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A new fluorescent detection route for chloride ion was designed with Nitrogen-doped graphene quantum dots (N-GQDs), which 
were prepared by a traditional hydrothermal method with citric acid as carbon source and urea as nitrogen source. The prepared 
N-GQDs solution was light yellow, and the freeze-dried solid was black. It emitted blue light under ultraviolet light. Meanwhile, The 
N-GQDs were characterized by TEM, XRD, UV-Vis and fluorescence, the results indicated that the N-GQDs had good dispersibility, 
photostability and excitation independent emission fluorescence. After addition of Ag+ solution, Ag+ combined to the surface functional 
groups of N-GQDs, resulting in an obvious quenching of the fluorescence intensity of N-GQDs. Nevertheless, the fluorescence 
intensity recovered significantly with the addition of Cl- to the N-GQDs/Ag+ system, this was because of AgCl was formed due to 
the “soft hard acid base principle”. The change of fluorescence intensity had a linear response to the chloride ion concentration in the 
range of 8.5-300 μmol L-1, with a detection limit (LOD) of 0.1 μmol L-1. To authenticate the application, the proposed method has 
been successfully used for quantitative analysis of chloride ion in real samples, including artificial sweat and environmental water.
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INTRODUCTION

Chloride ion (Cl–) is one of the most common anion, which 
is indispensable for disinfection in environmental water and is 
extensively used in many production processes.1 The excess Cl– would 
easily accelerate corrosion reaction of industrial equipment, inhibit 
crop growth and lead to soil acidification and salinization.2 In addition, 
the salt content of canned foods exceeding the recommended salt limit 
is harmful to human health.3 In particular, the monitoring of Cl– in 
serum, urine and sweat is essential for the diagnosis of many diseases, 
including fatal Cystic Fibrosis.4 Therefore, a fast and accurate method 
for Cl– detection is necessary.

Several techniques including titration,5 colorimetry,6,7 mass 
spectrometry,8 ion chromatography9-11 and electrochemistry,12-15 have 
been applied for the detection of Cl–. Fluorescence is a powerful 
technology due to its salient advantage such as simple, reliable, 
economic and high sensitive. In recent years, a number of fluorescent 
materials such as Ag+-benzimidazole complexes,16 lucigenin-doped 
silica nanoparticles,17 Ag-modified porous g-C3N4 nanosheets18 and 
BeQ1 and BeQ219 have been reported for the detection of Cl–. 

Graphene quantum dots (GQDs), a late-model zero-dimensional 
(0D) luminescent nanomaterials of the graphene family with a 
size of less than 10 nm,20 have been widely used for their unique 
characteristics of good electronics, good water-solubility and 
excellent biocompatibility, as well as non-toxicity and strong 
photoluminescence.21

 As a new type of quantum dots, GQDs 
have superior optical and electrical properties over the traditional 
semiconductor quantum dots owing to their quantum confinement and 
edge effects.22 Nevertheless, the application of GQDs in fluorescent 
probes has been limited for its non-specificity and low quantum 
yield.23 So, some heteroatom such as N, S, B and P have been doped 
into GQDs to improve the optical properties of GQDs.24-27

In this study, we reported a new label-free fluorescent sensor for 

fast detection of Cl– based on N-GQDs. As illustrated in Scheme 1A, 
N-GQDs were prepared by a traditional hydrothermal method with 
citric acid as carbon source and urea as nitrogen source. Ag+ had a 
good affinity for oxygen groups and amino groups on the surface of 
N-GQDs, forming N-GQDs/Ag+ complexes, which resulted in an 
obvious quenching of the fluorescence signal of N-GQDs. When Cl- was 
added to the N-GQDs/Ag+ system, the fluorescence signal recovered 
which was due to AgCl were formed for the strong interaction between 
Ag+ and Cl- (Scheme 1B). The increase value of fluorescence signal 
was proportional to the concentration of Cl–. Therefore, a fluorescent 
sensor for detection of Cl– was established. This label-free optical 
sensor was simple and applied in accurate detection of Cl– in artificial 
sweat and environmental water successfully.

EXPERIMENTAL 

Materials and instrumentation

Citric acid (CA) and urea were obtained from Aladdin Reagent 
Company. Silver nitrate (AgNO3), dihydrate sodium phosphate 

Scheme 1. Schematic illustration showing the preparation process of 
N‑GQDs (A), the principle of Cl‑ assay based on N‑GQDs (B)
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monobasic dehydrate (NaH2PO4·2H2O) and sodium phosphate dibasic 
dodecahydrate (Na2HPO4·12H2O) were purchased from Sinopharm 
Chemical Reagent Co., Ltd (Shanghai, China). All the reagents are 
analytical grade and all the working solutions were prepared with 
ultrapure water (> 18.2 MΩ cm-l) supplied by a Milli-Q Lab system.

