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Synthesis of green-emitting carbon quantum dots
with double carbon sources and their application as
a fluorescent probe for selective detection of Cu?*
ions
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Green-emitting carbon quantum dots (G-CQDs) were prepared using tartaric acid and bran by one-pot
solvothermal treatment and had photoluminescence quantum yields (PL QY) as high as 46%. The
morphology of the G-CQDs is characterized by TEM, which shows the average diameter of G-CQDs is
approximately ~4.85 nm. The FT-IR spectra display the presence of —~OH, C-N, N-H and —COOH on
the surface of the G-CQDs. The emission wavelength of the G-CQDs was ~539 nm in the case of
~450 nm excitation wavelength, which corresponds to the green fluorescence. Furthermore, the G-
CQDs were used as a fluorescent probe for detection Cu?* ions, and demonstrated a linear distribution
between In(F/Fo) and the Cu®* ions concentration. Specifically, the Cu?* ion concentration should fall in
the G-CQD concentration range of 0-0.5 mM and the detection limit is 0.0507 pM. Thus, due to the
excellent chemical stability and good luminescence performance, these G-CQDs could be excellent
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1. Introduction

Over the last few years, a novel type of quantum dot material—
carbon quantum dots (CQDs)—has been discovered and
prepared, which further broadens the application range of
carbon nanomaterials. In addition, CQDs are a member of the
quantum dot material family and are a zero-dimensional
semiconductor nanocrystal with a nearly spherical shape and
a particle size of less than 10 nm. CQDs are generally composed
of very few molecules or atoms and can well disperse in water or
organic solvent to form a colloid.

In 2004, Xu et al.* used the arc discharge method to prepare
carbon nanotubes. When separated and purified by gel elec-
trophoresis, a carbon nanoparticle with fluorescence was acci-
dentally obtained. Therefore, carbon materials with fluorescent
properties began to attract people's attention. Two years later,
Sun's research group” obtained fluorescent carbon nano-
particles, which were named “carbon quantum dots (CQDs)”.
Compared with previous carbon nanomaterials and organic
dyes, CQDs have unique luminescent properties and overcome
the shortcomings of organic dyes,® such as emission spectrum
half-peak width, photobleaching, fluorescence lifetime short
and toxic. Also, compared with traditional semiconductor metal
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probes widely used in detection fields.

quantum dots, CQDs have the advantages of good biocompat-
ibility, low toxicity and easy functionalization in addition to the
properties of metal quantum dots.*” Based on the advantages
described above, CQDs are widely used in the fields of fluores-
cent labeling,*® analytical detection," and safety ink." Thus,
further research on fluorescent CQDs has important theoretical
and practical value.

Nowadays there are multiple methods for preparing CQDs,
these methods can be summarized into two categories: top-
down and bottom-up methods.”® The top-down method
mainly includes arc discharge method, laser ablation
method,” and electrochemical method;**® the bottom-up
method contains hydrothermal/solvothermal method,”***
combustion method,” pyrolysis method,”® microwave
method,* et al. Among them, hydrothermal/solvothermal
method is the most commonly used method for preparing
CQDs due to its advantages of simplicity and ease of operation.

Wang et al. reported the novel N-CQDs were synthesized by
a hydrothermal approach using the carbon source (eggplant
sepals). The prepared N-CQDs showed outstanding photo-
luminescence properties with excellent chemical stability in
phosphate buffer solution.” Jiang et al. synthesized the novel N-
doped CQDs by hydrothermal method using isoleucine and
citric acid as carbon source. Under optimal conditions, the N-
doped CQDs can be applied to detect Fe’* and presented
a fluorescence quenching response to Fe*'.?® Sarkar et al. ob-
tained CQDs with different sizes via a simple hydrothermal
method. The fluorescence properties of these CQDs showed
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that with the excitation wavelength increasing, the emissions
wavelength for these samples were red shifted, which indicated
the prepared CQDs have dependence on excitation
wavelength.””

