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Graphene quantum dots (GQDs) are synthesized by the method of high-temperature pyrolysis from marigold
granules and subsequently nitrogen-doped graphene quantum dots (N-GQDs) are synthesized from
ethylenediamine by hydrothermal treatment, which shows a strong blue emission with 7.84% quantum yield
(QY). This will be used in detection of Fe>* in water environments and the field of bioimaging.
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1. Introduction

The development of carbon nanomaterials is rapid, and they are
highly sought after by scientists due to their good water solubility, low
cytotoxicity, surface modifiability and good electrical conductivity, etc.
[1]. There are many such materials as carbon dots (CDs), [2,3]
nanodiamonds [4], carbon nanotubes [5], fullerene [6], and fluorescent
graphene [7,8]. While carbon dots (CDs) are the collective name for car-
bon quantum dots (CQDs) and graphene quantum dots (GQDs). Among
them, GQDs are a relatively new type of carbon nanomaterials which
show interesting fluorescence properties, such as tunable luminous
color, excitation wavelength-dependent luminescence, pH-sensitive
fluorescence and upconversion luminescence, it has been applied to
the field of metal ion detection [9]. There are many materials for synthe-
sizing GQDs, such as graphite powder [10], citric acid [11], SWNTsP [12],
MWNTs [13] and glucose [14]. However, the synthesis of GQDs from
natural biomass is rarely reported. Biomass has a lot of oxygen and car-
bon fibers, and there are few other elements, which allows biomass to
produce high porosity forms of carbon that are called turbine type car-
bon when pyrolyzed [15,16]. Since marigold has a large amount of lu-
tein we used in this work as a carbon source at 1000 °C annealing
would decompose large carbon nuclear into turbostratic carbon and
then acidified with strong acid to obtain GQDs with large oxygen func-
tional groups on the surface. These GQDs can be surface-functionalized
simply. We doped GQDs with ethylenediamine successfully.

* Corresponding authors.
E-mail addresses: yingpengzhang@126.com (Y.-P. Zhang), yangyunshang@tom.com
(Y.-S. Yang).

https://doi.org/10.1016/j.saa.2019.03.044
1386-1425/© 2019 Elsevier B.V. All rights reserved.

Importantly, we have demonstrated that N-GQDs can selectively sense
Fe>™ ions in water.

High concentration of metal ions in the environment will cause
heavy environmental pollution, so it is of great significance to design
and develop a kind of fluorescence sensor with rapid, sensitive and se-
lective identification of metal ions [17-19]. Wang et al. first reported
that the selective identification of Fe* by GQDs as fluorescent probed
on the basis of the selective turn-off sensing by Fe** ions [20]. Currently,
fluorescence probe based on gold nanoparticles [21] and CDs [22] have
been used to detect Fe>* jons. Li et al. reported that the charge transfer
quenching was based on the fluorescence of the GQDs in the presence of
Hg? ™" ions and come up with a sensitive detection system of melamine
fluorescence [23]. Yu et al. described the assays that GQDs as a fluores-
cent probe for sulfide ion-sensitive and selective, even at high ion con-
centrations, strong and stable blue fluorescence can be emitted.
Moreover, because of the existence of Cu?>*, GQDs aggregation resulted
in fluorescence quenching [24].

So far, a large number of methods have come out to improve GQDs
productivity [25]. It has been reported that chemical doping with hybrid
atoms is an effective way to adjust the intrinsic properties of
nanomaterials [26-29]. Due to quantum constraints and edge effects,
the electronic properties of GQDs can be fine-tuned by manipulating
the chemical and optical properties of N atoms doped with chemical
bonds. Several ways of binding nitrogen groups to GQDs framework
have been proposed, such as electrochemical treatment and solution
chemistry methods [30]. Qu et al. first reported the preparation of N-
doped GQDs [31]. Anil et al. reported that a variety of metal ions were
added to Am-GQDs solution and many metal ions had a quenching ef-
fect on the fluorescence of Am-GQDs, but only the fluorescence of
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Am-GQDs added Ag™ would recover when L-cysteine was added [32].
Hu et al. reported that N-GQDs with a strong blue emission was ob-
tained by hydrothermal treatment of graphene oxide, which was used
to image to the biology HeLa cells and showed strong luminescence
and excellent biocompatibility [33]. Tam et al. reported that N-GQDs
were prepared with carbonization of citric acid by hydrothermal treat-
ment in the presence of ammonia and fluorescent sensors for measuring
Fe>* ions have been confirmed [34]. Li et al. prepared the N-O-GQDs
with small size, abundant active sites and easy assembly into the electric
film by the method of co-doped N and O, which has better performance
than lithium battery and can be used as the chip power supply of vari-
ous micro periods [35].