LC-10N-50A vacuum freeze dryer was used to freeze-dry the 
prepared N-GQDs solution (Shanghai lichen Bangxi Instrument 
Technology Co., Ltd). The morphology and size of the N-GQDs were 
obtained by the JEM-2100 transmission electron microscopy (JEOL, 
Japan). X-ray diffraction (XRD) was conducted by PANalytical Xpert 
Pro (Almelo, Netherlands) in the 2θ range of 10-80o with a step size 
0.01o using Cu Kα (λ = 0.154 nm) radiation. The Ultraviolet-visible 
(UV-vis) absorption spectrum was recorded on a UV-vis spectrometer 
(UV-2450). The fluorescence spectra was performed by a F-4600 
spectrofluorometer (Hitachi, Japan).

Synthesis of N-GQDs

N-GQDs were synthesized using a hydrothermal method 
following the procedure described by Chen et al.28 0.21g CA and 
0.18 g urea were dissolved in a beaker with 25 mL ultrapure water, 
then heated in a hydrothermal reactor at 160 °C for 4 h. The prepared 
product was filtered with a filter membrane of 0.22 μm and dialyzed 
with a dialysis bag (retaining molecular weight of 1000 Da) for 3 
days to remove impurities. The obtained solution was freeze-dried to 
obtain the solid, and then N-GQDS with an accurate concentration 
of 0.1 mg mL-1 was prepared.

Measurement procedure for Cl-

For Cl– detection, 100 μL N-GQDs (0.1 mg mL-1), 100 μL Ag+ 
(1.0 × 10-5 mol L-1) and 200 μL PB buffer (0.01 mol L-1, pH 7.0) were 
mixed for 20 min. Afterwards, Cl- solution of different concentration 
was added to the mixture and reacted for 25 min. The fluorescence 
emission spectra were documented at 450 nm under the excitation 
at 360 nm and Cl– was quantitative by the fluorescence enhancement 
intensity ΔF = F‑F0, where F0 and F represented the fluorescence 
intensities of the N-GQDs in the presence and absence of Cl–, 
respectively. 

RESULTS AND DISCUSSION

Characterization of NGQDs

Figure 1A and Figure 1B showed the transmission electron 
microscopy (TEM) image and size distributions of the N-GQDs, 
it revealed that the produced N-GQDs were spherical with size 
distribution ranging from 1.5 nm to 5.4 nm. The inset of Figure 1A 
displayed that the synthesized N-GQDs solution was light yellow, 
and the freeze-dried solid was black. Figure 1C was the XRD pattern 
of N-GQDs, the result illustrated that there was a single peak near 
2θ  =  24° of (002) crystal plane, which indicated the formation 
of GQDs structure.29 As can be seen from Figure 1D, the UV-Vis 
absorption spectra of N-GQDs exhibited a maximum absorption 
wavelength of 340 nm, this was just the n-π* transition of C=O 
and C–N functional groups.30 The inset of Figure 1D showed that 
the aqueous solution of N-GQDs glowed bright blue light when 
illuminated by an ultraviolet lamp. As depicted in Figure 1E, the 
maximum fluorescence emission peak of N-GQDs was at 450 nm 
with the excitation wavelength at 368 nm, which was consistent with 
the results reported in the previous literature.21 Moreover, as shown 
in Figure 1F, the emission wavelength of N-GQDs almost unchanged 
when the excitation wavelength changed in the range of 335-360 nm, 
this excitation independence indicated that the size and surface state 
of N-GQDs were consistent.31

Feasibility for Cl- assay

The feasibility for Cl- determination using N-GQD as a 
fluorescence probe was discussed and the results were exhibited 
in Figure 2. It was shown that the fluorescence signal of N-GQDs 
at 450 nm can be quenched by Ag+, and while adding Cl- to the  
N-GQDs/Ag+ system, the fluorescence signal was restored to about 
91.8% of the original, which demonstrated that our method for 
Cl- was feasible. The process can be interpreted that Ag+ can form 
N-GQDs/Ag+ complexes with N-GQDs resulting a quenching of the 
fluorescence of N-GQDs. In addition, when the Cl- was present, AgCl 
was further generation for the strong interaction between Ag+ and Cl-, 
so a recover of fluorescence signal was acquired. 

