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Nitrogen-doped graphene quantum dots (N-GQDs) with strong blue fluorescence and a high quantum yield of 88.9% were
synthesized via a facile one-pot hydrothermal treatment with citric acid (CA) and ethylenediamine (EDA) as carbon and nitrogen
sources, respectively.The blue fluorescence emission is independent of the excitation wavelengths.TheseN-GQDs dispersedwell in
water and ethyl alcohol and showed a highly selective and sensitive detection of hazardous and toxic Fe3+ in the range of 1600𝜇mol/L
to 6000𝜇mol/L through a fluorescence quenching process with a detection limit of 2.37𝜇mol/L. Based on the excellent sensitivity
and selectivity of N-GQDs to heavy metal ions, paper-based sensors can be fabricated by inkjet printing, which are rapid but low
cost. So the visual instant on-site identification of heavy metal ion will be realized in the future.

1. Introduction

Graphene quantum dots (GQDs) are carbon nanoparticles
with a diameter less than 10 nm and luminescent properties
[1, 2]. It has low preparation cost, good optical stability,
low toxicity, good biocompatibility, and unique electronic
properties [3–6]. It can be used as an electron acceptor
or donor. It has good research and application value in
cell imaging [7, 8], optoelectronic devices [9, 10], biological
transmission [11], fluorescence anticounterfeiting [12, 13],
and analysis and detection [14–19].Nitrogen-doped graphene
quantum dots (N-GQDs) have high quantum yield and
excellent bleaching resistance of fluorescent materials [20,
21]. N-GQDs are widely used in new fluorescent sensors to
detect metal ions [22–25], nonmetal ions [26], organic small
molecules [27], and biological macromolecules [28].

The experiment of fluorescence sensor is simple and does
not require complex pretreatment [29], but the quantitative
and semiquantitative analysis of target still needs the help
of fine fluorescence instruments, such as fluorescence spec-
trometer or confocal microscope [29].Therefore, it is of great
significance to develop a fast, sensitive, low cost, and portable
visual testing equipment. The mechanism of detection of

Fe3+ by adding N-GQDs should be further discussed [30–
32].

In this paper, N-GQDs with a quantum yield (QY) of
88.9% and blue light were prepared by one-step hydrothermal
method using citric acid as carbon source and ethylene
diamine as nitrogen source.The syntheses were characterized
by TEM, FT-IR, PL, and UV-Vis to explore the characteristics
of N-GQDs. As shown in Figure 1, the prepared N-GQDs
were used as high-efficiency fluorescent probes to detect iron
ions qualitatively and quantitatively. A portable, miniature,
and visualized fluorescent paper-based sensor was designed
by fixing the carbon probe solution on the papermedium. For
the occasions requiring on-site timely detection, especially
for resource-poor countries and remote areas, test paper
detection technology is very important, so the establish-
ment of solid-phase fluorescence detection system has great
research value and a bright prospect in exploitation system
have in this paper.

2. Experiment

2.1. Materials and Experimental Instruments. The materi-
als used are citric acid (CA), ethylene diamine (EDA),
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Figure 1: Fluorescence quenching of N-GQDs by iron ions.

alcohol, deionized water, phosphate buffer saline, and bond
paper.

The instruments used are DZF-6020 Vacuum Dryer
(ShanghaiXinmiaoCo., Ltd.), AL-204-ICElectronicAnalysis
Balance (METTLER-TOLEDO), HP Printer 2050 (China
Hewlett-Packard Co., Ltd.), KQ-300DE Ultrasound Cleaner
(Kunshan Instrument Co., Ltd.), H1650-W Centrifuge (Xi-
angyi Co., Ltd.), FP-6500 Fluorescence Spectrometer (Jia-
shike (Part I) Hai) Trading Co., Ltd., UV-3600 Ultraviolet-
Visible Spectrometer (Shimadzu Instruments and Equipment
Co., Ltd.), TEM-2100 Transmission Electron Microscope
(Japan Electronics Company), and FT-IR-5700 (Thermo
Company, USA).

