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Abstract
We have synthesized nitrogen-doped carbon quantum dots (N-CQDs) via one-step hydrothermal method by using citric acid 
and urea as carbon sources, In order to solve the agglomeration effect of carbon quantum dots and increase its recognition 
sites, and then combined the N-CQDs with 3,4,9,10-perylenetetracarboxylic acid (PTCA) to synthesize an self-assembled 
carbon quantum dots-3,4,9,10-perylenetetracarboxylic acid (N-CQDs/PTCA) composite, which has strong fluorescent proper-
ties. The fluorescence spectrum showed that the prepared self-assembled composite (N-CQDs/PTCA) has strong yellow-green 
light emission near 510 nm. The characterizations such as ultraviolet–visible absorption, X-ray electron spectroscopy, Fourier 
infrared spectroscopy, and transmission electron microscopy have confirmed that the N-CQDs and PTCA were combined 
together successfully. And the prepared self-assembled N-CQDs/PTCA was independent of excitation. It has stable and 
strong fluorescence properties and can be used as a fluorescent probe. The study also found that in the presence of Fe3+ ions, 
the fluorescence of self-assembled carbon quantum dots N-CQDs/PTCA will be quenched, and the quenching efficiency 
had a good linear relationship with the concentration of Fe3+ ions. Therefore, we proposed to use the self-assembled carbon 
quantum dots N-CQDs/PTCA as a fluorescent probe to detect Fe3+ selectively. The results showed that the method was fast, 
reliable, obvious detection signal, selective, and not affected by incubation time. The detection limit is 0.041 μM, which 
provides a new idea for the detection of Fe3+ ions by using self-assembled method and has broad application prospects.
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Introduction

With the development of nanomaterials in recent years, more 
and more nanomaterial probes with excellent properties have 
been developed, especially the carbon quantum dots probe. 
The carbon quantum dots combine a variety of advantages 
such as small size, high luminous efficiency, strong light 
stability, simple preparation, adjustable luminescence color, 
easy functional modification, low cytotoxicity, good water 
solubility, and biocompatibility. The series of the advantages 
carbon quantum dots provide unprecedented opportunities 
for biological imaging and sensing  [1]. Carbon dots (CDs), 

also known as carbon quantum dots (CQDs), are monodis-
perse quasi-spherical carbon nanoparticles with a core–shell 
structure, which has a particle size of less than 10 nm. Due 
to its special structure and quantum size effect, dielectric 
confinement effect, and surface effect, carbon quantum dots 
have a wide excitation range, narrow emission peak and 
large Stokes shift  [2]. Changes in carbon sources, experi-
mental conditions, and functional groups can result in dif-
ferent properties  [3], such as water solubility and biocom-
patibility. In recent years, carbon quantum dots have shown 
broad applications prospects in metal ion detection  [4–6], 
bioimaging [7–9], photocatalysis [10], light-emitting devices 
[11], medicine [12], and DNA detection [13].

The detection of small and macromolecules with a first, 
convenient, sensitive, and cost-effective physical and envi-
ronmental is essential in the biological, clinical, environ-
mental, and industrial fields  [14, 15]. For example, iron 
(Fe), and one of the most basic elements in biological 
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systems, is the fourth most abundant element in the earth’s 
crust (calculated by weight). It is an essential micronutri-
ent for the human body, which carries part of oxygen and 
constitutes hemoglobin, myoglobin, and enzymes  [16]. The 
iron content of natural water depends on the other chemical 
composition of the geological area and waterways. Fe3+ ions 
are the most important form of pollution in the water envi-
ronment  [17, 18]. In nature, iron usually exists in the form 
of soluble Fe3+ ions. Excessive Fe3+ is a potential health 
hazard. The unbalanced regulation of Fe3+ content can lead 
to anemia, Alzheimer’s disease, Parkinson’s disease, mental 
decline, hemochromatosis, diabetes, and cancer  [17, 19]. 
Therefore, the detection of Fe3+ has great prospects for the 
early diagnosis of these diseases. Typical technologies for 
Fe3+ detection include plasma emission spectroscopy  [20] 
and colorimetry  [21]. However, these methods are com-
plicated and expensive, and the detection is limited by the 
accuracy of the instrument. Compared with the instrument 
method, the optical method has a lower cost, which is a 
more economical method  [22, 23]. Among them, fluores-
cence sensing has the advantages of simple operation, fast, 
fast real-time monitoring, and high sensitivity  [24, 25]. It 
is a new method for fast and easy detection of metal ions  
[26–28]. Therefore, it is necessary to design a simple, cheap, 
sensitive, selective, and easy-to-operate method to detect 
Fe3+ [29, 30].

