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Abstract: A novel nitrogen-doped carbon quantum dots (N-CDs) were prepared by the microwave
irradiation method. The fluorescence quenching effect of Co(Il) on the N-CDs was studied in the
sodium dodecyl sulfate (SDS) medium and the fluorescence quenching was sensitized in the SDS.
The linear range of calibration curve for the determination of Co(II) was 0.17 ug/mL—11.8 pg/mL and
the limit of detection was 0.052 ug/mL. The method has been applied for the determination of Co(II)

in samples with satisfactory results.
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1. Introduction

Cobalt [Co(IT)] is a biologically significant trace
element that enters the human body from natural and
man-made sources [1]. However, prolonged
exposure to high concentrations of cobalt ions and
water-soluble cobalt compounds can affect the heart.
Cobalt oxides have harmful effects on the lungs and
hearts, and may cause cancer in humans [2, 3].
Therefore, it is necessary to establish a sensitive,
selective, and accurate method to determine cobalt.
Spectroscopy is one of the most common analysis
methods for Co(Il), which includes inductively
coupled plasma emission spectrometry [4], atomic
absorption spectrometry [5], chemiluminescence [6],
and molecular fluorescence spectrometry [7, 8].

Among various carbon-based materials, carbon
dots (CDs) is one of the new materials. Since Xu
et al. [9] accidentally discovered CDs in the process

of separating and purifying single-walled carbon
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nanotubes (SWCNT) in 2004, and CDs have
become a research hotspot and applied in multiple
fields [10]
including good fluorescence characteristics, water

due to their excellent properties,

solubility, biocompatibility, and low toxicity [11-15].
Like other carbon-based materials, the materials can
be modified by element doping [16, 17]. At present,
many studies show that introducing N element to
nitrogen-doped carbon dots (N-CDs) preparation can
enhance the fluorescence intensity of CDs due to the
synergistic charge transfer between electron-rich
nitrogen atoms and electron-deficient carbon atoms
[18, 19].

The main synthesis methods of CDs include the
hydrothermal method and microwave method,
which belong to the bottom-up synthesis route [20].
The microwave method combines the advantages of
the hydrothermal method and has become a very
important process. It can provide dense, uniform,
and efficient energy for the reaction system, making
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the heating of carbon precursors more convenient
and fast in the reaction, simplifying the synthesis
process, and greatly shortening the synthesis time of
CDs. Notably, the influence of microwave on
chemical reaction is due to the thermal effect and
related to the non-thermal effect of the microwave.
The non-thermal effect of microwave also affects
the chemical bond through the microwave photon
energy. The microwave will not directly cause the
change of chemical bond because its photon energy
is lower than the energy required to destroy the
chemical bond. On the contrary, some chemical
bonds break due to the weakening of bond energy in
the chemical reaction process and will form new
chemical bonds under microwave action [21, 22].
Therefore, the synthesis of CDs by the microwave
method has received extensive attention now.
Sensitizers, mainly surfactants, play an essential
role in the dispersion of materials and controlling
particle morphology. It has been reported that
surfactant as a  sensitizer can enhance
chemiluminescence [23]. The study of fluorescence
found that the sensitizing system can maintain a
long fluorescence lifetime and strong luminescence
intensity [24]. Therefore, the sensitivity of the
spectral analysis can be improved by establishing a
sensitization system by the sensitizer. In our
previous publications, the sensitizing effect of
surfactant on the determination of metal ions by
(UV-Vis)
spectrofluorimetric  was

ultraviolet-visible spectroscopy
spectrophotometry and
developed [25, 26]. However, sodium dodecyl
sulfate (SDS) sensitized fluorescence quenching
method of CDs for the analysis Co(Il) seems to be
lacking.