2.2. Preparation of N-GQDs. According to the molar ratio of
1:3, 0.21g (1mmol) CAand 0.18g (3mmol) EDAwere dissolved
in 5mL distilled water by mechanical stirring to clear and
transparent solution. The solution was transferred to 20mL
reaction kettle and placed in oven. The temperature was
programmed to 160∘C for 4h. The product was washed with
a large amount of ethanol and centrifuged for 5000rpm for
5 minutes. After separation and purification, 24h was frozen
and dried.

2.3. Inkjet Based Paper Sensor. In this paper, a fluorescence
quenching sensor for Fe3+ visualization detection was stud-
ied, and a quenching paper-based sensor was fabricated
by inkjet printing technology. The fluorescent paper sen-
sors were made by HP inkjet printer 2050. The ink in
the cartridge was cleaned. The self-made N-GQDs probe
solution was used as inkjet ink and injected into the empty
cartridge. After online inkjet printing, start the predesigned
pattern on the computer. The paper-based sensor with
the best fluorescence intensity was obtained by exploring
the composition of ink solution, ink concentration, and
printing times. The printed patterns were observed and
photographed under 365nm ultraviolet lamp, and the fluo-
rescence intensity of the paper was scanned by fluorescence
spectrometer.

2.4. Detection of Fe3+

2.4.1. Detection of Fe3+ in Solvents. The 50mmol/L Fe3+
solution was diluted to 0-50mmol/L samples in turn.The pre-
pared 2g/LN-GQDs solution was diluted to neutral solution
with PBS buffer, and its 1mL was taken as standard solution
of fluorescence probe. Then, a certain volume of Fe3+ with
different concentrations was added to the solution, and its
fluorescence spectrum was measured at a constant volume of
5mL.

2.4.2. Fe3+ Detection on Paper-Based Sensors. The quenching
effect was observed at 365nm ultraviolet lamp by using a
microinjector to extract a certain amount of iron ion solution
with different concentrations and dropping it on a paper-
based sensor. The concentration of Fe3+ is 0mmol/L, 0.05
mmol/L, 0.15mmol/L, 0.25mmol/L, 0.3mmol/L, 0.5mmol/L,
0.6mmol/L, 1.0mmol/L, and 2.0mmol/L in turn.

2.4.3. Selectivity of N-GQDs Fluorescent Probe to Fe3+. In
order to test the specificity of the fluorescent probe solution
for Fe3+ detection, 1mL, 10 mmol/L Fe3+, and other common
metal ions (Cu2+, Ag+, Co2+, Ba2+, Al3+, Mn2+, Fe2+, K+,
Na+, and Zn2+) were added into the N-GQDs solution. After
30 minutes of reaction, the fluorescence intensity of the
probe solution was scanned to study the interaction between
N-GQDs and other metal ions. Aiming at the selectivity
of fluorescence quenching paper-based sensor, metal ions
with the same concentration above 0.5mL were dripped
on the paper-based sensor, waiting for paper-based drying,
observing the experimental results under ultraviolet lamp,
and investigating the interference experiment.

3. Results and Discussion

3.1. Optimum Preparation Conditions of N-GQDs

3.1.1. Morphology and Chemical Composition of N-GQDs.
It can be seen from Figure 2 that N-GQDs is a spherical
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Figure 2: (a) TEM diagram of N-GQDs; (b) the size of distribution of the N-GQDs.
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Figure 3: FT-IR diagrams of N-GQDs prepared by citric acid: ethylenediamine=1:3 and N-GQDs-Fe3+.

shape; the average size is less than 4.05nm and disperses
uniformly in aqueous solution, without agglomeration. The
typical lattice spacing is 0.290nm, which shows a graphitic
structure of the as-obtained N-GQDs [33].