3, 4, 9, 10-perylenetetracarboxylic acid (PTCA) is a 
5-ring polycyclic aromatic hydrocarbon rich in carboxyl 
groups, which has a large π-π conjugated system  [31, 32]. 
Among them, PTCA provides a large platform to support the 
formation of stable amide bonds between carbon quantum 
dots and carboxyl groups in PTCA  [33, 34], so that carbon 
quantum dots and PTCA can compound to form the complex 
of carbon quantum dots, reducing the agglomeration effect 
of carbon quantum dots and increasing the recognition sites. 
In addition, it can be clearly seen from the UV lamp that the 
combination of the two increases the light intensity of the 
carbon dots to a certain extent and makes them stable.

In this study, citric acid and urea are used as carbon 
sources to synthesize nitrogen-doped carbon quantum dots 
(N-CQDs), and then combine with PTCA to N-CQDs/
PTCA with high fluorescence and stability. The result 
shows that it has the advantages of high water solubility 
and non-toxicity of carbon quantum dots while maintain-
ing a stable and strong fluorescence. The method is sim-
ple, economical, one-step hydrothermal, and the N-CQDs/
PTCA has strong yellow-green light emission at about 
510 nm. We characterized the structure of the prepared 
composite and studied the fluorescence properties of the 
composite in the presence of metal ions. The results show 
that the fluorescence of the complex can be selectively 
quenched by Fe3+ ions, and the fluorescence quenching 
rate has a good linear relationship with the concentration 

of Fe3+ ions at the range of 20 to 60 μM. Therefore, we 
have established a fluorescence method for selective detec-
tion of Fe3+ ions using N-CQDs/PTCA. This method has 
high accuracy, good selectivity, and strong fluorescence 
intensity. Besides, the detection signal is more obvious, 
which provides potential practical applications for envi-
ronmental analysis.

Experimental section

Instruments and chemicals

X-ray diffractometer (model) was used to record XRD pat-
terns in the range of 5.0 to 80.0° at a scan rate of 5.0°/min. 
Fourier transform infrared spectroscopy (FTIR) (Nicolet 
AVTAR360) was used to identify the surface groups of 
freeze-dried N-CQDs and N-CQDs/PTCA at a wave-
length of 4000–500 cm−1. X-ray photoelectron spectros-
copy (XPS) (D8 Advance) scanning electron microscope 
(SEM) (Ultra Pius) and transmission electron microscope 
(TEM) (FEI TECNAI G2 F20) were used to study the size 
and morphology of the synthesized N-CQDs and N-CQDs/
PTCA. The fluorescence spectrum was measured with a 
FluoroMax-4 (HORIBA, USA) fluorescence spectropho-
tometer. The photos for visual fluorescence were taken 
with a mobile phone iphone11, and a PHS-25 acidity meter 
(Shanghai Thunder Magnetic Instrument Factory, China) 
was used to prepare different pH solutions.

Citric acid (CA), urea (analytical grade), and 
3,4,9,10-perylenetetracarboxylic acid (PTCA) were pur-
chased from Aladdin (Shanghai, China), while hydrochlo-
ric acid (HCl), FeCl3, CaCl2, MgCl2, AlCl3, ZnCl, MnCl, 
LiCl, CuCl2, CdCl2, NaCl, CoCl, CrCl, NiCl, BaCl2, KCl, 
and FeCl2 were purchased from Sinopharm Holding Co., 
Ltd. (Shanghai, China), and ultrapure water was used to 
prepare all solutions.