With the deepening of research on CQDs, the application of
CQDs has become the focus of research. At present, the
researches on the application of CQDs has made some progress,
mainly in the fields of optoelectronics, catalysis and sensing,*®
in which the most common and simple application is the
detection of metal ions. He et al. developed a facile synthetic
method using cabbage juice to synthetic N-doped carbon dots
(NCDs) to detect Fe** and the detection limit was 1.4 nM.>®
Wang et al. presented the multicolored emission carbon dots to
detect Fe** and Cu®" ions through assigning a different colored
emission carbon dot to a different metal ion.** Zhang et al.
introduced a hydrothermal approach for obtaining N-doped
carbon dots (NCDs) from ammonium citrate and urea. The
NCDs enable sensitive and selective determination of Hg>" in
tap water.*

In order to improve the application prospects of CQDS,
researchers have adopted various methods to modify CQDS,
most commonly heteroatom doping (such as N, S, P, etc.).?* Bran
is the by-product of wheat processing flour and is a kind of
production waste and mainly contains C, N and O elements. In
this paper, we have used tartaric acid and bran as the double
carbon source, and the bran contains N element, so the bran
can also be used as the nitrogen source to prepare N-doped
green-emitting carbon quantum dots (G-CQDs). In terms of
application, we have used the synthesized G-CQDs to detect
Cu”* ions, and discovered that it has a good selectivity and
sensitivity to Cu®* ions. We expect that our work will be able to
recycle wastes and improve the environment, and the G-CQDs
will have better applications in detection and probe.

2. Experimental section

2.1 Reagents and chemicals

Tartaric acid, dimethylformamide (DMF), Na,HPO,, sodium
citrate and the metal salts used in the experiment (KCl, NaCl,
LiNO;, MgCl,, ZnCl,, CaCl,, CuSO,, FeSO,, Fe(NO;); and
Al(NO;);) were bought from Alfa Aesar. The above reagents are
analytically pure and can be used directly. Bran is production
waste and needs further treatment.

2.2 Preparation of G-CQDs

The bran was cleaned, dried, and processed through 200 mesh
sieve, then the lower part of the sieve was set aside.

G-CQDs were prepared by one-step solvothermal method
using tartaric acid as carbon sources, bran as carbon and
nitrogen sources and DMF as organic solvent. The specific
experimental steps are as follows: tartaric acid and bran (with
a molar ratio of 0.7) were added into 20 mL of DMF and
transferred to a Teflon container that was packed into an
autoclave. The autoclave was heated at 150 °C for 8 h in the
oven. After the reaction, the autoclave was naturally cooled to
room temperature. The black product was then centrifuged and
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filtrated with filter membrane (0.22 pm) and dialyzed by using
the Biotech cellulose ester (CE) membrane (MWCO 500D) to
obtain G-CQDs. Finally, the G-CQDs solution was added into the
mixed solvents of petroleum ether and ethyl acetate to remove
unreacted molecules and then the solid was dried at 65 °C
overnight. The schematic diagram of the experimental process
was shown in the Fig. 1.

2.3 Detection of Cu®** ions with G-CQDs

The selectivity test of G-CQDs solution to Cu®" ions: KCl, NaCl,
LiNO3;, MgCl,, ZnCl,, CaCl,, CuSO,4, FeSO,, Fe(NO;); and
Al(NO3); were respectively dissolved in DI-water and configured
into a metal ion solution with a concentration of 2 mM. In the
experiment of ion detection, 2 mL metal ion solution and 2 mL
G-CQDs solution (5 mM) were selected to be mixed and allowed
to stirring for 2 min at room temperature (pH = 7 in Na,HPO,-
citrate buffer), and then fluorescence spectrophotometer was
used for fluorescence spectrum test.

The sensitivity test of G-CQDs solution to Cu™" ions: the
different concentrations of Cu® ions (pH = 7) were added into
the G-CQDs solution (5 mM) for stand 2 min at 25 °C. The
fluorescence intensity was measured at the 450 nm excitation
wavelength.

2+

2.4 Characterization

In this paper, a series of testing methods are applied to study
the chemical and optical performances of G-CQDs.

