H deformation vibration was observed at
800 cm ™ '.** Consequently, the N-CDs are hydrophilic and stable
in aqueous solutions because of a large number of hydroxyl-,
amino- and amide groups on the surface.

3.2 Optical properties of N-CDs

The UV-vis absorption spectrum showed that the prepared C-
CDs had a broad peak around 325 nm, while the N-CDs solu-
tion exhibited a broad absorption band centered at 275 nm,
which was ascribed to the n-m* transition of the C=0 bonds or
C=C-NH, groups (Fig. 2a).*”** This blue-shift phenomenon
was due to the introduction of amino- and amide groups on the
surface of N-CDs. The as-prepared solution of N-CDs was yellow
under visible light, while it showed blue color under UV light
(365 nm), which exhibited their blue photoluminescence
property (inset in Fig. 2b). As shown in Fig. 2b, the maximum
emission wavelength of N-CDs in water red-shifted gradually
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Fig. 1

XRD pattern of N-CDs. (d) FTIR of N-CDs.
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(a) TEM image of the prepared N-CDs. Inset: the high-resolution TEM image of N-CDs. (b) The size distribution histogram of N-CDs. (c)
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(@) UV-vis absorption of N-CDs and C-CDs. (b) The corresponding emission spectra of N-CDs at different excitation wavelengths from 300 to

360 nm; (Insets) photographs showing the colour change of N-CDs solution from yellow to blue after excitation under a UV lamp at 365 nm. (c)
Emission spectra of C-CDs on varying the excitation wavelength. (d) Time-resolved fluorescence decay spectra of N-CDs and C-CDs.

when the excitation wavelength was changed in the range of
300-360 nm with 10 nm increments. The fluorescence intensity
of N-CDs depended on the excitation wavelength, as shown in
Fig. 2b. It was noticed that the fluorescence intensity of N-CDs
increased and then decreased with the increment of the exci-
tation wavelength. In comparison, the strongest emission
intensity of C-CDs was observed at 435 nm on varying the
excitation wavelength from 320 to 390 nm (Fig. 2c).

Subsequently, the fluorescence lifetimes (t) of N-CDs and C-
CDs were investigated by time-resolved fluorescence by
employing the time-correlated single-photon counting (TCSPC)
technique (excitation wavelength at 370 nm). The decay curves
of both CDs were fitted using biexponential functions. The
decay time of N-CDs was measured as about 5.69 ns, which had
two components: 2.35 ns (ca. 43.8%) and 8.52 ns (ca. 56.2%)
(Fig. 2d). Meanwhile, the average lifetime of C-CDs was calcu-
lated to be 5.01 ns.

3.3 Selective and sensitive detection of I

Considering the adaptive property of luminescent materials and
the simultaneous great change in fluorescence, we have inves-
tigated the potential use of the prepared N-CDs as an
environment-responsive fluorescent probe. To explore the
application of the as-prepared N-CDs in halide-ion sensing, four
halide ions (F~, Cl™, Br, and I") were added to the aqueous
solution of fluorescent N-CDs, respectively, and the emission
response of the fluorescent probe was captured, as shown in
Fig. 3a. The performed fluorescence study indicated that I had

27648 | RSC Adv, 2021, N, 27645-27652

the greatest effect of fluorescence (FL) quenching among all the
tested ions, while F~ and Cl™ had only a slight FL quenching
effect. In the presence of Br™, the fluorescence quenching of N-
CDs was not as obvious as in the presence of I". Furthermore,
the lifetime of N-CDs after the addition of different halide ions
(9.56 mM) was measured by the TCSPC technique. The average
lifetime of N-CDs decreased to 5.61 ns, 5.39 ns, 4.86 ns and 2.20
ns with the addition of F~, C1*, Br—, and I, respectively, con-
firming that only I had a dramatic effect on the FL decay
pathway of N-CDs (Fig. 3b). These phenomena demonstrated
the high selectivity of the fluorescent probe for the detection of
I, which can be attributed to the special coordination inter-
action between I and the amino- and amide groups of N-CDs in
contrast to the existence of only weak interactions between the
N-CDs and other halide ions.