Figure 1. TEM image (A, inset were photos of N‑GQDs), size distributions (B), XRD pattern (C), UV‑Vis spectra (D, inset was photo of N‑GQDs illuminated 
by an ultraviolet lamp) and fluorescence spectra (E) of NGQDs; Fluorescence spectra at different excitation wavelengths (F)
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Fluorescence response strategy for Cl- determination

The detection performance was elevated by optimizing the 
experimental conditions, including the concentration and the reaction 
time of Ag+, pH and action time of Cl–, respectively. First of all, the 
reaction time of Ag+ with N-GQDs had an effect on the detection of 
Cl–. Figure 3A displayed that as the reaction time increased, the ΔF 
gradually increased and appeared a platform at 20 min, this indicated 
that Cl– indeed reacted with Ag+ which coming from N-GQDs/Ag+

 

and the fluorescence was recovery. At the same time, it still declared 
that Cl– can react with all of Ag+ successfully at 20 min. Hence, the 
reaction time for Ag+ was set at 20 min. In addition, the influence of 
Ag+ concentration was investigated specifically. It was easy to think 
that as the increases of the amount of Ag+ content, more N-GQDs/
Ag+ will be formed, when adding Cl–, more fluorescence signal will 
be recovery. Figure 3B just confirmed this conclusion (ΔF increased 
as the amount of Ag+), it also indicated ΔF reached maximum at 1.0 
× 10-5 mol L-1. Therefore, 1.0 × 10-5 mol L-1 of Ag+ was selected. 
The react time of the fluorescence sensor with Cl– was researched 
and the result displayed in Figure 3C. For 250 μmol L-1 Cl–, when 
the react time increased from 5 to 30 min, fluorescence intensity 

became stable after 25 min, which meant that 25 min can achieve 
equilibrium. So, the action time of the sensor with Cl– was set at 
25 min. As illustrated in Figure 3D, with increasing the pH in the 
range of 5.8 to 7.8, ΔF gradually increased and reached maximum at 
pH of 7.0. This was because the amino groups on the surfaces of the 
N-GQDs were protonated at lower pH and the coordination degree 
of Ag+ with amino groups was responsively reduced, thereby Cl– can 
only take a small amount of Ag+ in Ag+/N-GQD, less fluorescence 
was recovery. Whereas, when the pH became higher than 7.0, Ag+ 
may hydrolyze and combine with OH- to form AgOH, which was 
instability and became to Ag2O. This lead to the interaction between 
Ag+ and Cl- decreases and less fluorescence was recovery. Therefore, 
the pH 7.0 was chosen in the future.

Detection of Cl– using N-GQDs as fluorescent probe

Under the optimal detection conditions, a quantitative detection 
of Cl– was performed. As shown in Figure 4A, with the concentration 
of Cl– increase, gradually enhancement of fluorescence intensity was 
observed. Notably, a good linear relationship was existed between 
the enhancement of the fluorescence value and the concentration of 
Cl– ranging from 8.5 to 300 μmol L-1. The linear regression equation 
was F‑F0 = 1.0868 C + 19.4801 where C was the concentration of 
Cl– (Figure 4B). The correlation coefficient was 0.9899. At the same 
time, the detection limit was calculated to be 0.1 μmol L-1 at a signal-
to-noise ratio of 3 (S/N = 3). We compared our proposed sensor with 
other methods for Cl– detection. As illustrated in Table 1, though the 
linear range was not the widest among these sensors, it was wider 
than those reported by Lima,7 Bujes-Garrido,13 Bujes-Garrido15 and 
Xiao,17 it was obvious that the detection limit was better than most of 
the reported literatures except Yakoh’s, 6 Lima’s7 and Wan’s work.14

In addition, for real application, interference species may effect on 
the response of Cl-. So, some relatively important cations and anions 
interfering species such as Na+, K+, Ni2+, Mg2+, NO3

-, HCO3
- and 

SCN- were carried out to evaluate the selectivity for detection of Cl-, 
respectively. As can be seen in Figure 5A, after adding different ions 

Figure 2. The feasibility for Cl‑ assay

Figure 3. Effect of reaction time (A) and concentration of Ag+ (B), action time of Cl– (C) and pH (D) on the fluorescence intensity for the detection of Cl–
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in N-GQDs/Ag+ system, it seemed that no significant fluorescence 
recovery of other ions obtained except for Cl–, demonstrating the 
binding ability of these ions with Ag+ was weaker than that of with Cl–, 
this can cause unconspicuous fluorescence recover after addition the 
interfering substance. Furthermore, Figure 5A also depicted that the 
fluorescence recovery was not obvious when all the above-mentioned 
common cations and anions co-existed in the NGQDs/Ag+ system. In 
conclusion, all of the above conclusions can indicate that this method 
had good selectivity in the detection of Cl–.

Meanwhile, to investigate the stability for detection of Cl–, 
80 μmol L-1 of Cl– was measured continuously in seven days and the 
results were shown in Figure 5B, revealing a relative RSD (Relative 
standard deviation) of 5.09%, this indicated good stability for 
detection of Cl– in N-GQDs/Ag+ system. 