On account of the discharge of industrial wastewater, the water
treatment agent of iron is widely used for water treatment and the con-
tent of Fe>* in water gradually increases, which seriously affects the
water quality of estuary water and drinking water. The water with
high iron content is easy to grow iron bacteria in the pipeline and in-
creasing the turbidity of water, which make water produce special
color, smell and taste. It is easy to contaminate clothes, utensils, and af-
fect the quality of some industrial products. When the iron content
reaches 0.3 mg/L, the chromaticity is about 20 degrees. At 0.5 mg/L,
the chroma can be greater than 30 degrees. At 1.0 mg/L, it can feel the
obvious metallic taste, which is unsuitable for cooking and brewing
tea. Therefore, it is necessary to develop a low-cost, rapid and sensitive
method for the detection of Fe**.

In this work, we tried to transform the marigold granules after ther-
mal cracking as carbon source into turbostratic carbon and through the
further hydrothermal treatments, we succeed in getting the N-GQDs for
sensitive and selective detection of Fe>*. The experiment proved that
nitrogen-doped GQDs have better photoluminescence properties than
undoped GQDs.

2. Experimental Section
2.1. Materials

The biomass used in this experiment, namely marigold granules,
which were made by compressing and fermenting natural marigold
petals without adding other chemicals were purchased from Gansu
Province Sunray Natural Pigment Co., Ltd. (Dry marigold flower can
also be used in this work). ethylenediamine, AgNO3, Al(NOs)3, Ba
(NO3),, Ca(NOs3)z, CdCly, Cu(NO3),, Co(NO3)2, Fe(NOs)s3, Fe(NOs),,
chlz, KNOs, Mg(NO3)2, NaNOs, NI(NO3)2, Pb(NO3)2, Zl‘l(NO3)2 were
obtained from Sinopharm Chemical Reagent (Shanghai, China) and
the concentration of all these metal ions was 10 mM. H,S0,4 (98%) and
HNOs (65%) were purchased from Beijing Chemical Factory and used di-
rectly without any further purification. All the water used in the

experiment was deionized water. PBS solution was configured with
Na,HPO,4, Na,HPO,4 and NaCl.

2.2. Characterizations

Photoluminescence (PL) spectra were recorded on an LS-55 lumi-
nescence spectrometer (Japan). UV-vis absorption spectra were col-
lected on a T6 New Century using a 1 cm path length quartz cell.
Raman spectra were taken with a JY-HR 800 micro-Raman with the ex-
citation wavelength at 514 nm. Transmission electron microscopy
(TEM) analyses were measured by a JEM-2010 electron microscope
(Japan). X-ray photoelectron spectroscopy (XPS) was acquired on the
elemental composition of the complex (Thermo Fisher Scientific, UK).
X-ray diffraction (XRD) was performed on a Philips X'Pert PRO. Fourier
transform infrared (FT-IR) spectra were recorded using an FT-IR-580
spectrophotometer. Fluorescence quantum yield (QY) was collected
on the FLs920 steady state/transient fluorescence spectrometer.

2.3. Synthesis of Graphene Quantum Dots

Methods for synthesizing GQDs refer to articles by Anil et al. [32].
The synthetic route is shown in the Fig. 1. Apply an adequate amount
of marigold granules dried in an oven at 60 °C, then dry granules ground
to get a fine powder. The powder was then pyrolyzed in the tube fur-
nace at 1000 °C for 5 h in Ar atmosphere. Crushed the resulting black
powder for 1.5 h to prepare for the synthesis of GQDs. Added 2 g
blank power of carbon into the acid mixture of H,SO4 and HNOs (3:1)
and then heated the reflux at 90 °C for 5 h. Subsequently, a large amount
of deionized water was added to the solution for filtration with a water
filtration membrane of 0.22 um. The solution contained a large amount
of green fluorescent GQDs, which needed to neutralize by NaOH, further
dialysis treatments were needed (3500 D, 36 h). Finally, the dialysis so-
lution was dried in the desiccant to get the brown powder, 0.5 g of
brown powder was dispersed in 10 mL deionized water and then
passed through a 0.22 um water filtration membrane to obtain a GQDs
solution.