In order to evaluate the sensitivity of N-CDs, various
concentrations of I (from 12.5 uM to 9.56 mM) were studied by
means of fluorescence titration. The fluorescence intensity of N-
CDs declined sharply first and decreased gradually at the later
stage with the stepwise addition of I" under excitation at
320 nm (Fig. 3c). When the concentration of I was 887 puM, the
fluorescence quenching degree of N-CDs was more than 50%. In
addition, the quenching efficiency was analyzed by employing
the Stern-Volmer equation, Fo/F = 1 + Ky, [I” ], where Kj, is the
quenching constant, [I" ] is the concentration of I", and F, and F
represent the fluorescence emission intensities at 408 nm when
I" is absent and present, respectively (Fig. S3, ESIt).*> As shown
in Fig. 3d, the relationship showed good linearity from 12.5 to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Comparison of the fluorescence intensities of N-CDs (50 pg.mL™) upon the addition of different halide ions (9.56 mM). (b) Time-
resolved fluorescence decay spectra of N-CDs in response to different halide ions. (c) The fluorescence titration of the N-CDs in the presence of
|7 ions (0 to 9.56 mM). (d) The linear relationship between Fo/F and I~ concentration (from 12.5 to 587 uM).
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587 uM. Meanwhile, the K, value was determined to be 1270
M™%, and the limit of detection (LOD) was calculated to be 0.47

direct fluorescence quenching of N-CDs.** This result demon-
strated that the FL-quenching process of N-CDs did not occur
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uM based on the signal/noise ratio of 3. Consequently, the
results demonstrate that the N-CDs are highly sensitive fluo-
rescent probes for iodide sensing and have a wide linear range.

3.4 Investigation of the FL-quenching mechanism

In order to investigate the FL-quenching mechanism of N-CDs
induced by I, the UV-vis absorption spectra and fluorescence
spectra were analyzed. Fig. 4a shows that there was no obvious
overlap between the absorption spectrum of KI and the excita-
tion spectrum of N-CDs, which indicates that the exciting light
was not absorbed by I™, thereby eliminating the possibility of

via the inner filter effect. Meanwhile, the absorption peak (275
nm) of N-CDs disappeared after the addition of KI (9.6 mM),
suggesting the formation of stable excited complexes between
N-CDs and I" (Fig. 4b).

To get further insights into the PL quenching mechanism,
the molecular geometry and Gibbs free energies of N-CDs and
N-CDs/I” in water (298.15 K) were determined by Density
Functional Theory (DFT) calculations at the bp86/6-31G (d)
level. Based on the main component cotton, amino-substituted
pyrone structures have been proposed as the chromophore
units of N-CDs. The optimized molecular geometry of
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(a) Absorption of I~ and the excitation and emission bands of N-CDs. (b) UV-vis absorption of N-CDs, Kl and N-CDs/I".
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Fig. 5

a chromophore unit is shown in Fig. 5a. On the basis of the
HOMO (—4.91 eV) and LUMO energies (—2.52 eV), the energy
gap value (Eg) of the optimized geometries was 2.39 eV.

While N-CDs and I" formed stable complexes (Fig. 5b), the
distances between I" and the H atoms of the amino (-NH,),
methylene (-CH,) and amide (-C(=O)NH,) groups of N-CDs
were 3.20 A, 3.07 A and 3.12 A respectively, indicating that
multiple N-H---I", C-H---I" and C(=O)N-H---I" interactions
existed between the two moieties. As a result, the HOMO and
LUMO energies of N-CDs changed to —4.85 eV and —2.49 eV,
respectively, manifesting that the presence of I" did not obvi-
ously affect the E, (2.36 €V) of N-CDs. Meanwhile, the HOMO
(—0.22 eV) and LUMO (0.0399 eV) energy levels of I" were
calculated, which were both much higher than the Epymo
(—2.49 eV) of N-CDs, indicating that the electron transfer
process from N-CDs to I was hardly taking place.*

Furthermore, the relative Gibbs free energies (AG) of N-CDs,
I" and N-CDs/I” in water (298.15 K) were computed at the bp86/
6-31G (d) level. Subsequently, the corresponding binding energy

b)
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(a) The optimized molecular geometry of the chromophore unit of N-CDs. (b) The optimized molecular geometry between N-CDsand |™.

of N-CDs/I” was found to be —23.63 k] mol ™, while the relative
binding energy of C-CDs/I” was —13.64 k] mol !, which is much
lower than that of N-CDs/I” (Fig. S4 and Table S2, ESIT).>>*
These results clearly demonstrate that the amino- and amide
groups play a significant role in iodide recognition. Therefore,
the chromophore units of N-CDs gather closer and closer with
the addition of I", giving an appropriate distance for m-m
stacking between the chromophore units.** Moreover, the TEM
experiment also confirmed the aggregation process when I was
added to the N-CDs solution. The result showed spherical
morphology with diameters in the range from 5 to 12 nm,
convincingly indicating the formation of N-CDs/I"/N-CDs
aggregates (Fig. 6a). The exciplexes generated through -7
interactions dissipated the excited energy, thereby leading to
a large non-radiative transition.