The high-resolution transmission electron microscopic (HR-
TEM, JEM-1400) and Nanoparticle size and Zeta potential
analyzer (Malvern ZS90) were used to describe the size and
morphology of G-CQDs. The specific experimental conditions
were as follows: the sample was dropped on a copper mesh of
230 mesh ultra-thin carbon film. The maximum tilt angle of the
sample stage was £400, the acceleration voltage was 200 kV, the
lattice resolution was 0.2 nm, and the dot resolution was
0.34 nm.

A powder X-ray diffractometer (XRD, Bruker D§ ADVANCE)
was used to detect the crystallinity of G-CQDs. The specific

OH OH
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o
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Fig.1 Schematic illustration of the experimental process of G-CQDs.
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Fig. 2 XRD pattern of the G-CQDs.
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Fig. 3 FT-IR spectra of G-CQDs and bran.

experimental conditions were as follows: the X-ray source used
Cu target Ka-ray (A = 0.15406 nm), the tube voltage was 40 kV,
the tube current was 40 mA, the scanning speed was 5° min™/,
and the scanning range (26) was 10-80°.

A Thermo NICOLET-380 spectrophotometer was applied to
characterize the Fourier transform infrared spectrum (FT-IR) of
G-CQDs. The FT-IR had an air scan as the background and the
scanning range was 4000-400 cm ‘. An X-ray photoelectron
spectrometer (Thermo Fisher Scientific, Thermo ESCALAB
250XI) was employed to determine the X-ray photoelectron
spectroscopy (XPS) analysis.

A Metash UV-5800 spectrophotometer and Shimadzu RF-
6500 PC luminescence spectrometer were applied to record
the UV-vis absorption spectra and photoluminescence (PL)
spectra, respectively. The UV-vis absorption spectra was cali-
brated using the corresponding solvent as a reference, with
a scan interval of 1 nm, a scan range of 300-700 nm, and a scan
rate of medium speed. The fluorescence spectrum was
measured by placing the sample to be tested in a quartz four-
pass cuvette, using a 700 V neon lamp as the light source, the
excitation slit width was 10 nm, the emission slit width was

2538 | RSC Adv, 2020, 10, 2536-2544

Paper

10 nm, the scanning interval was 1 nm, and the scanning speed

was 500 nm min~ ', scanning range was 300-700 nm.

3. Results and discussion

The result of the XRD analysis of G-CQDs was presented in
Fig. 2. The distinct diffraction peak is appeared in the range of
26 = 20-24° corresponding to the plane of (002), this is due to
the presence of graphitic carbon.*” Furthermore, the lattice
spacing of G-CQDs by Bragg formula (1.1) is about ~0.402 nm.
This shows that G-CQDs are amorphous structure with sp>
hybrid carbon core of graphitic carbon.

2d sin § = nA (1.1)
where d is the lattice spacing of G-CQDs, ¢ represents the
diffraction angle, n is the reflection series, A represents the
wavelength.

To understand the structural characteristics of the prepared
G-CQDs, the FT-IR spectrum was employed to analyze the
functional groups of G-CQDs. Fig. 3 describes the FT-IR spec-
trum of the obtained G-CQDs and bran. It can be seen from the
FT-IR spectrum (black curve) of the bran that the bran contains
C-H,, C-0, C-N, C=N and N-H bonds, which can be used as
a carbon source to prepare the G-CQDs, and as a nitrogen
source to provide N elements for the G-CQDs. From the FT-IR
spectrum (red curve) of the G-CQDs, the absorption peak at
3392 cm™ ' corresponds to the stretching vibration of the N-H
and O-H, indicating that the surface of G-CQDs contains -NH,
and hydrophilic -OH. Meanwhile, the stretching vibration peak
for CH, (2852 em™ '), C=0 and C=N (1668 cm '), C-N
(1405 em™") and C-O (1078 cm™ ") illustrates that the surface of
G-CQDs is connected to functional groups containing O- and
N-.