24. Synthesis of Nitrogen-doped Graphene Quantum Dots

As Fig. 1 shown, the brown powder was dispersed in 20 mL of deion-
ized water and 20 mL of ethylenediamine mixed solution which was
transferred to an autoclave for hydrothermal treatment at 200 °C for
10 h. Filtration to remove the excess solution and the product dispersed
in 10 mL of deionized water to obtain a highly stable solution of N-GQDs
for further testing.
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Fig. 1. Synthetic route of N-GQDs and (a) is marigold flower, (b) is marigold granules, (c) is turbostratic carbon, (d) is GQDs, (e) is N-GQDs, (f) is blue fluorescence at 340 nm excitation

wavelength, (g) Fluorescence quenching after adding Fe*>" and (h) is different atoms.
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Fig. 2. (a) Is FT-IR spectrum of marigold, GQDs and N-GQDs, (b) is UV-vis absorption spectrum of N-GQDs, the illustration shows the fluorescence of GQDs and N-GQDs under a 365 nm

wavelength Uv lamp, and (c) is emission and excitation spectrum of N-GQDs.
2.5. Detections for Fe>™ lons

To measure the fluorescence spectrum of the N-GQDs-Fe (III) sys-
tem accurately, 10 pL of N-GQDs (18.6 mg/mL) was dissolved in a
100 mL volumetric flask in advance and shaken for immediate use in
later experiments. The solution concentration of Fe*>* ions and other
metal ions need to be configured in advance. The fluorescence spectrum
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was performed at an excitation wavelength of 340 nm and all slits were
10 nm.

2.6. Detection of Fe>™ in the Real Sample

The actual water samples were derived from the Yellow River, which
flows through Lanzhou city, Gansu province, China. Centrifugation was

Fig. 3. (a) Is TEM image of N-GQDs, the illustration is the size distribution of N-GQDs, (b) is HRTEM image of N-GQDs.
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Fig. 4. (a) Is Raman spectrum of N-GQDs, (b) is XRD specture of N-GQDs.

performed at 8000 rpm for 10 min twice to remove a large number of
solid impurities in the water, then filtered small particles impurities
with filtration membrane whose diameter is 0.22 um. The treated sam-
ples were sealed and stored without adding Fe>*, which were directly
used to measure the Fe3™ concentration in the water sample.

2.7. Cell Culture and Cellular Imaging Experiment

Hela cells were provided by the Lanzhou veterinary research insti-
tute, Chinese academy of agricultural sciences. HeLa cells were grown
in DMEM medium supplemented with 10% embryonic bovine serum
and 1% penicillin and streptomycin. Cells (5 x 108 L™!) were placed in
12-well plates at 37 °C in a 5% CO, and allowed to adhere for 16 h for
cell imaging. N-GQDs (50 pg/mL) was added into cultured HeLa cells
for incubation for 4 h. The cells were rinsed with PBS buffer solution
for cell imaging experiments. After that, a solution of Fe>* (100 uM)

was added into the cell fluid in which the cells are cultured. The next im-
aging experiment was carried out after incubation for 30 min under the
same conditions. Live cell fluorescence imaging was performed using an
Olympus IX73 fluorescence microscope.