In this paper, N-CDs were synthesized by the
microwave synthesis method. Co(II) could bring on
the fluorescence quenching of N-CDs, and there was
a linear relationship between the fluorescence
quenching value (AF) and the concentration of
Co(II). A novel SDS sensitized CDs fluorescence
quenching method for Co(Il) was
established.

analysis

2. Experiment

2.1 Reagents and instruments

Glucose, SDS (sodium dodecyl sulfate), B-CD
(beta cyclodextrin), KH,PO, (disodium hydrogen
phosphate), and Na,HPOs (potassium dihydrogen
phosphate) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).
DTAB  (dodecyl
ammonium bromide), and SDBS (sodium dodecyl

Ethylenediamine, trimethyl
benzene sulfonate) were purchased from Shanghai
Aladdin Bio-Chem Technology Co., LTD (Shanghai,
China). The standard solution of Co(Il) and water
quality-determination of Co(Il) were purchased from
Beijing Zhongke Quality Inspection Biotechnology
Co., Ltd. (Beijing, China).

SDS solution was prepared by accurately
weighing, dissolving, and moving the appropriate
amount of SDS into a 100 ml volumetric flask and
constant volume with distilled water.

The phosphate buffer solution was prepared by
accurately weighing, dissolving, and transferring
KH,PO4 and Na,HPOj4 into two 250 ml volumetric
flasks, respectively, using the pH meter to mix the
solution with the pH value of 3.0-8.0. All the
reagents were of analytical reagent grade, and the
experimental water was distilled water.

The fluorescence measurements were carried out
on an F-7000 fluorescence
(Hitachi, Japan). The UV-Vis absorption spectra
Thremo-1780 UV-Vis
spectrophotometer (TMO, USA). Fourier transform
infrared spectra (FTIR) were recorded on a
TENSOR27 FTIR spectrometer (Bruker, Germany).
Microwave digestion was carried out in MARS
6240/50 microwave digestion system (CEM, USA).

spectrophotometer

were recorded on a

2.2 Microwave synthesis of N-CDs

In this experiment, nitrogen-doped carbon dots
(N-CDs) were
synthesis method, and the specific steps were as
(Fig. 1):
ethylenediamine were mixed into 10 mL solution,

synthesized by the microwave

follows 0.1 g glucose and 450 pL
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then put into polytetrafluoroethylene tube, and the
reaction was carried out under the condition that the
reaction temperature increased in 3 min and kept for
10 min in a microwave digestion apparatus with
microwave power of 450 W. After the reaction was
completed, the solution was cooled to room
temperature and purified with a dialysis membrane
with molecular weight cut-off of 1000 Da for 24 h.
At last, the N-CDs were stored at 4 °C for future
analysis.

[ Glus
0.

Fig. 1 Preparation diagram of N-CDs.
2.3 Detection of Co(II)

The determination solution was prepared by
adding a certain amount of Co(Il) solution into an
N-CDs solution system. The fluorescence spectra
were recorded at room temperature with the
excitation wavelength of 323 nm and the emission
wavelength of 412nm.

2.4 Measurement of fluorescence quantum yield

Fluorescence quantum yield was generally
measured by the reference method. At the same
excitation wavelength (323 nm), the area of the
fluorescence spectrum of diluted solutions of sample
and reference substance were measured by
fluorescence spectrophotometer, respectively. The
absorbance of ultraviolet-visible light at the same
excitation wavelength was measured. These values
were substituted for the formula as follows:

Fu As

@=¢s (l)

where F represents the fluorescence integral area, @
represents the quantum yield, and A represents the
absorbance at the excitation wavelength,
respectively. The subscript s refers to the quinine

sulfate and u refers to the N-CDs.
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3. Results and discussion

3.1 Synthesis and characterization of N-CDs
3.1.1 Synthesis optimization of N-CDs

This experiment investigated the effects of
various conditions (the dosage of ethylenediamine,
reaction time, and microwave power) on the
fluorescence quantum yield (@) of N-CDs.
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Fig.2 Fluorescence quantum yield of N-CDs synthesized at
different conditions: (a) the dosage of -ethylenediamine,
(b) reaction time, and (c) microwave power.
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As shown in Fig. 2(a), the optimum dosage of
ethylenediamine was 450 pL. This phenomenon
might be due to the ethylenediamine as a modifier
passivating the surface of N-CDs, filling in the
vacancy defects on the surface of N-CDs, and
making the fluorescence emission more stable.
However, the excessive dosage of ethylenediamine
might cause the coupling aggregation because the
ethylenediamine adhered to the surface of N-CDs
and made the @ of N-CDs decreased [27].