Preparation of N‑CQDs

The carbon quantum dots were synthesized by a simple 
hydrothermal method. 2.52 g of citric acid and 2.16 g of 
urea was added into a 100-mL beaker, then add 60 ml of 
deionized water. The obtained solution was stirred with a 
glass rod to completely dissolve the citric acid and urea, 
which was added in a 100-mL hydrothermal kettle and 
reacted 160 °C for 4 h. After being naturally cooled to 
room temperature, the sample and absolute ethanol were 
allowed to stand for 24 h at a ratio of 5:1, then dialyzed for 
72 h and then taken out and freeze-dried.
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Preparation of PTCA and N‑CQDs/PTCA​

0.5 g PTCA was dissolved in 50 mL 0.1 M NaOH. Then 
it was stirred vigorously until the red color turns yellow-
green. 1.0 M HCl was added dropwise to make it completely 
precipitate. The precipitate was further filterred with a 0.2-
μm microporous membrane. Finally, the product was put in 
freeze drying equipment.

The prepared 40 mg N-CQDs and 20 mg PTCA were put 
in a 100-mL beaker at a ratio of 2:1, then added 20 mL of 
deionized water and sonicated for 2 h to fully dissolve. The 
obtained solution was added into a 100-mL round-bottomed 
flask in an oil bath with reaction temperature kept at 40℃. 
The reaction was stirred for 24 h. Finally, the obtained prod-
uct was filtered with a 0.2-μm microporous membrane, and 
the upper layer of the precipitate was taken and freeze-dried 
to obtain N-CQDs/PTCA.

Results and discussion

Structural characterization of N‑CQDs/PTCA​

As shown in Fig. 1a, the TEM image of N-CQDs shows that 
it has good monodispersity and a relatively narrow size dis-
tribution. According to the illustration, it can be seen that the 
particle size of N-CQDs is about 2.2 nm. The above results 
show the pure and impurity-free nitrogen-doped carbon 
quantum dots. We can see from the SEM image of N-CQDs 
/PTCA (Fig. 1b) that N-CQDs /PTCA composite material 
presents a highly porous structure and a uniformly lamellar 
morphology. We can infer that this composite material has 
good dispersivity and can increase the recognition sites of 

the composite material, so PTCA and N-CQDs are com-
bined together to improve the agglomeration effect.

As shown in Fig. 2a, N-CQDs have two characteris-
tic absorption peaks, one is a strong absorption peak at 
335 nm, which may be caused by the π-π* transition of sp2 
carbon atoms, and the other is a weak absorption peak at 
600 nm. It is produced by the n-π* transition of the C = O 
bond. When PTCA and N-CQDs are compounded together, 
N-CQDs/PTCA have a strong absorption peak at 460 nm, 
which may be caused by the n-π* transition of C = O bond. 
The absorption band of N-CQDs/PTCA has a large over-
lap with its emission. Therefore, based on the unique and 
coordinated carbon quantum dot complex N-CQDs/PTCA, 
an effective FRET-based fluorescence sensing platform can 
be established. In order to prove the successful synthesis 
of N-CQDs/PTCA composite materials, we have tested the 
FT-IR spectra of N-CQDs, PTCA, and N-CQDs/PTCA and 
performed a detailed analysis. As shown in Fig. 2b, the peak 
at 3419 cm−1 and the peak at 1774 cm−1 are designated as 
the stretching vibrations of the O–H bond and C = O bond. 
Because N-CQDs contain –NH, the bending vibration peak 
of –NH appears at 1560 cm−1 of N-CQDs and N-CQDs/
PTCA, and the stretching vibration of C–O–C appears at 
1130  cm−1 of PTCA and N-CQDs/PTCA, so the FT-IR 
results confirmed the successful combination of N-CQDs 
and PTCA. Further characterization was performed by the 
XRD pattern of N-CQDs, PTCA, and N-CQDs/PTCA. 
Figure 2c shows that N-CQDs have an amorphous diffrac-
tion peak at 2θ of 27°, which is consistent with the XRD 
pattern of carbon quantum dots in the previous literature  
[35, 36]. In the comparison of XRD images of PTCA and 
N-CQDs/PTCA, the diffraction peaks of PTCA also existed 
in N-CQDs/PTCA, which confirmed that N-CQDs and 

