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a b s t r a c t
The article reports on the microwave-assisted rapid green synthesis of photoluminescent carbon nanodots (C-dots) with diameters in the range of 1–4 nm using ﬂour as the carbon source. It suggests that
the resultant C-dots exhibit high sensitivity and selectivity toward Hg2+ with a detection limit as low as
0.5 nM and a linear range of 0.0005–0.01 M. The practical use of this system for Hg2+ determination in
real lake water samples is also demonstrated successfully.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Photoluminescent (PL) carbon nanodots (C-dots) have attracted
growing interest in recent years due to their great potential in
biological labeling, bioimaging, drug delivery and optoelectronic
device applications [1–4]. The advantages of using C-dots over
other types of semiconductor quantum dots (QDs) are that they
have biocompatibility and low-toxicity [5]. Indeed, a variety of
methods have concentrated on the preparation of C-dots including oxidizing arc-discharge soot with nitric acid [6], laser ablation
of graphite [7,8], electrochemical oxidation of carbon nanotubes
[9] or graphite [10], combustion/thermal treatment of chitosan
[11] or EDTA-2Na [12], supported synthesis using resols as carbon precursor at 900 ◦ C in argon [13], and pyrolysis or acid
treatment of glucose or sucrose solution [14–18], etc. However,
these approaches suffer from involvement of complex or posttreatment processes, the use of large amounts of strong acid
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or expensive starting materials, which severely limit the practical applications of C-dots. More recently, we have developed a
simple, low cost, and green preparative strategy toward watersoluble, nitrogen-doped, carbon-rich, photoluminescent polymer
nanodots by hydrothermal treatment of grass [19], as well as a
hydrothermal approach to prepare ﬂuorescent carbon nanoparticles using pomelo peel as the carbon source [20]. However, a long
reaction time of 3 h is required for grass and pomelo peel carbonization and such preparation is time-consuming.
Mercury(II) ion (Hg2+ ) is one of the most toxic heavy metals
and a kind of persistent pollutants that cannot be biodegraded
easily, which raises serious environmental and health concerns
[21,22]. Moreover, Hg2+ can easily pass through skin, respiratory, and gastrointestinal tissues, leading to DNA damage, mitosis
impairment, and permanent damage to the central nervous system [23,24]. Conventional analytical techniques including atomic
absorption/emission spectroscopy, Auger-electron spectroscopy,
inductively coupled plasma mass spectrometry, ultraviolet-visible
spectrometry, X-ray absorption spectroscopy and polarography
have been extensively used for Hg2+ measurement [25–28]. However, these methods require sophisticated instrumentation and/or
sample preparation, which restrict their practical applications.
Alternative of optical sensing systems for the detection of Hg2+ can
also be based on ﬂuorescence assay due to its high sensitivity, fast
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analysis, and being non-sample-destructing or less cell-damaging,
indeed, many ﬂuorescent probes including organic molecule, metal
nanoclusters, semiconductor QDs, etc. have been developed for
ﬂuorescent Hg2+ detection. For example, Gong et al. described a
novel rhodamine thiospirolactam derivative as an “off-on” ﬂuorescent probe for the detection of Hg2+ in aqueous samples [29];
Wanichacheva et al. prepared a ﬂuorometric sensor bearing three
dansyl moieties based on tris[2-(2-aminoethylthio)ethyl]amine
which exhibited highly Hg2+ -selective ﬂuorescence quenching
behavior in aqueous acetonitrile solutions [30]; Huang et al. presented the use of highly ﬂuorescent gold nanoparticles for the
detection of Hg2+ based on aggregation-induced quenching of the
ﬂuorescence [31]; Guo et al. reported on synthesis of serum albumin stabilized ﬂuorescent Ag clusters which were then used in
the detection of Hg2+ [32]; Guha et al. synthesized ﬂuorescent
Au@Ag core–shell nanoparticles for sensing Hg2+ [33]; Long et al.
reported trace Hg2+ analysis via quenching the ﬂuorescence of
a CdS-encapsulated DNA nanocomposite [34]; Li et al. described
the CdTe quantum dots in sol-gel-derived composite silica spheres
coated with calix[6]arene which exhibited a higher selectivity for
the determination of Hg2+ [35]. However, the above ﬂuorescent
materials suffer from complex synthesis routes or the involvement of toxic or expensive reagents. More recently, Zhou et al.
have used the C-dots for ﬂuorescent detection of Hg2+ with a
detection limit of 4.2 nM [12]; however, this system suffers from
that it requires 2 h to carbonize EDTA-2Na at 400 ◦ C in ﬂowing
N2 and thus the C-dots synthesis is time-consuming. From the
point of view of materials synthesis and their sensing applications, it is still highly desired to develop new strategy toward
rapid and green synthesis of C-dots with a lower Hg2+ detection
limit.
Herein, we demonstrate the use of ﬂour as carbon source for
microwave-assisted rapid green synthesis of water-soluble, PL Cdots with quantum yield (QY) of approximately 5.4%. We further
demonstrate the use of such C-dots as an effective ﬂuorescent probe
for sensitive and selective detection of Hg2+ with a detection limit as
low as 0.5 nM. The linear range is estimated to be 0.0005–0.01 M.
The feasibility of the C-dots for analysis of Hg2+ in a real lake water
sample is also demonstrated successfully.