As shown in Figs. 2(b) and 2(c), when the
reaction time was set at 6 min—14 min or the
microwave power was set at 100 W-500 W, the
maximum value of @ appeared at 10min and 400 W,
respectively. The reason might be that the reaction
time was too short or the microwave power was too
low, which resulted in a decrease in the N-CDs
crystal number and insufficient crystal nucleus
growth. If the reaction time was too long or the
microwave power was too high, N-CDs might easily
produce large particles, which would also lead to the
uneven particle size of N-CDs, resulting in a
decrease in the @ of N-CDs [28].

3.1.2 Comparison of synthesis methods

The synthesis of N-CDs by the microwave
highly that by the
hydrothermal method. The microwave method

method was similar to
would first provide instantaneous conditions of high
temperature and high pressure. Under this condition,
glucose first formed organic molecular clusters, and
then these organic molecular clusters would
gradually form a small number of carbon nuclei due
to dehydration and carbonization. With the extension
of the reaction time, the carbon nucleus became
larger, with many oxygen/nitrogen groups on the
Besides, the effect of

microwaves such as radiation promoted the reaction

surface. non-thermal

of  cracking, cross-linking, agglomeration,
condensation, and carbonization and thus, more N-
CDs were generated [27].

The properties of N-CDs synthesized by the

hydrothermal method [N-CDs(H)] and microwave
method [N-CDs(M)] were compared. As shown in
Table 1, the reaction time of N-CDs(H) was longer,
and the fluorescence quantum yield was higher.
However, after sensitized by SDS, the fluorescence
quantum yield of N-CDs(H) was lower than that of
N-CDs(M), which might be due to the influence of
SDS on the dispersion and particle morphology of
N-CDs in solution.

The sensitivity of N-CDs(M) was better than that
of N-CDs(H) [Ksv N-cpsovy > Ksv N-cDs(H), LODN-Dsevy<
LODn-cps@]- This phenomenon may be due to the
N-CDs level synthesized by microwave matching
the lowest unoccupied molecular orbital level of Co,
which led to higher photon transfer efficiency. In
conclusion, N-CDs synthesized by microwave
irradiation was more suitable as a fluorescent
sensing probe for Co(II).

Table 1 Comparison of synthetic method.

. Quenching  limit of detection
Method: T @  @(SD
erocs e (SDS) constant (Ksy) (LOD)
Microwave
1 0, 0,
method 45min 3.1% 11.2% 0.1281 52 pg/L
Hydrothermal o o
method 7Th  7.1%  8.6% 0.0778 66 pg/L

3.1.3 Characterization of N-CDs

The transmission electron microscope (TEM)
image is shown in Fig.3(a). It could be observed that
N-CDs were spherical and well distributed. The size
distribution of N-CDs was mainly in the range of
2nm-3nm. The X-ray diffraction (XRD) pattern in
Fig.3(b) shows a broad diffraction peak around 23°,
which was consistent with the (002) lattice spacing
of carbon-based materials with the turbostratic
disorder.

Figure 3(c) shows the ultraviolet absorption
spectra of N-CDs (Curve 1), ethylenediamine
(Curve 2), and glucose (Curve 3). Compared with
Curves 2 and 3, Curve 1 exhibited an absorption
peak of n-w transition at 280nm, which indicated the
formation of C=0O or C=N.

The infrared spectra of glucose (Curve 1),
ethylenediamine (Curve 2), and N-CDs (Curve 3)
are shown in Fig. 3(d). There were new peaks at
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1369cm™ and 1660cm™ in Curve 3, corresponding
to the stretching vibration peak of C—N and C=0 or
C=N, which was consistent with the peak of
nitrogenous functional groups in Curve 2. This
result indicated the formation of carbon quantum
dots, and N was successfully doped into carbon
quantum dots. The peak at 2960cm ™' was attributed

to the stretching vibration —H structure. The peak at
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3396cm' was assigned to the stretching vibration
of —OH and —-NH.