Fig. 1   a TEM images of pure N-CQDs; (Insert in (a) was size distribution (statistics: 100 measurements from TEM image) of CQDs). b SEM 
images of N-CQDs/PTCA​
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PTCA were combined together. In addition, the Raman 
spectra of N-CQDs showed two characteristic peaks at 
1325 and 1580 cm−1, which belonged to the D band and G 
band, respectively. The ID/IG intensity ratio of N-GQDs is 
0.84. The strength of the G band is higher than that of the D 
band, indicating that the composition of crystalline graphite 
is greater than that of amorphous carbon, which can also 
prove the successful preparation of N-CQDs  [36].

XPS spectrum can be used to study the element composi-
tion and chemical state of N-CQDs/PTCA. The results of the 
XPS survey spectrum (Fig. 3a) show that N-CQDs/PTCA 
contains C, O, and N four elements, the contents of which 
are 74.94%, 22.73%, and 2.33%, respectively. XPS investiga-
tion of N-CQDs/PTCA shows that there are three peaks at 
284.81 eV, 531.87 eV, and 400.17 eV, proving the existence 
of C 1 s, O 1 s, and N 1 s respectively. The C 1 s spectrum 
(Fig. 3b) is divided into 3 peaks at 284.8 eV, 288.5 eV, and 
285.1 eV, which are attributed to C–C (sp3)/C = C (sp2), 
O–C = O (sp2), and C–N. The O 1 s spectrum (Fig. 3c) 
can be divided into three peaks, corresponding to C = O 
at 531.75 eV, C–OH/C–O–C at 533.2 eV, and O–C = O at 
530.5 eV. The N 1 s spectrum (Fig. 3d) can be divided into 
two peaks, where the peak of N–H is at 400.55 eV and the 
peak of C–N is at 399.66 eV. The –NH in the N-CQDs is 
also proved in the N-CQDs/PTCA. According to the above 
results, the successful recombination of N-CQDs and PTCA 
is also proven.

According to the nitrogen isothermal adsorption and des-
orption curve of N-CQDs/PTCA (Fig. 4a), it belongs to the 

H3 type hysteresis bad isotherm, without obvious saturation 
adsorption platform, and the pore structure is not very regu-
lar. The pore size distribution diagram of N-CQDs/PTCA 
(Fig. 4b) shows that the pore size distribution of the pre-
pared composites is basically between 10 and 20 nm, and 
surface area is 273.73 m2/g, further proving that which is 
mesoporous carbon material. It has good thermal stability 
and hydrothermal stability and can be used in biosensors.

According to the TGA curve of N-CQDs (Fig. 5), it can 
be clearly seen that at the initial temperature, the weight 
loss content exceeded 100% due to the addition of N2, and 
then with the increase of temperature, water was volatilized 
after 100 °C, so the curve began to decline slowly. When 
the temperature reaches 200 °C, because of the weaken-
ing of π-π bonding force, C = O and –NH2 generate CO2, 
H2O, and N2, and the weight also begins to drop sharply. 
When the temperature reaches 600 °C, the fracture of the 
carbon skeleton begins to occur, and the carbon quantum 
dots turn into carbon black. Finally, when the temperature 
reaches 800 °C, the weight loss of N-CQDs reaches 25%. 
TGA curve of PTCA showed that the addition of N2 at the 
beginning of the curve, weightlessness content more than 
100%; but water is volatile when after 100 °C, curve began 
to fall, and after 450 °C C–O–C, –COOH formation of CO2 
and H2O in curve fell sharply, after 600 °C fracture, begin 
with the carbon skeleton into carbon black, eventually PTCA 
at 800 °C the weightlessness of up to 15%. However, when 
PTCA is compounded to carbon quantum dots, according 
to the TGA curve of N-CQDs/PTCA, it can be seen that its 

Fig. 2   a N-CQDs Raman spec-
troscopy. b N-CQDs, PTCA and 
N-CQDs/PTCA UV-visible-
absorption spectrum, c FT-IR 
spectra of N-CQDs, PTCA 
and N-CQDs/PTCA, d XRD-
spectra of N-CQDs, PTCA and 
N-CQDs/PTCA​
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thermal stability is the best, and the weight loss at 800 °C is 
only 61%. Due to the hydrogen bond between N-CQDs and 
PTCA and the π-π transition, the interfacial adhesive force 
is improved, so the thermal stability of N-CQDs is greatly 
increased. This result also proves the successful combination 
of PTCA and N-CQDs.