As shown in Figure 3, 3436cm−1 shows the stretching
vibration of -C-H bond, indicating that carbon quantum dots
contain saturated alkyl groups, 3342cm−1 shows the stretch-
ing vibration of -OH bond, the strong peak at 3010cm−1 can
vibrate of - NH

2
bond, 1562cm−1 can deduce the stretching

vibration of -C=O-NH (peptide) bond, and 1396/1072cm−1
is the stretching vibration of -C-O bond. The stretching
vibration peak at 1265cm−1 is the stretching vibration peak
of C-O bond [34, 35]. Compared with the position of
the characteristic peak of standard infrared spectrum, the
characteristic peaks of N-H bond and C=O bond in the FT-
IR spectrum belong to the amide bond characteristic peak,
which indicates that the carbon quantum dots prepared in
this study contain amide bond.

As is shown in Figure 3, black solid line, when Fe3+ bonds
to the carbon quantum dots, the peak at 1820 cm−1 splits into
two weak peaks, at 1830 and 1770cm−1, respectively, while the
peak at 1704 cm−1 weakens. This indicates that Fe3+ bonds to
—COOH.

Figure 4 shows the typical peaks at 284.9eV, 286.5eV, and
288.2eV in the deconvoluted C1s XPS spectrum (Figure 4(b))
are attributed to the graphitic (C[double bond, length as m-
dash]C and C—C), C—O, and C[double bond, length as m-
dash]O, respectively. The typical peaks at 400.4eV in the N1s
XPS spectrum (Figure 4(c)) reveal three different types of
nitrides: pyridinic type, pyrrolic type, and N – H. The XPS
analysis is consistent with the above FT-IR results [36].

Table 1 shows that carbon quantum dots are composed
of four elements, C, N, H, and O, and contain saturated alkyl
groups, amide bonds, and other functional groups. According
to the elemental analysis table, under the condition of
CA:EDA=1:3 (molar ratio), quantum dots contain more C,
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Figure 4: (a) Full-scale XPS spectrum of N-GQDs prepared by citric acid: ethylenediamine=1:3; (b) high resolution XPS spectra of C1s; (c)
high resolution XPS spectra of N1s.

Table 1: Elemental analysis table of N-GQDs prepared by different ethylenediamine content.

CA:EDA N(%) C(%) H(%) O(%)
1:1 13.9 33.1 7.9 45.1
1:2 14.1 34.8 8.1 43.0
1:3 15.1 36.2 8.5 40.2

N, and H elements, which indirectly indicates that the ratio
of 1:3 makes CA and EDA fully reflect, forming more alkyl
and amide groups. The fluorescence quantum yield of N-
GQDs prepared by the ratio of 1:3 (CA and EDA) is up to
88.9%. Above analysis shows that N-GQDs contain amide
groups, which can form intermolecular hydrogen bonds with
water molecules and improve the water solubility of carbon
quantum dots. Therefore, the as-prepared N-GQDs are well
dispersed in water-ethanol blend solution.

3.1.2. Fluorescence Properties of N-GQDs. In order to investi-
gate the effects of different ethylenediamine content, reaction
time, and reaction temperature on the optical properties of
N-GQDs, the ultraviolet absorption spectra and fluorescence

spectra of the products under three reaction conditions were
measured. As shown in Figure 5, Figure (a) shows the UV-
Vis absorption spectra of graphene quantum dots prepared
with different ethylenediamine contents. It can be seen from
Figure 5 that the absorption peaks of carbon quantum dot
solutions in the UV-Vis spectra at 260nm and 350nm at
different reaction times are obvious. The absorption peaks
at 260nm are mainly due to the 𝜋-𝜋∗ transition of C=C
double bond, and the absorption peaks at 350nm are due
to the transition of n-𝜋∗ of C=O double bond [37, 38].
These two absorption peaks also prove that there are certain
absorption peaks in carbon quantum dots. The conjugate
structure: by comparing the UV curves of different reaction
time, it is found that the absorption intensity increases first
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Figure 5: (a) UV-Vis absorption spectra of N-GQDs with different ethylenediamine content (the ratio of citric acid to ethylenediamine was
1:1, 1:2, 1:3, 1:4, and 1:5, respectively); (b) fluorescence intensity spectra of N-GQDswith different ethylenediamine content at 350nm excitation
wavelength (the ratio of citric acid to ethylenediamine was 1:1, 1:2, 1:3, 1:4, and 1:5, respectively); (c) fluorescence intensity spectra at 350nm
with different heating temperature and time.