The full survey of XPS of G-CQDs was performed to charac-
terize the elemental composition and valence states of G-CQDs
and control experiment. The result was shown in Fig. 4. Fig. 4(a)
displays the synthesized G-CQDs and the compare experimental
CQDs mainly all contain C, N, and O elements. This indicates
that bran can provide N element for the preparation of G-CQDs.
The XPS full survey spectra of G-CQDs shows an clear peak of C
1s at ~298.9 eV, O 1s at ~531.4 eV and N 1s at ~401.3 eV, which
is similar with the characteristic peaks found in the N-CQDs
prepared using biomass tar and ethylene-diamine solution.**
Fig. 4(b) reveals three peaks of the C 1s XPS spectrum, which
can be fitted into sp” and sp® hybridized carbon atoms in C-C/
C=C (~285 eV), C-N/C-O (~287.1 eV) and a carboxyl group
(-COOH) at ~288.7 €V, separately. Fig. 4(c) shows the N 1s XPS
spectrum of G-CQDs, which presents the peak appearing at
~399.8 eV corresponds to a pyridine N. The O 1s XPS spectrum
(Fig. 4(d)) of G-CQDs displays that the characteristic peaks at
~531.1 eV and ~532.5 eV, corresponding to the C=0 bond and
the C-O bond, respectively.

From Fig. 5, the TEM images of G-CQDs were investigated.
We can see the particle size of G-CQDs is mainly concentrated in
the range of 4-6 nm and the average particle size is ~4.85 nm
(Fig. 5(a)). From the HR-TEM of G-CQDs (Fig. 5(b)), it can be
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seen the G-CQDs have distinct stripes and the stripe pitch is
0.24 nm.

Fig. 6 displays the photoluminescence (PL) performance of
G-CQDs. From Fig. 6(a), the UV absorption spectrum of G-CQDs
has a distinct absorption peak at ~350 nm, which may be
caused by the n—7* transition of C=0.** Meanwhile, it can be
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Fig. 4 (a) Full-survey XPS spectrum of G-CQDs and control experiment, (b) C 1s, (c) N 1s and (d) O 1s XPS spectra.

seen from the excitation and emission spectrum curves of G-
CQDs that at 450 nm excitation wavelength, the optimum
fluorescence emission peak is ~539 nm, which showed the
green emission and was consistent with the photograph of the
inline image. To further explore the PL performance of G-CQDs,
the excitation wavelength dependence of G-CQDs was analyzed.

Fig. 5 Morphologies and structural characterization of the G-CQDs: (a) TEM and particle size distribution, (b) HR-TEM.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) UV-vis and PLE excitation spectra of G-CQDs (inset: B-CQ
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Ds: photographs taken under sunlight and UV light), (b) fluorescence

emission spectra of G-CQDs at different excitation wavelengths, (c) color coordinates and color temperature of G-CQDs.

Fig. 6(b) exhibits the fluorescence emission spectra of G-CQDs
under different excitation wavelengths. It can be observed that
with the increase of excitation wavelength, the fluorescence
intensity of the G-CQDs first increases and then decreases; and
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Fig. 7 The effect of pH on the fluorescence intensity of G-CQDs.
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the fluorescence intensity of G-CQDs is the strongest at the
~450 nm excitation wavelength. Meanwhile, from Fig. 6(c),
under the excitation of ~450 nm, the color coordinates of G-
CQDs are in the green region (~0.35, ~0.54). The color
temperature is ~5180 K, which calculated by eqn (1.2) and (1.3).
In addition, according to the formula (1.4), the calculated
photoluminescence quantum yields (PL QY) of the G-CQDs by
relative method can reach up to 46%.

T = —437n® + 36011n* — 6861n + 5514.31 (1.2)
n=(x — 0.332)/(y — 0.1858) (1.3)
¢samp13 _ Astandard¢standard J‘Fsample (1.4)

Asample IFstandard

where Agandara and Agample are the absorbance of the standard
(quinine sulfate) and G-CQDs under excitation wavelength,
stwndard and stample express the integral area of the emission
spectrum of the standard (quinine sulfate) and G-CQDs under
the same condition.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Fluorescence quenching mechanism of G-CQDs in the presence of Cu* ions.