N‑CQDs/PTCA optical properties

In order to explore its optical properties, we found its max-
imum excitation and emission wavelengths at 460 nm and 
510 nm in the fluorescence spectrum (Fig. 6a). The pho-
toluminescence (PL) behavior of N-CQDs/PTCA under 
different excitation wavelengths was studied. As shown 

in Fig. 6b, the fluorescence intensity also increases rap-
idly as the excitation wavelength increases from 370 to 
460 nm. However, the fluorescence intensity drops rapidly, 
reaching a peak at 460 nm as the excitation wavelength 
increases from 460 to 480 nm. In addition, most of the car-
bon quantum dots and their complexes have a red shift in 
the PL peak with the increase of the excitation wavelength, 
but the N-CQDs/PTCA does not show a more obvious red 
shift. The above results show that when PTCA is com-
pounded on the carbon quantum dots, its surface defects 
are changed, thereby showing PL characteristics independ-
ent of excitation, indicating that the synthesized N-CQDs/
PTCA is uniform and stable and has strong fluorescence 
characteristics.

Fig. 3   a XPS survey spectrum; 
b High-resolution C1s peaks 
and fitting curves; c High-
resolution O1s peaks and fitting 
curves; d High-resolution N1s 
peaks andfitting curves

Fig. 4   a Nitrogen isothermal 
adsorption and desorption curve 
of N-CQDs/PTCA; b pore size 
distribution diagram
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In order to evaluate the specificity of the N-CQDs/PTCA 
fluorescence sensor for detecting metal ions, under the same 
conditions, one metal cation was added to the N-CQDs/
PTCA sensor. F and F0 indicate the fluorescence intensity 
of N-CQDs/PTCA in the presence and absence of interfering 
ions. Usually, we use the ratio of F/F0, which is the relative 
fluorescence intensity, to evaluate the degree of influence 
of interfering ions on the sensing system and the degree 
of quenching of fluorescence by certain specific response 
ions. Figure 7a clearly shows that under the same metal ion 
concentration of 30 μM, the F/F0 ratio does not change sig-
nificantly after adding Li+, Ba2+, Ca2+, Cd2+, K+, Mg2+, 
Na+, Zn+, and Mn2+. However, in the presence of Fe3+, the 
degree of fluorescence quenching is significantly different. It 
can be seen from the value of F/F0 that Fe3+ has the strong-
est fluorescence quenching ability for N-CQDs/PTCA. It can 
also be seen from the picture of the N-CQDs/PTCA aqueous 
solution under the inset ultraviolet lamp in Fig. 7c that the 
strong green fluorescence of N-CQDs/PTCA is effectively 
quenched by Fe3+ through the charge transfer mechanism. 