The PL quenching mechanism was further verified through
the time-resolved fluorescence decay spectra, which were used
to study the excitation behavior of N-CDs when the I ions were
absent and present (Fig. 6b). The emission of blank N-CDs

10°4 —=— N-CDs
—e— N-CDs+450 uM KI

—#— N-CDs+8.0 mM KI

30
Time (ns)

20

oA
—
o

Fig. 6 (a) TEM image of N-CDs upon the addition of I~ (9.0 mM). (b) Time-resolved peak fluorescence of N-CDs (50 pg mL™) in response to

different I~ concentrations.
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Table 1 Fluorescence decay rates of N-CDs in the absence and
presence of different I~ concentrations

Cr (mM) &yt t(ns) Kk (s7H) kar (571
N-CDs 0 18.79%  5.69 3.30 x 107 1.40 x 10°
N-CDs/I”  0.45 12.36%  4.31 2.86 x 107 2.04 x 10°
N-CDs/I” 8.0 5.26%  2.70 1.95 x 10”7 3.58 x 10°

¢ @y, values were estimated on the basis of the slope method (Fig. S5,
see ESI).

showed biexponential decay with an average lifetime of 7 = 5.69
ns (Pr = 18.79%). Meanwhile, the initial radiative decay rate (k;)
and non-radiative decay rate (k,;) were approximately deter-
mined to be 3.30 x 10" s and 1.40 x 10® s~ respectively,
since @y equals the product of 7 and k. After coordination with
I" ions (450 uM), the average lifetime of N-CDs changed to 4.31
ns (@r = 12.36%) and the radiative decay rate (k,) declined to be
2.86 x 10’ s~'. When the concentration of I~ was 8.0 mM, the
average lifetime value of the N-CDs/I” system decreased to 2.70
ns (Pr = 5.26%), yielding a relatively lower radiative decay rate
(k.= 1.95 x 10” s~ ") and a much higher non-radiative decay rate
(knr = 3.50 x 10® s7") compared with those of blank N-CDs
(Table 1). In comparison, the average lifetime of C-CDs
changed from 5.01 ns to 3.81 ns after the addition of I (8.0
mM) on fitting the data (Fig. S6, ESIt).

At the molecular level, the intermolecular interactions and
intramolecular effects would greatly affect the emission inten-
sity of the chromophore units.*> As for the N-CDs/I" solution,
the multiple N-H---I", C-H---I " and C(=O)N-H:---I" interac-
tions between the amino-/amide groups of N-CDs and I” would
facilitate -7 stacking between different chromophore units
and restrain the radiative recombination of the excitons,
resulting in a high non-radiative decay rate and shortened
lifetime. The significantly reduced lifetime demonstrated that
the excited energy dissipation by exciplexes led to the dynamic
quenching process.

3.5 Detection of I" in tap water

As iodide is an important trace element in the human body and
intracellular environment, the N-CD-based fluorescent switch
was applied for the detection of I" in tap water. Considering the
presence of residual hypochlorite, tap water was pretreated by
exposing it to sunlight and heat in order to eliminate possible
hypochlorite interference. The concentration of I in tap water
was determined to be 2.1 uM according to the Stern-Volmer

Table 2 Detection of iodide ion in tap water

Addition Measured Recovery
Sample (M) (nM) (%) RSD (%)
1 0 2.1 — 2.2
2 4 6.2 103 1.8
3 20 23.4 106 3.0
4 60 60.8 98.0 2.8
5 100 97.1 95.1 2.7

© 2021 The Author(s). Published by the Royal Society of Chemistry
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equation. As shown in Table 2, I" ion recovery in tap water
ranged from 95.1% to 106%, indicating the reliability, fast
response and detection accuracy of the method. Due to the
convenience and practicality of this method, there is more
scope for developing sensing materials for the selective and
sensitive detection of halide ions.

4. Conclusions

In summary, a promising fluorescent sensing material was
prepared by a hydrothermal method by employing cotton as the
natural carbon source and urea as the nitrogen source. The as-
prepared N-CDs were characterized through a combination of
TEM, UV-vis absorption, FTIR, fluorescence spectroscopy and
fluorescence lifetime measurements. Importantly, the fluores-
cent N-CDs were used for the selective and sensitive detection of
I" in awide linear range from 12.5 uM to 587 uM, and the lowest
detection limit was estimated to be 0.47 uM based on the
quenching effect with the addition of I". Moreover, UV-vis/
fluorescence spectroscopy, DFT calculations, TEM and time-
resolved fluorescence decay measurements were employed to
investigate the quenching mechanism by analyzing the excita-
tion behavior of the aqueous N-CDs solution in the absence and
presence of I". The reduced lifetime demonstrated that dissi-
pation of excited energy resulted in the dynamic quenching
process. Due to the facile production and stable fluorescence
properties, fluorescent N-CDs are expected to have many
potential applications in sensing, catalysis, optical device and
medical areas.
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