2. Experimental
2.1. Reagents and materials
Zn(OAc)2 , Pb(NO3 )2 , NiCl2 , Hg(NO3 )2 , CaCl2 , Mg(OAc)2 , CuCl2 ,
CoCl2 , CdCl2 , FeCl3 , and MnCl2 were purchased from Beijing Chemical Corp. NaH2 PO4 Na2 HPO4 , and cysteine (Cys) were purchased
from Aladin Ltd. (Shanghai, China). All chemicals were used as
received without further puriﬁcation. The ﬂour was purchased from
the local supermarket, Changchun, Jilin, China. The water used
throughout all experiments was puriﬁed through a Millipore system.
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Fig. 1. UV–vis absorption (black line) and PL emission (blue line) spectra of the aqueous dispersion of the products. Inset shows the corresponding photographs under
visible (left; daylight lamp) and UV light (right; ex = 365 nm). ([C-dots] = 2 mg/mL).
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of the article.)

2.3. Fluorescence detection of Hg2+
The detection of Hg2+ was performed at room temperature in
phosphate buffer solution (PBS, 0.2 M, pH 7.0). In a typical run, 2 L
of C-dots dispersion was added into 1 mL of PBS, followed by the
addition of a calculated amount of Hg2+ . The PL emission spectra
were recorded after reaction for 14 min at room temperature.
2.4. Instruments
UV–vis absorption spectra were recorded on a UV5800 spectrophotometer. X-ray photoelectron spectroscopy (XPS) analysis
was measured on an ESCALAB MK II X-ray photoelectron spectrometer using Mg as the exciting source. Atomic force microscopic
(AFM) study was performed with MultiMode-V (Veeco Metrology, Inc.). Transmission electron microscopy (TEM) measurements
were made on a HITACHI H-8100 electron microscopy (Hitachi,
Tokyo, Japan) with an accelerating voltage of 200 kV. The sample
for TEM characterization was prepared by placing a drop of colloidal solution on carbon-coated copper grid and drying at room
temperature. Fluorescent emission spectra were recorded on a
RF-5301PC spectroﬂuorometer (Shimadzu, Japan). Zeta potential
measurement was performed on a Nano-ZS Zetzsozer ZEN3600
(Malvern Instruments Ltd., U.K.). QY was measured according to an
established procedure [36]. The optical densities were measured
on UV–vis spectra were obtained on a UV5800 Spectrophotometer.
Quinine sulfate in 0.1 M H2 SO4 (literature quantum yield 0.54 at
360 nm) was chose as a standard. Absolute values are calculated
using the standard reference sample that has a ﬁxed and known
ﬂuorescence QY value. In order to minimize re-absorption effects
absorbencies in the 10 mm ﬂuorescence cuvette were kept under
0.1 at the excitation wavelength (360 nm).