Application in real samples

In order to assess the application reliability of the method 
provided, the real water sample obtained from the ShangLuo DanJiang 
(ShaanXi, China) were quantitatively analyzed (Table 2). The water 

sample was diluted for double times by 0.01 mol L-1 PB (pH 7.0) 
without any pretreatment. The content of Cl- in real water was not 
detected, so the standard addition method was carried out to evaluate 
the reliability of the sensor. Different concentrations of Cl- was added 
to water sample in the linear range and the fluorescent responses were 
measured according to the experimental method. The recoveries were 
between 97.4% and 103.6%.

Furthermore, the level of Cl– in sweat is a recognized biomarker 
for the genetic disorder cystic fibrosis. Therefore, the accurate 
quantitation of Cl– in sweat is an important tool in the diagnosis of 
this deadly disease. Three artificial sweat samples with different 
concentrations of Cl– (20 mmol L-1, 50 mmol L-1 and 80 mmol L-1) 
were prepared according to the British Standard (BS EN1811-1999), 
while diluted for 1000 times and act as the analysis samples. The 
recovery rate was estimated by standard addition method (Table 3). 
The recoveries ranged from 96.5 to 104.8% with the RSD (relative 
standard deviation) of 2.3 to 3.9% (Table 3). These results indicated 
that N-GQDs/Ag+ system can be used for the determination of Cl– in 
artificial sweat samples, and it had good potential in the detection 
and diagnosis of cystic fibrosis.

Table 1. Compared with other methods for Cl– detection

Method Range of linear Limit detection Sample References

UV 
UV 

Chromatography 
Electrochemical 
Electrochemical 
Electrochemical 

fluorescence 
fluorescence  
fluorescence 
This paper

28 μmol L-1-28 mmol L-1 
1.4-22.4 μmol L-1 

1.4 μmol L-1-0.42 mmol L-1 
3.0 μmol L-1-0.1mmol L-1 

0.25 μmol L-1-250 mmol L-1 
0.2 mmol L-1 to 0.7 mmol L-1 

0-0.5 mmol L-1 
0.02-0.06 mol L-1 

0.5 mmol L-1-0.1 mol L-1 
8.5-300 μmol L-1 

3.6 μmol L-1 
0.3 μmol L-1 
0.19 μmol L-1 
2.0 μmol L-1 
0.16 μmol L-1 
0.1 mmol L-1 
19 μmol L-1 

0.025 mol L-1 
0.06 mmol L-1 
0.1 μmol L-1

natural water 
fuel ethanol 

commercial tablet 
synthetic sweat 

sweat and hela cells 
sea water 

artificial sweat 
environment water 
environment water 

synthetic sweat

[6] 
[7] 
[11] 
[13] 
[14] 
[15] 
[16] 
[17] 
[18] 

-

Figure 4. Fluorescence spectra of Ag+/N‑GQD under various concentrations of Cl–, from bottom to top: 0, 8.5, 20, 50, 80, 110, 140, 175, 210, 250 and 
300 μmol L‑1, respectively (A), Calibration curve of Cl– (B)

Figure 5. Selectivity (A) and stability (B) for detection of Cl– in N‑GQDs/Ag+ system. Cl–: 80 μmol L‑1
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CONCLUSIONS

In conclusion, N-GQDs have been synthesized by a hydrothermal 
method and further characterized by TEM, XRD, UV–Vis and 
fluorescence. Meanwhile, N-GQDs have been used as a fluorescent 
probe for Cl– detection. When introducing Ag+ into N-GQDs, the 
fluorescence quenched, while with the addition of Cl– into the 
N-GQDs/Ag+ solution, the fluorescence intensity was enhanced. The 
sensor had a linear response to Cl– in the range of 8.5-300 μmol L-1 
with a detection limit of 0.1 μmol L-1. Finally, it has been used to 
determine of Cl– in artificial sweat and environmental water, the 
satisfactory results further confirmed its practicability. This work 
provides a simple and low-cost method for the detection of Cl–, and 
expands the application of N-GQDs in environmental safety and 
food safety.
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Table 2. Recoveries of Cl- in water sample with the proposed method (n = 3) 

Sample Measure Added/(μmol L-1) Found/(μmol L-1) RSD/% Recovery/%

DanJiang water - 50.0 48.7 2.7 97.4

90.0 88.3 3.5 98.1

130.0 134.7 3.1 103.6

Table 3. Detection and Recoveries of Cl– in artificial sweat samples (n = 3)

Sample Measured/(μmol L-1) RSD/% Added/(μmol L-1) Found/(μmol L-1) RSD/% Recovery/%

1 19.6 3.1 20.0 38.9 2.3 96.5

2 51.3 2.7 50.0 100.2 2.5 97.8

3 83.8 2.1 80.0 167.6 3.9 104.8
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