In summary, the above could prove the

formation of N-CDs. The surface of N-CDs was rich
in hydrophilic groups, such as hydroxyl groups,
carboxyl groups, and amino groups, which made N-
CDs have good water solubility and stability.
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Fig. 3 Characterization of N-CDs: (a) TEM image of N-CDs (inset: the histogram of the size distribution for N-CDs), (b) XRD of
N-CDs, ethylenediamine, and glucose, (c) UV-Vis spectrum of N-CDs, and (d) FTIR spectrum of N-CDs, ethylenediamine and glucose.

3.1.4 Fluorescent properties of N-CDs

Figure4(a) describes the fluorescence spectra of

N-CDs different excitation
wavelengths. When the excitation wavelength was
changed from 280 nm to 350 nm, the emission

the solution at

wavelength shifted with the shift of excitation
wavelength, and the fluorescence intensity increased
first and then decreased. The fluorescence intensity
was the highest till the excitation wavelength located
at 323 nm [Fig. 4(b)] and showed blue light
[Fig.4(c)].
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Fig. 4 Fluorescent properties of N-CDs: (a) fluorescence
emission spectra of N-CDs at different excitation wavelengths
from 280 nm to 350 nm, (b) fluorescence intensity of N-CDs at
315 nm-325 nm, and (c) optimum excitation wavelength and
optimum emission wavelength of N-CDs (inset: fluorescence of
N-CDs solution at excitation wavelength).

3.2 Detection of Co(II)

3.2.1 Fluorescence quenching and sensitization

Figure 5(a) was obtained by adding Co(Il) into
the N-CDs system and scanning the solution at
323 nm excitation wavelength. Curves from the top
to the bottom were fluorescence spectra of N-CDs
with different Co(II) concentrations added. It could
be observed that with an increase in Co(Il)
concentration in the N-CDs system, the fluorescence
intensity of Fn.cps decreased. This result revealed
that Co(Il) had a quenching effect on N-CDs which
could “turn off” the fluorescence signal.

The experiment investigated the effects of
different sensitizers [DTAB, SDBS, B-CD, SDS,
TX-100, and amino acid ionic liquids (AAIL)] on
the fluorescence quenching system of Co(I1)-N-CDs.
As shown in Fig. 5(b), SDS was the most effective
sensitizer to improve the detection sensitivity of
Co(II) by N-CDs.

In the presence/absence of SDS, the fluorescence
spectra of Co(Il)-N-CDs are shown in Fig. 5(c). It
could be observed that: (1) the existence of SDS did
not affect the emission position of N-CDs; (2) the
fluorescence intensity of N-CDs increased
significantly with the SDS, which might be due to
the formation of micelles by SDS, resulting in the
change of solution microenvironment [26]; (3) the
quenching effect of the same concentration of Co(Il)
on N-CDs was significantly improved (AF1>AF3) in
the presence of SDS. As shown in Fig.5(d), AF had
the maximum value when 2% SDS was added. Thus,
the SDS concentration was determined to be 2% in
this experiment.

3.2.2 Optimization of conditions

(1) pH

As shown in Fig. 6, AF increased with an
increase in pH at first and then decreased gradually
when pH>6.0. The reason may be that in an acidic
environment, with an increase in pH values, the
interaction between N-CDs and Co(Il) became
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Fig. 5 Fluorescence quenching and sensitization of N-CDs in detection of Co(Il): (a) fluorescence emission spectra of N-CDs
solution with different concentrations of Co(II), (b) fluorescence changes of N-CDs after adding Co(Il) under different sensitizers, (c)
fluorescence spectra of N-CDs solution before and after SDS added, and (d) fluorescence changed of N-CDs solution in different

concentrations of SDS.

1350 |

1300 |

1250 |

1200 p

1150

1100 L
pH

Fig. 6 Fluorescence quenching values
solution at different pH.

(AF) of the N-CDs

stronger where the degree of deprotonation of N and
O atoms on the surface of N-CDs increased [29].
The hydroxyl side reaction coefficient of Co(Il)
increased when the pH was more than 6.0. As a
result, the interaction between Co(II) and N-CDs
became weaker and AF decreased [30]. Thus, pH 6.0
was picked as the optimal experimental condition

for all detection.