and then decreases with the increase of ethylenediamine
content, which indicates that the morphology, size, and
quantity of carbon quantum dots will directly affect their
optical properties. Figure 6(b) is the fluorescence emission
spectrumofN-GQDs solutionunder 350nmexcitation. It can
be found that the fluorescence intensity of N-GQDs increases
first and then decreases with the increase of ethylenediamine
content. When the content of ethylenediamine increases,
the reaction proceeds sufficiently, but once the reaction
time exceeds the complete time, carbonization will occur,
and because the distance between carbon quantum dots is
small, reunion will occur with the increase of time, which
will affect the fluorescence emission intensity. Figure 5(c)

is the fluorescence emission spectrum of carbon quantum
dot solution under 350nm excitation. It can be found that
the fluorescence intensity of N-GQDs increases first and
then decreases with the increase of reaction temperature and
time.

As shown in Figure 6, the blue fluorescence emission
is independent of the excitation wavelengths. Besides, it
is quite stable in a neutral solution. Based on the above
results, the N-GQDs particles with uniform size and good
dispersibility in aqueous solution can be obtained by mixing
citric acid: ethylenediamine at 1:3 molar ratio and heating
at 160∘C for 4h. Under the excitation wavelength of 350nm
(maximum absorption peak of ultraviolet-visible spectrum),
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Figure 6: (a) UV-Vis absorbance and florescence spectra of N-GQDs in aqueous solution (CA:EDA=1:3); (b) photoluminescence of N-GQDs
at different excitation wavelengths.
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Figure 7: (a) Fluorescence spectra of iron ions with a concentration of 1600∼10000𝜇mol/L in the sample; (b) linear detection range of iron
ions (the concentration of Fe3+ is1600∼6000𝜇mol/L).

the N-GQDs aqueous solution emits 456nm strong blue flu-
orescence.

3.2. Detection of Fe3+ by N-GQDs Probe Solution. In order to
determine the detection ability of N-GQDs for Fe3+, different
concentrations of Fe3+ (1600∼10000𝜇mol/L) were added to
2g/L diluted by PBS to neutral N-GQDs solution, and the
fluorescence spectra at 350nm excitation wavelength were
determined as linear regression as shown in Figure 7. The N
equation: the results show that the fluorescence intensity of
N-GQDs solution is the highest when Fe3+ does not exist,
and the peak value is 456nm. As shown in Figure 7(a),
the fluorescence of N-GQDs at 456nm decreases with the

increase of Fe3+ concentration. When the concentration of
Fe3+ reaches 1600𝜇mol/L, the fluorescence intensity begins
to weaken linearly. When the concentration of Fe3+ reaches
10000𝜇mol/L, the fluorescence of the solution almost dis-
appears, indicating that N-GQDs are basically quenched.
In Figure 7(b), scattering maps of N-GQDs fluorescence
at 456nm at different Fe3+ concentrations are plotted. The
results show that the fluorescence intensity of N-GQDs
has a good linear relationship with the concentration of
Fe3+ in the range of 1600∼ 6000𝜇mol/L mmol/L. The red
solid line in the figure is a linear fitting curve, and the
linear equation is (F/F

0
=0.09356-0.00164Fe3+, R2=0.99501),

in which F/F
0
is the ratio between the fluorescence intensity
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Figure 8: Titration of 0-2.0 mmol/L Ferric Ions in N-GQDs solutions (the concentration range of iron ions is 0-2.0mmol/L).