Moreover, the effect of pH on the fluorescence intensity of G-
CQDs was investigated (Fig. 7). As the pH increased from 3 to 8,
the fluorescence intensity of G-CQDs remained basically
unchanged, which means in the acid and alkali solution, the
fluorescence intensity of G-CQDs only changed slightly. This
might due to the surface of G-CQDs contains functional groups
such as ~OH, -NH, and the stability of the functional group is
changed under different pH conditions, so that these functional
groups are protonated or deprotonated, but only the charge
transfer occurs on the surface of the G-CQDs, and the core
structure is still stable. The above shows that G-CQDs are not
pH dependent.*®

In this paper, based on the excellent PL performance and
chemical stability of G-CQDs, we studied the application of G-
CQDs in metal ion detection. So far, researchers have done
a series of studies on the application of CQDs to detect Cu**
ions. Liang et al. reported a kind of multicolor fluorescent N-
CDots obtained by hydrothermal treatment, which can be
used as a fluorescent probe for the detection of Fe** ions. And
they found the N-CDots showed lower detection limit (7.6 nM)
and higher selectivity during the concentration of Fe** ions in
tap water.>® Wu et al. synthesized CQDs from vitamin B1 via
a hydrothermal process and the B1-CQDs could be utilized as
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a reliable probe to detect of Fe*" ions with the detection limit as
low as 177 nM.*” Murugan et al. indicated the quenching effi-
ciency and the concentration of Cu®** ions possessed a linear
distribution with the concentration range of 0-100 uM (R> =
0.9918).%® The study of Moonrinta et al. presented that CDs were
compound using edible yogurt via a solvothermal process and
the CDs was employed as fluorescent probe to detect formic
acid vapor and metal ions. The formic acid concentration was
detected by adjusting the light transmission of CDs and the
detection limit was 7.3% v/v.*

Cu”" ions are kind of heavy metal ion. When a large amount
of Cu*" ions remain in the human body, it is easy to burden the
organs in the body. Therefore, it is of vital important to select
a simple and easy method to detect Cu®" ions. The mechanism
of CQDs and detection of Cu*" ions is due to the coordination or
complexation of functional groups such as hydroxyl groups
(-OH) and carboxyl groups (-COOH) on the surface with Cu**
ions, so that the fluorescence quenching of CQDs can realize the
selectivity and sensitivity detection of Cu®>* ions. The reaction
principle of G-CQDs reacting with Cu®* is similar with that re-
ported by Van,*® and the reaction mechanism diagram is shown
in Fig. 8.
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Fig. 9 Effect of different metal ions on G-CQDs: (a) fluorescence intensity, (b) fluorescence quenching rate.
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Fig. 10 Effect of Cu?* ions concentration on the fluorescence of G-CQDs: (a) fluorescence intensity, (b) linear relation graph.

In this paper, the effects of different metal ions (K', Na*, Li",
Mg>*, Zn**, Ca®*, cu®', Fe**, Fe*", AI**) on G-CQDs were inves-
tigated firstly (Fig. 9(a)). The concentration of each metal ion is
2 mM. Cu®" ions have the highest degree of fluorescence
quenching for G-CQDs, and the fluorescence quenching rate is
as high as 94% (Fig. 9(b)). Other metal ions have almost no
interference, indicating that G-CQDs as a fluorescent probe
have good selectivity to Cu®>* ions.

Fig. 10(a) shows the spectrum of fluorescence quenching of
different concentrations of Cu®" ions and G-CQDs. Fig. 10(b)
indicates a linear distribution between the concentration of
Cu*" ions and the fluorescence quenching rate of G-CQDs. The
Cu** ions concentration in the range of 0-0.5 mM has a linear
distribution with the quenching rate F/F,, where F, is and F is
the fluorescence intensities of after the addition Cu*' ions. F/F,
= —1.213[Cu®*] + 1.0143, linear correlation coefficient (R is
0.9973, the detection limit is 0.0507 pM (according to the
formula of 3S,/k, where S, is the standard deviation of the blank
sample (n = 11), and k is the slope of the linear equation).