2.8. Cytotoxicity Test

The toxicity of N-GQDs to Hela cells was determined by MTS
method. HeLa cells in logarithmic growth stage were taken and digested
with trypsin. The cells were re-suspended in DMEM medium containing
10% calf serum and seeded to the 96-well plates. Subsequently, cells
were cultivated for 24 h at 37 °C in a 5% CO, incubator and treated
with different concentrations of N-GQDs for another 24 h. MTS (10 pL/
hole) were added in the hole and incubated for 3 h. The absorbance at
490 nm was measured with an enzyme-linked immunosorbent assay
(ELISA) reader (Bio-Rad, Model 550).
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Fig. 5. (a) Is XPS scanning spectrum of N-doped CDs. XPS high resolution survey scan of (b) C1s, (¢) N1s and (d) O1s region of N-GQDs.
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Fig. 6. Quenching effect of different metal ions on the intensity of N-GQDs PL (the
concentration of all metal ions is 667 pM and the concentration of N-GQDs is 7.4 ug/mL).

3. Results and Discussion
3.1. Characterization of Nitrogen-doped Graphene Quantum Dots

The structures of marigold powder, GQDs and N-GQDs were charac-
terized via FT-IR, as the Fig. 2(a) shows. In both peaks observed at
1613 cm™ ! and 3437 cm ™! for marigold powder arose from C=C and
C-OH groups of lutein Compared with the marigold powder. The
bands of C(=C, C—OH, C—0 (1066 cm '), C—H (1420 cm™!), H—C—H
(2819 cm~ ' and2942 cm™') and C=0 (1729 cm™") of GQDs dramati-
cally increased for the reason of the marigold powder undergoing high
temperature pyrolysis to form turbostratic carbon after annealing.
Turbostratic carbon has a kind of graphite structure, and contains a
large number of C=C. A large number of C—OH, C—O0 and (=0 had
been introduced after acidification, the layer spacing of GQDs was in-
creased, it shows in Fig. 1. Compared to the FT-IR spectrum of GQDs,
the peaks of C—O and (=0 of N-GQDs were almost disappeared. This
might be due to oxygen radicals were destroyed after intramolecular
decarboxylation reaction. However, some new peaks appeared in N-
GQDs. The peak at 712 cm ™! arose from C—N [36]. The corresponding
peak showed further broadening into higher energy due to the sug-
gested formation of N—H groups in the range of 3300-3400 cm ™!
[32]. These results indicated the successful incorporation of nitrogen
atoms into the GQDs by the present synthetic process. The optical prop-
erties of N-GQDs were studied by UV-vis absorption and
Photoluminescence (PL) spectroscopy. The UV-vis absorption spectrum
of N-GQDs was exhibited in Fig. 2(b). The strong absorption at 294 nm
was due to T-m* transitions of aromatic domains and the peak observed
at approximately 320 nm with a weak shoulder was due to the n-m*
transition [24]. According to the overview reported by Timur and sun,
so far, the luminescence principle of GQDs has been described in differ-
ent ways [37,38]. We speculated that the origin of GQDs luminescence
in this work may be caused by surface states and defects [39]. As

illustrated in Fig. 2(b), due to the addition of ethylenediamine, the fluo-
rescence color of N-GQDs changed from green to strong blue under irra-
diation with 365 nm ultraviolet light, which proves that the doping of
heteroatoms can change the fluorescence performance of quantum
dots. As shown in Fig. 2(c), with the excitation wavelength increased
from 300 to 360 nm, fluorescence spectrum peaks of N-GQDs ranged
from 410 to 430 nm, the PL peaks of N-GQDs shift to longer wavelengths
and its intensity decreased gradually, which maximum emission peak
corresponding to the excitation wavelength of 340 nm. The 20 nm
rad-shift of PL emission was presumed to be a strong electron affinity
from N-doped in N-GQDs [40]. But Cai et al. thought the excitation-
dependent fluorescence behavior might be due to the optical selection
of different size N-GQDs and the surface defects of N-GQDs [41].

Therefore, the mechanisms of this need to be further confirmed.

In order to study the appearance of N-GQDs, transmission electron
microscope (TEM) was used for further observations. As shown in
Fig. 3(a), the average size of the N-GQDs was 3.2 nm and had a uni-
formly distributed. Fig. 3(b) showed the HRTEM images of the N-
GQDs which clearly revealed the good crystal lattice of N-GQDs with a
lattice spacing of 0.21 nm.