2.2. Preparation of C-dots

3. Results and discussion

C-dots were prepared as follows: In a typical synthesis, 80 mg
of ﬂour was sealed and heated in a computer-controlled XH-800C
microwave digestion system (Beijing XiangHu Science and Technology Development Co. Ltd.) at 180 ◦ C for a period of 20 min. The
precipitate was discarded and the supernatant was submitted to
centrifugation at 14,000 rpm for 10 min. The pellet was dried under
vacuum for 48 h and re-dispersed in distilled water at a concentration of 2 mg/mL for further characterization and use.

Fig. 1 shows the UV–vis absorption and PL emission spectra of
the aqueous dispersion of the products. It is seen that the UV–vis
spectrum shows a strong peak at 288 nm representing the typical absorption of an aromatic  system, which is similar to that of
polycyclic aromatic hydrocarbons [15,37]. Note that the dispersion
shows a strong PL emission peak centered at 442 nm when excited
at 365 nm, indicating the products are ﬂuorescent. The inset shows
photographs of the products under visible (left; daylight lamp) and
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Fig. 2. Typical TEM images of the products thus formed at different magniﬁcations (A and B). HRTEM image of the C-dots (C). The corresponding dot size distribution
histogram (100 dots are taken into account) (D).

UV light (right; ex = 365 nm). The bright blue PL is strong enough
to be easily seen with the naked eyes, revealing that the products
exhibit blue ﬂuorescence.
Fig. S1 shows PL emission spectra of the products dispersion
with various excitation wavelengths from 360 to 500 nm. It can
be seen that the emission spectrum of the products changes from
violet (438 nm) to yellowish-green (550 nm), with a dependence
on the excitation wavelengths from 360 to 500 nm. The emission
peak position shifts to longer wavelengths and the intensity gradually decreases with increased excitation wavelengths. Compared
with previously reported C-dots, the products show similar optical
properties [5].
Fig. 2A and B shows TEM images of the products at different magniﬁcations, revealing that they consist of nanodots well separated
from each other. The high-resolution TEM (HRTEM) image (Fig. 2C)
shows a crystalline structure with lattice spacing of 0.23 nm which
may be attributable to the (1 0 0) facet of graphite, which is quite
similar with previously reported C-dots [8,9]. The corresponding
dot size distribution histogram (Fig. 2D) indicates that these nanodots have diameters ranging from 1 to 4 nm.
The surface composition and elemental analysis for the resultant nanodots were characterized by XPS technique. The XPS results
indicate that these nanodots are mainly composed of C, O, and N
element (the atom ratio of C:O:N is 16.18:5.71:1). The limited Si
element may come from the trace minerals in the ﬂour or glass

substrate used. The ﬁve peaks at 99.8, 150.5, 285.0, 400.0 and
532.0 eV shown in the XPS spectrum of the these nanodots (Fig. 3A)
can be attributed to Si2p3 , Si2s , C1s , N1s , and O1s , respectively [38].
The C1s spectrum (Fig. 3B) shows three peaks. The appearance of
a peak at the binding energy of 284.6 eV indicates the presence
of graphitic sp2 carbon structure in the product [39]. The peaks
centered at binding energies of 286.0 and 288.0 eV correspond to
C N, and C N/C O, respectively [39,40]. The two peaks at 531.7
and 533.0 eV in O1s spectrum (Fig. 3C) are attributed to C O and
C OH/C O C groups, respectively [41]; while the N1s spectrum
(Fig. 3D) shows four peaks at 399.5, 400.4, 401.5 and 406.4 eV,
which are attributed to the C N C, N (C)3 , N H and NO3 bands,
respectively [42,43]. The above observations conﬁrm that the synthesized nanodots function with hydroxyl and carboxylic/carbonyl
moieties which may origin from carbohydrates in the ﬂour. The
Zeta potential of such C-dots was measured as −4.12 mV, indicating they are negatively charged and further conﬁrming their surface
is functionalized with hydroxyl and carboxylic/carbonyl moieties
[44]. Note that these C-dots can be very stable for several months
without the observations of any ﬂoating or precipitated nanodots,
which is attributed to their small particle size and electrostatic
repulsions between them.
We also examined the effects of reactant concentrations and
reaction temperature on the size and the ﬂuorescence properties
of C-dots. Fig. S2 shows the AFM images of the nanodots obtained
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Fig. 3. XPS: (A) C1s , (B) O1s (C), and N1s (D) spectra of the product obtained.