The result of metal–ligand coordination and electrostatic 
interaction between groups (–COOH, –NH, –OH) can be 
beneficial to detection. As shown in the mechanism diagram 
(Fig. 8), Fe3+ can coordinate with –COOH, –NH2, –OH, and 
other groups on the surface of N-CQDs /PTCA and lead to 
fluorescence quenching by electrostatic interaction. There-
fore, N-CQDs/PTCA can be used as a fluorescence detec-
tion probe for Fe3+. Figure 7b is a graph of the relationship 
between the fluorescence intensity obtained after adding 
different concentrations of Fe3+ to the N-CQDs/PTCA. It 
can be observed that as the concentration of Fe3+ increases 
from 0 to 150 μM, the fluorescence intensity of N-CQDs/
PTCA gradually decreases, resulting in complete quench-
ing. It can be seen from Fig. 7d that in the concentration 
range of 20–60 μM, F0/F has a good linear relationship 
with Fe3+ concentration. The linear regression equation is 
y = 0.02101x + 0.61099, R2 = 0.98268, where y represents 
the fluorescence quenching efficiency of N-CQDs/PTCA, 
and x represents the concentration of Fe3+. Based on the 
above results, we calculated that when the signal-to-noise 
ratio is 3, the lowest detection limit is 0.041 μM. This value 
is calculated by the formula LOD = 3 σ/k. The analytical 
parameters were comparable with or even better than most 
reported fluorescence analytical method for Fe3+ ions detec-
tion  [35, 37–40] (Table 1). The results show that the fluo-
rescence probe based on N-CQDs/PTCA can be used for the 
determination of heavy metal Fe3+.

The incubation time has a significant effect on the fluo-
rescence quenching efficiency of the N-CQDs/PTCA-Fe3+ 
system. Therefore, we set here six time periods of 0, 1, 2, 
5, 10, and 15 min to evaluate the optimal incubation time. 
It can be seen from Fig. 9a that the quenching efficiency 
increases rapidly at 1 min, while the quenching efficiency 
remain unchanged at 2 min, 5 min, and 10 min, and there 
is no significant change even in the quenching efficiency at 
15 min. Therefore, in order to save time, 1 min is chosen as 
the optimal incubation time, and this time will be used in 
subsequent experiments. Figure 9b shows the changes in the 

Fig. 5   TGA curve analysis of N-CQDs, PTCA, and N-CQDs/PTCA​

Fig. 6   a The maximum PL 
excitation and emission spectra 
of N-CQDs/PTCA aqueous 
solution; b the PL emission 
spectra were obtained under 
the condition that the excita-
tion wavelength was gradually 
increased from 370 to 480 nm
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fluorescence intensity of N-CQDs/PTCA with different pH 
values at room temperature. It can be clearly observed that 
the fluorescence intensity will be greatly reduced when the 
pH value is between 1 and 4, which means that under strong 
acid conditions, the fluorescence will be quenched. Rather, 
the fluorescence intensity basically remains unchanged when 
the pH value is between 5 and 12. These results indicate 
that the fluorescence of N-CQDs/PTCA may be affected 
in a strong acid or alkali environment. The effect of dif-
ferent pH values on the fluorescence intensity of N-CQDs/
PTCA is due to its own surface groups. Under different pH 
conditions, the stability of –OH, –NH, and other functional 
groups on the surface of N-CQDs/PTCA changes, making 
these functional groups protonated or deprotonation, but 

only the charge transfer occurs on the surface of the carbon 
quantum dots, and the core structure is still stable, indicat-
ing that N-CQDs/PTCA does not depend on pH. However, 
under strong acid and alkali conditions, the surface effect has 
an impact on the stimulated emission transition efficiency 
of N-CQDs/PTCA, and ultimately leads to changes in the 
fluorescence intensity of N-CQDs/PTCA.

Determination of real samples

In order to further confirm the feasibility of the synthetic 
N-CQDs/PTCA as a fluorescence probe for the detection of 

Fig. 7   aF/F0 value of N-CQDs/
PTCA aqueous solution at a 
maximum excitation wavelength 
of 460 nm in the presence of 
various metal ions of 30 μM; b 
N-CQDs/PTCA fluorescence 
spectra after adding different 
concentrations of Fe3+; c with 
the increase of Fe3+ concentra-
tion, the fluorescence quenching 
efficiency of N-CQDs/PTCA 
(illustration: shows photos of 
N-CQDs/PTCA with Fe3+ and 
N-CQDs/PTCA without Fe3+ 
under a 365-nm UV lamp). d 
The linear relationship between 
F0/F and Fe3+ at a concentra-
tion of 20–60 μM (illustration: 
N-CQDs/PTCA and N-CQDs/
PTCA photos after adding Fe3+)

Fig. 8   Mechanism of the fluorescence quenching of N-CQDs/PTCA 
by Fe3+

Table 1   Comparison of different fluorescent probe for Fe3+ detection

Fluorescent 
probe

LOD (μM) Linear range 
(μM)