[42]. Due to this lattice structure of N-GQDs, significant D band at
1369 cm~! and G band at 1597 cm ™~ were observed in the Raman spec-
trum (Fig. 4(a)). A large intensity ratio G to D was 1.08, and this result
was consistent with the report of Zhu et al. [43]. Fig. 4(b) shows the
26 values in XRD showed an N-GQDs interlayer spacing of 0.37 nm at
24 A

The surface groups had also been explored by XPS (Fig. 5(a)). The
total XPS spectrum proved that N-GQDs contained C, N and O elements
(Table S1) [40]. C1s contained four different states of carbon atoms:
(=C(284.6),C—C(285.1), C—N (286.2) and C=0 (288.0) Fig. 5(b). Si-
multaneously, Fig. 5(c) is the spectrum of O1s. There were two absorp-
tion peaks at 531.4 eV and 532.8 eV, representing the presence of C—OH
and C—O0—C bonds respectively. In addition, the N1s spectrum (Fig. 5
(d)) also contained three strong absorption peaks at 399.4 eV,
400.3 eV and 401.7 eV, representing the presence of C—N, N—(C3)
and N—H bonds respectively [44]. Moreover, the XPS analysis further
demonstrated that the resultant of N-GQDs was composed of 68.38%
C,17.41% N and 14.21% O atoms. These results confirmed that N atoms
had been successfully imported into GQDs and were consistent with
the corresponding FT-IR spectroscopic results.

3.2. Experimental Condition Exploration

The prepared N-GQDs solution was neutral. In order to detect the
fluorescence performance of N-GQDs in solution, different pH solutions
were prepared. HCl and NaOH were used to prepare with different pH
values, and PBS was used to replace neutral solutions. Fig. S1 showed
the fluorescence changes at different pH values. Due to the protonation
effects, the N-GQDs we prepared showed pH-dependent clearly. While,
the pH had little change in fluorescence intensity between 4 and 11, in
addition, the fluorescence intensity was the strongest when pH was 7.
Compared with the previous reports on carbon quantum dots, it had
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Fig. 7. (a) Is The quenching effect of Fe*> with different concentration on N-GQDs PL, (b) is the point diagram of the quenching effect of different Fe>* concentration on N-GQDs, (c) is the
regression curve of Fe>* (0-20 uM), (d) is the regression curve diagram of Fe>* (200-667 uM).
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better stability [45]. Therefore, it showed that the fluorescence perfor-
mance of N-GQDs could be studied in a wide pH range. More impor-
tantly, the general environment was neutral and there was no need to
adjust the pH of the actual solution. PBS was used as a buffer solution
for fluorescence detection in subsequent experiments.

In order to explore whether N-GQDs had anti-light bleaching prop-
erties further, we put the N-GQDs under ultraviolet light for 30 min to
record the change of the fluorescence intensity occurred every once in
a while. We could see from the picture (Fig. S2), despite increasing ex-
posure time, the fluorescence intensity of N-GQDs had hardly changed.
It displayed a good stability and consistency with other reports about
the preparation of carbon quantum dots [46].

3.3. Highly Selective and Competitive Detection of Fe>* lons with N-GQDs

In this work, N-GQDs were first used to detect metal ions in water
medium because of the strong photoluminescence and specific surface
functionalization through N-doped. The quenching effects of different
positive ions including Ag™, AT, Ba®™, Ca®™, Cd?>™, Co®™, Cu®™, Fe?™,
Fe** Hg?™, K ™, Lit, Mg?", Na™, Ni>", Pb?>" and Zn?" were studied. In-
terestingly, we found that when we added 200 L of different ions to the

Fluorescence

Bright-field

Fig. 9. Fluorescence images of Hela cells. (a) is HeLa cells incubated with N-GQDs (200 pg/mL) for 6 h at 37 °C. (b) is Fe>* (100 uM) were added into HeLa cells incubated for 1 h.