using 40 mg/mL, 120 mg/mL of ﬂour at 180 ◦ C and using 80 mg/mL
of ﬂour at 160 ◦ C, 200 ◦ C for 20 min. The UV–vis and PL spectra
(Fig. S3) indicate that the four kinds of nanodots exhibit strong UV
absorption bands and strong ﬂuorescence emission peaks. The corresponding cross-sectional analyses indicate that the four kinds of
nanodots have diameters ranging from 1 to 2, 10 to 20, 10 to 30,
and 3 to 5 nm, respectively. It is important to note that decreasing
reactant concentrations and increasing reaction temperature lead
to a decrease in size of the C-dots. However, the ﬂuorescence properties are slightly tuned by changing reactant concentrations and
reaction temperature (Table S1).
We explored the feasibility of using such C-dots for Hg2+ detection. It is seen that C-dots solution in the absence of Hg2+ exhibits a
strong PL peak at 442 nm (Fig. 4A, curve a) and its QY is determined
to be 5.4%. In contrast, the presence of Hg2+ leads to an obvious
decrease of ﬂuorescence in intensity (Fig. 4A, curve b), indicating
that Hg2+ can effectively quench the ﬂuorescence of C-dots. The QY
is dropped to 1.5% after addition of 40 M Hg2+ . This observation
can be attributed to that Hg2+ can quench the ﬂuorescence of Cdots presumably via electron or energy transfer [45]. When added
a strong Hg2+ chelator, Cys, Hg2+ is removed from the surface of

C-dots by forming a Hg-S bond with Cys, which results in the ﬂuorescence restoration of C-dots (Fig. 4A, curve c) [12]. For sensitivity
study, different concentrations of Hg2+ in the range of 0–40 M
were investigated. Fig. 4B shows a gradual decrease in PL intensity at 442 nm with increasing Hg2+ concentration, revealing that
this system is sensitive to Hg2+ concentration. Fig. 4B inset shows
the dependence of F/F0 on the concentrations of Hg2+ , where F0
and F are C-dots ﬂuorescence intensities at 442 nm in the absence
and presence of Hg2+ , respectively. The detection limit is estimated
to be 0.5 nM at a signal-to-noise ratio of 3, which is much lower
than other previously reported values and lower than the maximum level (10 nM, 2 ppb) for mercury in drinking water permitted
by the United States Environmental Protection Agency [29]. The
linear range is estimated to be 0.0005–0.01 M. Table 1 compares
results of different ﬂuorescent probes for Hg2+ detection. The timedependent PL data of C-dots-Hg2+ solution shown in Fig. 4C and
Fig. 4D indicate that 14 min is required to complete the reaction
between C-dots and Hg2+ .
The selectivity of C-dots toward Hg2+ was tested next, and Fig. 5
shows that changes in the relative PL intensity (F/F0 ) of the C-dots
occurred with representative metal ions under the same conditions,

Table 1
Comparison of different ﬂuorescent probes for Hg2+ detection.
Fluorescent probes

Performance
Detection Limit (nM)

Rhodamine thiospirolactam derivative
Fluorescent gold nanoparticles
Fluorescent Ag clusters
Au@Ag core–shell nanoparticles
CdS-encapsulated DNA
CdTe quantum dots
Lys VI-AuNCs
C-dots (microwave)

3
5
10
9
4.3
1.55
0.003
0.5

Ref.
Linear range (M)
0.01–1
0.01–10
0.01–5
0.01–0.45
0.01–0.11
0.002–0.014
0.00001–0.005
0.0005–0.01