(2) Temperature

AF of the quenching system at temperatures of
10°C-60°C was investigated. As shown in Fig.7, AF
decreased with an increase in temperature, which
could be attributed to the obstruction of the
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formation of ground state complexes at high
temperature [31]. In consequence, room temperature
(20°C) was chosen for the convenience of operation.
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Fig. 7 Fluorescence quenching values (AF) of the N-CDs
solution at different temperatures.

(3) Ionic strength

In this experiment, 1.0 mL 0%-5% NaCl were
added into the quenching system solution to explore
the effect of ionic strength. The results showed that
the ionic strength had no effect on AF.

3.2.3 Selective and anti-interference capability

In order to verify the selectivity of this method,
the effects of different metal ions on the quenching
of Co(II)-N-CDs-SDS were investigated. As shown
in Fig. 8(a), when different metal ions (K", Na*, Ca*',
Cu*, Pb**, Ni**, A", Fe*, Mg*'em =11.8 pug/mL,
and cco=1.18 pg/mL) were added into the N-CDs-
SDS solution, only Co(II) had a significant effect on
the fluorescence intensity, while the other metals
had no interference on the system. In addition, as
shown in Fig. 8(b), K*, Na*, Ca**, Cu*, Pb*, Ni*',
AP*, Fe*', and Mg?" with 10 times the concentration
of Co(Il) were added to the system, respectively,
which could be observed that metal ions hardly had
effect on the determination of Co(Il). These results
indicated that N-CDs-SDS had a high selectivity for
Co(I) and anti-interference capability.

3.2.4 Analytical performance

The linear relationship between Fo/F—1 and

Co(II) concentration was shown in Fig.9. The linear
equation was Fo/F—1=0.1281¢-0.1023 (R* = 0.9984)
in the range of 0.17 pg/mL—11.8 pug/mL, where F and
Fo represent the fluorescence intensity of N-CDs in
the presence and absence of Co(Il), respectively, and
¢ represents the concentration of Co(Il). The limit of
detection was 0.052 pg/mL conforming to 3ork,
which meant three times of the standard deviation of
blank signals were divided by the slope of the
calibration curve.
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Fig. 8 Selectivity and anti-interference capability of the
method: (a) quenching effect of different metal ions on

fluorescence and (b) effect of different metal ions on the
fluorescence quenching by Co(II).

As shown in Table 2, this method had high
sensitivity and good linear range compared with
other methods.
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Fig.9 Linear relationship between fluorescence intensity of
the N-CDs solution and different Co(II) concentrations.

Table 2 Comparison of detection methods.

Method LOD (pg/mL) Linear range (ng/mL) Ref.

CDs 0.030 0.30-4.70 [32]

Ag NPS 0.410 0.10-28.00 [33]

N-CDs 0.023 0.056-11.200 [34]
N-CDs/SDS 0.052 0.17-11.80 This method

3.2.5 Detection of Co(ll) in water samples

(1) Standard water sample

The standard water sample was determined
under the optimum conditions (room temperature:
20°C; buffer solution, pH=6; 2% SDS). The result
was consistent with the standard values (Table 3,
95% confidence, n=3).

Table 3 Detection of Co(Il) in standard water sample.

Standard value Determination value

Sample
(ng/mL)

(ug/mL)

Standard water sample
(GB/T15000)

0.0633 0.064 5

(2) Standard water sample

According to the experimental method, tap water
was taken in the laboratory, and 1-mL-tap water was
added to the solution system. Then the standard
addition detect the
concentration of Co(Il) in tap water. The results in
Table4 showed that the method had a good linearity
and the recovery was 94.1%-98.0%.

method was used to

Photonic Sensors

Table 4 Detection of Co(II) in real water sample.