PH=7.0
0.8g/L

Blank ＃Ｏ2+ ！Ａ+ ＃Ｉ2+ ＆？3+ ＂；2+ ！Ｆ3+ －Ｈ2+ ＆？2+ ＋+ ．；+ ：Ｈ2+

(a)

＃Ｏ2+ ！Ａ+ ＃Ｉ+ ＆？3+ ＂；2+

！Ｆ3+ －Ｈ2+ ＆？2+ ＋+ ．；+ ：Ｈ2+

N-GQDs

(b)

Bl
an

k

＃
Ｏ
2
+

！
Ａ+

＃
Ｉ
2
+

＆
？3

+

＂
；2

+

！
Ｆ3
+

－
Ｈ
2
+

＆
？2

+

＋
+

．
；+

：
Ｈ
2
+

＆
/＆

0

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

(c)

Figure 9: (a) Fluorescence probe solution with different metal ions irradiated by 365nmUltraviolet Lamp; (b) drop coating of different metal
ions on paper-based sensors; (c) fluorescence changes of N-GQDs in the presence of different metal ions (including Cu2+, Ag+, Co2+, Fe3+,
Ba2+, Al3+, Mn2+, Fe2+, K+, Na+, and Zn2+ ions).

of probe and the initial fluorescence intensity of N-GQDs.
The fluorescence intensity of the probe solution can be
obtained by fitting. The detection limit is 2.37𝜇mol/L, which
meets the European Union (EC) requirement that the maxi-
mum permissible concentration of Fe3+ in drinking water is
3.57𝜇mol/L.

3.3. Fluorescence Quenching Paper-Based Sensor for Visual
Detection of Fe3+. As shown in Figure 8, the fluorescence of
test paper can be changed from strong to weak by different
concentration of Fe3+. When the concentration of Fe3+
reaches 0.5mmol/L, there is almost no fluorescence on paper
base. When the concentration is higher, the fluorescence of
fluorescent paper base is almost completely quenched, thus
realizing the visual detection of Fe3+.

3.3.1. Selectivity of Probe Solution. Photo and fluorescence
spectra of N-GQDs after adding metal ions are shown in
Figure 9. F

0
represents the fluorescence intensity of blank

N-GQDs, and F represents the fluorescence intensity after
adding metal ions. Photographs and spectrograms show
that Fe3+ can quench N-GQDs violently, followed by Co2

also has an obvious quenching effect and Cu2+ has a slight
quenching effect. When these ions coexist with Fe3+, the
effect of elimination is considered. The other metal ions have
little effect on N-GQDs. The results show that the N-GQDs
fluorescent probe can selectively identify Fe3+ ions.

As shown in Figure 9, it is observed that the fluorescence
quenching of paper-based sensor is obvious when Fe3+ is
added, while the quenching effect of other metal ions is
not obvious. It shows that the fluorescence quenching type
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paper-based sensor has good selectivity for the detection of
Fe3+.

4. Conclusion

In summary, we have successfully synthesized a kind of N-
GQDs using CA and EDA as carbon and nitrogen sources by
one-pot hydrothermal method. The N-GQDs have a strong
blue fluorescence at 160∘C for 4 hours.TheQYof theN-GQDs
is as high as 88.9%. Fluorescence emission is independent
of excitation wavelength. In addition, these as-prepared N-
GQDs can be well dispersed in water and ethanol solvents.
The fluorescent probe based on N-GQDs solution has good
recognition and sensitivity for Fe3+ with a linear range of
1600∼6000𝜇mol/L and a detection limit of 2.37𝜇mol/L. In
addition, fluorescence quenching paper-based sensors are
constructed by immobilizing N-GQDs solution on paper-
based, which achieves the visual detection of Fe3+. Further-
more, the lowest concentration observed by naked eyes is
10000𝜇mol/L, and much better selectivity has been obtained.
It is believed that paper-based sensors based on N-GQDs
will be more widely applied in visual fluorescence detection,
which will make the detection of substances more efficient,
environmentally friendly, and economical.
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