Table 1 shows the comparison of the detection limit of the G-
CQDs to Cu*" ions with other detection methods.*** We can
see that the detection limit of G-CQDs for Cu** ions is relatively
low, indicating that the prepared G-CQDs has excellent sensi-
tivity to Cu®" ions.

To explore the effects of different concentrations of Cu®" ions
on the fluorescence lifetime of G-CQDs, we studied the fluo-
rescence lifetime of G-CQDs under different concentrations of
Cu*" ions (Fig. 11). From Fig. 11, it can be seen that the G-CQDs'

fluorescence life was 6.34 ns. The fluorescence life of G-CQDs
decreased gradually with the increase of Cu®* ions concentra-
tion, and the fluorescence life is 6.32 ns, 6.31 ns, 6.30 ns, 5.89 ns
and 5.56 ns (the concentration Cu® ions is 0, 1, 2, 3, 4, 5 mM),
respectively. The results of fluorescence life displays that the
fluorescence quenching of the G-CQDs caused by Cu** ions may
be due to the electron transfer from the excited state of the G-
CQDs to Cu*' ions.

To further illustrate the synthesized fluorescent G-CQDs can
be used for detection Cu®* ions, the standard recovery tests were

¢(Cu”") 0 mM

¢(Cu™) 0.1 mM
¢(Cu’") 0.2 mM
¢(Cu’") 0.3 mM
¢(Cu’") 0.4 mM
¢(Cu”") 0.5 mM

Intensity(a.u.)

10
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Fig. 11 The effects of different concentrations of Cu®* ions on the
fluorescence lifetime of G-CQDs.

Table 1 Comparison of the detection limit of the G-CQDs to Cu?* with other detection methods

Materials Type of CQDs Detection limit Reference
O-Phenylendiamine N-CDs 0.28 uM 41
Citric acid and polyethylenimine (PEI) N-CDs 0.090 uM 42
Sulfuric acid and [C4mim][Cys] carbonization N/S-CDs 0.18 uM 43
CdTe and thioglycolic acid (TGA) CD@Si0,@CdTe 0.096 UM 44
Citric acid, ethylenediamine and 1,4,8,11-tetraazacyclo tetradecane Cyclam-functionalized carbon dots 0.13 uM 45
Tartaric acid and bran N-CQDs 0.0507 pM This work

2542 | RSC Adv, 2020, 10, 2536-2544
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Table 2 Determination results of Cu?* ions in water samples

Cu*" added Cu*' found RSD (n
Sample (uM) (uM) =3,%) Recovery (%)
Mineral water 300 323.16 0.10 107.72
Tap water 300 335.41 0.19 111.80
DI-water 300 327.34 0.12 109.11

conducted on mineral water, tap water and DI-water. The detect
results are shown in Table 2. As we can see from Table 2, no
matter in mineral water, tap water or DI-water, the synthesized
fluorescent G-CQDs have a good recovery rate for detection
(ranged from 107.72% to 111.80%) and a small relative stan-
dard deviation (ranged from 0.10% to 0.19%), indicating that
this method has a high accuracy.

4. Conclusion

In summary, the N-doped G-CQDs (~4.85 nm) were prepared
through a simple solvothermal treatment from tartaric acid and
bran. Based on this, the fluorescence properties and applica-
tions of the prepared G-CQDs were analyzed. The G-CQDs
present green emission with the maximum peak centered at
~539 nm at the ~450 nm optimum excitation wavelength and
the PL QY of the G-CQDs reach up to 46%. Under excitation of
~450 nm, the color coordinates and color temperature of G-
CQDs were calculated to be (~0.35, ~0.54) and ~5180 K,
respectively. The results indicated the color coordinates were
consistent with the maximum emission wavelength of the G-
CQDs. Furthermore, the G-CQDs were employed as fluores-
cent probe to detect Cu** ions with high selectivity and sensi-
tivity, and the detection limit is 0.0507 pM. Meanwhile, we
verified that the G-CQDs have high accuracy in the detection of
Cu”" ions in actual water samples. Thus, we expected that the G-
CQDs synthesized in this paper will be widely applied in the
detection fields.
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