cuvette, only Fe*>* had a significant quenching effect on fluorescence,
whereas Cu?" ions had a slight quenching effect. This might be a para-
magnetic effect between Fe>* and Cu?*, which had also been reported
in other reports [47-50]. Meanwhile, other ions showed little
quenching of fluorescence of the N-GQDs (Please see Fig. 6). However,
when we continued to add Fe>™ to other ion systems, the fluorescence
intensity of those systems was quenched, which indicated that N-
GQDs selectively detected Fe> ™. The quenching mechanism of Fe** on
N-GQDs could be speculated that Fe*>* with the hydroxyl groups of N-
GQDs have stronger affinity than other metal ions [43,51-53]. Fig. 7(a)
showed the effect of different Fe>* concentration on the fluorescence
intensity of N-GQDs. The result showed that with the increasing of Fe*
* ions concentration the fluorescence intensity of N-GQDs decreased
and the fluorescence peaks of N-GQDs-Fe (III) system had undergone
red-shift from 422 to 433 nm, which suggested the formation of ground
state compounds [54]. The results also showed that as the concentration
of Fe>* ions increased from 0 to 20 uM and from 200 to 667 uM, both the
values of F/Fy presented a good linear relationship (Fig. 7(b), (c) and
(d)). The relative linear regression equation was expressed as y =
0.9968-0.0073 x (R?> = 0.9987) and y = 0.5615-0.0006 x (R® =
0.9926). The K values are 7.3 x 10> L mol~! and 0.6 x 10 L mol ! re-
spectively. Therefore, the limit of detections for Fe>* was calculated to
be 41.1 nM and 500 nM respectively based on 30/K (0o is the standard
deviation of the N-GQDs for 10 times scans, K is the slope of the regres-
sion equation), which is compared with other works (Table S2) [55-58].
Therefore, there were both static and dynamic quenching processes in
this fluorescence induction process [59]. And it shows a strong blue
emission with 7.84% quantum yield (QY), this method was compared
with other reports (Table S3) [60,61]. In addition, the quenching of Fe*
T to the fluorescence intensity of N-GQDs was completed within
1 min (Fig. S3).

In order to test the application of N-GQDs in real water quality, we
investigated the fluorescence-sensing performance of N-GQDs on Fe>™
in Yellow River water from Lanzhou City, Gansu Province, China. The
simple treatment of the water sample directly used for the quenching
of fluorescence of N-GQDs was not adding other reagents. As shown in
the illustration in Fig. 8, the F/Fy of N-GQDs had a good linear relation-
ship with the added water volume of the Yellow River when the amount
of Yellow River water added was changed from 0 to 60 pL. Comparing
the linear regression curve of the standard in Fig. 7(c), the same concen-
tration of Fe>* could be found, so the concentration of Yellow River
water was 0.289 mM.

Overlay
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Fluorescence microscopy was used to observe the sensitivity of N-
GQDs to Fe** in live Hela cells. As Fig. 9(a) shown, HeLa cells were in-
cubated with N-GQDs and showed blue fluorescence image. And the
area showing blue fluorescence is in the cell, which indicated that N-
GQDs can enter cells. The blue fluorescence of the cells almost disap-
peared after added Fe*™ (Fig. 9(b)). When the concentration of N-
GQDs increased to 1000 pug/mL in Fig. S4, the cell viability reached
83%, and the concentration required for cell imaging was 200 pg/mL
(the cell viability is 93%), which was much higher than the concentra-
tion required for cell imaging. However, the cell survival rate was only
about 90% at the concentration of 12.5, which may be caused by the
cells' inadaptability to the new living environment. Those demonstrated
that N-GQDs have good biocompatibility and low toxicity, which can be
used to detect Fe>* in cells quickly and sensitively.

4. Conclusion

In summary, GQDs which contains a variety of functional groups
could be prepared with a high-temperature pyrolysis method. Next,
N-GQDs showed a strong blue fluorescence color with an average size
of 3.2 nm were synthesized by hydrothermal method. The N-GQDs syn-
thesized by this method have good stability, and the fluorescence inten-
sity does not change significantly under wide pH range and ultraviolet
lamp irradiation for a long time. When N-GQDs are used to detect vari-
ous metal ions, only Fe** could be quenched the fluorescence of N-
GQDs substantially. And there are two wide detection ranges and two
low detection limits. There are both static and dynamic quenching pro-
cesses in this fluorescence induction process. N-GQDs can be used to de-
tect the concentration of Fe> " in actual water and it has been applied to
cell imaging successfully, which greatly improves the practical applica-
tion value of N-GQDs.

Appendix A. Supplementary Data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.saa.2019.03.044.
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