29
31
32
33
34
35
46
This work
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Fig. 4. PL spectra of solutions of (curve a) C-dots, (curve b) C-dots-Hg2+ mixture and (curve c) C-dots-Hg2+ -Cys mixture ([Hg] = 40 M; [Cys] = 0.4 mM) (A). PL spectra of C-dots
dispersion in the presence of different Hg2+ concentrations (from top to bottom: 0, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30 and 40 M) (B). Inset shows the
dependence of F/F0 on the concentrations of Hg2+ within the range of 0–40 M. Time-dependent PL spectra of C-dots-Hg2+ dispersion at room temperature (ex = 365 nm)
([C-dots] = 4 g mL−1 ) (C and D).

including Zn2+ , Pb2+ , Ni2+ , Ca2+ , Mg2+ , Cu2+ , Co2+ , Cd2+ , Fe3+ , and
Mn2+ , after incubation with 14 min. It is seen that a much lower
PL was observed for C-dots upon addition of Hg2+ . In contrast,
no tremendous decrease was observed by addition of other ions
into the C-dots dispersion. The outstanding selectivity and speciﬁcity can be probably attributed to that Hg2+ has a stronger afﬁnity
toward the carboxylic group on C-dots surface than other metal ions
[47,48]. The stability constants between Hg2+ and carboxylic group

Fig. 5. The difference in PL intensity of C-dots dispersion between the blank
and solutions containing different metal ions (ex = 365 nm; [Mn+ ] = 40 M; [Cdots] = 4 g mL−1 ).

are higher than other metal ions. Therefore, the PL intensity of Cdots-Hg2+ sensor system is pH-depended as shown in Fig. S4. The
low quenching efﬁciency in acidic medium is the result of dissociation of the C-dots-Hg2+ complex due to protonation of the surface
binding carboxyls. With the increase of pH, the deprotonation of
the carboxylic groups in the C-dots occurs. This may strengthen
the covalent bond between Hg2+ and C-dots, which leads to the
decreasing PL intensity, namely higher quenching efﬁciency. However, the PL intensity rises with the further increase of pH value. At
a high pH value, Hg2+ may be complexed by OH− , which, in turn,
reduces its complex with the C-dots [49]. All these observations
indicate that the present ﬂuorescent sensing probe exhibits high
selectivity toward the Hg2+ detection.
The feasibility of C-dots for detecting Hg2+ in real water samples was validated by lake water samples obtained from the
South Lake of Changchun, Jilin province, China. The lake water
samples were ﬁltered through a 0.22 m membrane and then centrifuged at 12,000 rpm for 20 min. The resultant water samples
were spiked with standard solutions containing different concentration of Hg2+ . It is seen that the PL intensity decreases with
increasing the concentration of Hg2+ from 0.01 to 0.05 M, as
shown in Fig. 6A. The calibration curves for determining Hg2+ in
lake water were obtained by plotting the values of F/F0 versus
the concentrations of Hg2+ (Fig. 6B). In spite of the interference
from numerous minerals and organics existing in lake water, this
sensing system can still distinguish between fresh lake water and
that spiked with 10 nM Hg2+ , satisfying the practical Hg2+ detection in real samples. These results imply that the Hg2+ sensor is
likely to be capable of practically useful Hg2+ detection upon further
development.

X. Qin et al. / Sensors and Actuators B 184 (2013) 156–162

161

Fig. 6. PL spectra of C-dots dispersion in the presence of different Hg2+ concentrations (from top to bottom: 0, 0.01, 0.02, 0.03, 0.04, and 0.05 M) in lake water samples (A).
The dependence of F/F0 on the concentrations of Hg2+ within the range of 0–0.05 M (ex = 365 nm) ([C-dots] = 4 g mL−1 ) (B).

4. Conclusion
In summary, microwave irradiation of an aqueous dispersion of
ﬂour has been proven to be a facile method for rapid green synthesis of C-dots. Such C-dots can serve as an effective ﬂuorescent
sensing probe for sensitive and selective detection of Hg2+ with a
detection limit as low as 0.5 nM. Our observations are important
because it provides us a rapid, low cost route toward green production of C-dots for sensing, bioimaging and optical imaging and
other applications [2–5].
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2013.04.079.
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