Added (pg/mL) Found (ug/mL) Recovery (%)
0 - -
2.95 2.89 98.0
Tap water 5.90 5.61 95.1
8.85 8.32 94.1
11.80 11.51 97.5

3.3 Discussion on the mechanism
3.3.1 Fluorescence quenching mechanism

Fluorescence quenching can be divided into
static quenching and dynamic quenching. Static
quenching refers to the interaction between the
fluorescence system and quencher to form a ground
fluorescence. Dynamic
fluorescence

state complex without
quenching refers to the
returning to the ground state by the energy transfer

system

mechanism or charge transfer mechanism through
the collision between the quencher and the
fluorescence probe in the excited state.
Thermodynamic parameters and UV spectra may
explain the quenching mechanism.

(1) Thermodynamic parameters

The results of fitting the linear equation Ksyv at
20°C, 40°C, and 60°C were 0.799, 0.742, and 0.739,
respectively, which indicated that the fluorescence
quenching constant decreasing with an increase in
temperature conformed to the characteristics of
static quenching. Therefore, it could be preliminarily
judged that the quenching process of N-CDs-SDS
fluorescence by Co(Il) was static. That was, the non-
fluorescent ground state complexes might be formed
during the quenching process [35].

The non-fluorescent ground state complexes
were formed by the interaction between receptor
molecules.  The

molecules and fluorescent

interaction forces among molecules included
hydrogen bond, hydrophobic force, electrostatic
force, and van der Waals force. Through further
calculation and analysis, thermodynamic parameters
AH® (enthalpy change) and AS® (entropy change)
could be obtained, thus the molecular interaction in
quenching process could be explored. The formula is

as follows:
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AH® . AS®
RT R

where K represents the

InK=-

2

slope of temperature

quenching, 7T represents the corresponding
temperature, and R represents the gas constant.

The results showed that these
temperatures, AH® and AS® were —1 611 J/mol and
7.45 J/mol, respectively. Therefore,
ascertained that the

between N-CDs and Co(Il) was mainly caused by

under

it can be

static quenching process

charge interaction [36].

(2) UV spectra

In this experiment, the UV spectra of the N-
CDs-SDS system and the system added with Co(Il)
and other metal ions respectively were shown in
Fig. 10(a). It could be observed that a new
absorption peak appeared at 350nm after Co(Il) was
added, which was mainly caused by the n— 7*
transition of C=0 or C=N. This indicated that the
formation of ground state complex was consistent
with the
quenching process thermodynamics.

static quenching conclusion of the

The formation of non-fluorescent ground state
complexes may be attributed to Co(Il) providing
empty orbits as a central ion and forming non-
luminescent complexes with N-CDs. At the same
time, Co(Il) with C=0O and C-H formed non-
luminescent complexes on the surface of N-CDs,
which resulted in a decrease in the fluorescence

intensity of the system.
3.3.2 Sensitization mechanism of SDS

Fluorescence quantum yield was one of the basic
and important parameters of fluorescent materials
[36]. It represented the ability of absorption energy
to be converted into fluorescence. When the solution
was in the SDS medium, the fluorescence quantum
yield was 11.2%, much higher than 3.1% in the
water medium. This phenomenon may be due to the
self-assembly of SDS in an aqueous solution to form
medium  micro-

micelles that changed the

environment and increased the number of photons

returning to the ground state by photon radiation.
Besides, the presence of SDS could effectively
prevent the agglomeration of N-CDs and reduced its
self-quenching [37]. At the same time, the micelle
environment of SDS increased the stability of
Co(II)-N-CDs complex, thus increasing AF [Fig.
10(b)]. Therefore, SDS has a sensitizing effect on N-
CDs and A4F of the CDs-Co(1II) system.
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N-CDs-SDS+Other metal ions

N-CDs-SDS
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(b)
Fig. 10 Sensitization mechanism of SDS: (a) UV-Vis
spectrum of different system and (b) schematic diagram of the
mechanism of interaction between Co (II) and N-CD.

4. Conclusions

The nitrogen-doped carbon quantum dots (N-
CDs) was synthesized by the microwave method,
and the fluorescence quenching value of Co(Il)
quenched N-CDs effectively increased after SDS
novel method of Co(Il)
based on SDS sensitization
fluorescence quenching effect of nitrogen-doped

sensitization. A

determination

carbon quantum dots was established. Finally, this
method has been applied for the determination of
Co(Il) in real samples with satisfactory results.
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