Application Ref

N-L-CQDs 0.48 0–500 Deionized 
water

[35]

N-CQDs 0.74 3.3–32.2 Deionized 
water

[37]

Phe-CDs 0.72 5.0–500 Deionized 
water

[38]

CQDs 0.80 2.5–30 Deionized 
water

[39]

N-CQDs 1.20 1–1000 Deionized 
water

[40]

N-CQDs/PTCA​ 0.41 20–60 This work
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Fe3+, we tested two water samples from real environment, 
tap water and Yellow River water. The recovery rate of Fe3+ 
was obtained by using the standard addition test, and the 
results are listed in Table 2. It can be seen from Table 2 that 
the recovery of Fe3+ in tap water and Yellow River water 
is between 97 and 112%, and the RSD is between 2.3 and 
5.1%.The results show that the fluorescence sensor based 
on N-CQDs /PTCA has potential application value for the 
detection of Fe3+ in the real environment. Therefore, we can 
popularize this fluorescent probe to detect Fe3+ in real water 
samples.

Conclusion

In short, we developed a synthesis process with low 
synthesis cost, environmental protection, mild reaction 
conditions, and low consumption. Using citric acid 
and urea as raw materials, we successfully synthesized 
nitrogen-doped carbon quantum dots by a simple one-
step hydrothermal method. In order to solve the agglom-
eration effect of carbon quantum dots and increase their 
recognition sites, nitrogen-doped carbon quantum dots 
and PTCA with fluorescence properties were combined 

together to form N-CQDs/PTCA with strong fluores-
cence. Characterization methods such as FT-IR, XRD, 
and XPS have proved that they are successfully com-
bined together. Moreover, due to the combination of 
PTCA, the luminescence behavior of N-CQDs/PTCA 
is more excellent and independent of the excited wave-
length, and bright yellow-green f luorescence can 
be seen under the ultraviolet lamp. Among the many 
metal ions, N-CQDs/PTCA has rapid response to Fe3+ 
with a detection limit of 0.041 μM, which shows that 
N-CQDs/PTCA has very high selectivity and sensitivity 
to heavy metal Fe3+, and it can be successfully applied 
to the detection of real water samples. Because Fe3+ 
has a very obvious f luorescence quenching effect on 
N-CQDs/PTCA, it has the advantages of fast response 
speed and wide linear range. Therefore, N-CQDs/PTCA 
can be used as an outstanding f luorescence probe to 
detect the presence of Fe3+. In addition, because the 
synthetic method of N-CQDs/PTCA has the advantages 
of simplicity, speed, time saving, and cost saving, it can 
also have very broad application prospects in the fields 
of bioimaging, drug delivery, photocatalysis, and opto-
electronic devices.

Fig. 9   a After adding 30 μM 
Fe3+, the influence of different 
incubation time on the fluores-
cence intensity of N-CQDs/
PTCA (the incubation time 
selected here are respectively 
0, 1, 2, 5, 10, and 15 min). b 
The fluorescence intensity of 
N-CQDs/PTCA aqueous solu-
tion at 460 nm under different 
pH values

Table 2   Determination of Fe3+ 
in real samples (n = 5)

Content of Fe3+ in the sample.

Sample Original samples Added (µM) Founded (µM) RSD (%) Recovery (%)

Tap water Not found 0.5 0.49 ± 0.003 3.2 98 ± 0.3
Not found 1.0 0.97 ± 0.023 2.3 97 ± 2.3
Not found 10.0 10.34 ± 0.46 2.9 103.4 ± 4.6

50.0 51.2 ± 1.71 3.8 102.4 ± 3.42
The Yellow 

River water
Not found 0.5 0.51 ± 0.009 2.5 102 ± 1.8

Not found 1.0 1.06 ± 0.052 3.9 106 ± 5.2
Not found 10.0 11.2 ± 0.51 5.1 112 ± 5.1
Not found 50.0 53.1 ± 1.30 4.3 106.2 ± 2.6
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