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ABSTRACT: The development of analytical methods for rapidly,
sensitively, and selectively detecting iodide (I−) in aqueous media
is critically important because I− is closely related to human health
because of a number of diseases caused by the deﬁciency and
radioactivity of I−. In this work, we describe N-doped carbon
quantum dots as the ﬂuorophores for the direct determination of
I− ﬂuorescence, achieving a detection limit of 10 μM with an
analytical linear range up to 2.0 mM. The experimental results
also demonstrate that the N-doped carbon quantum dot
ﬂuorophores possess high selectivity for I− detection. The
presence of nitrogen functional groups results in a positively
charged carbon quantum dot surface, which is advantageous for
the detection of I− ﬂuorescence because of the strong electrostatic interaction between carbon quantum dots and I−. This work
demonstrates the possibility of developing carbon quantum dot ﬂuorophore-based ﬂuorescence methods for the determination of
other anions.

■

INTRODUCTION
Iodide (I−) is widely distributed in aquatic environments and
important for human health because a number of diseases are
closely related to the deﬁciency and radioactivity of iodide.1−5
Therefore, simple and rapid determination of I− in an aquatic
environment and radioactive wastes is important. Varieties of
methods can be used to determine I−, including ﬂuorescence
spectroscopy,6,7 chromatography,8 chemiluminescence,9 chemosensing,10 and electrochemical methods.10,11 Among these
methods, the ﬂuorescence spectroscopic methods are widely
used because of their rapidity, sensitivity, and selectivity.12−14
Nevertheless, the ﬂuorophores used by these methods are
generally expensive, require complex preparation, and exhibit
low hydrophilicity and poor dispersibility in water.10,12
Therefore, the development of cheap ﬂuorophores capable of
sensitively and selectively determining iodide ion is needed.
Recently, a new class of carbon-based ﬂuorophores [e.g.,
carbon quantum dots (CQDs) and nanodots (CNDs)] have
been successfully synthesized.15−19 The attractions of such
forms of ﬂuorophores lie in their superior ﬂuorescence
© 2013 American Chemical Society

properties, cheap to produce and easy to handle, promising
for ﬂuorescence-based analytical applications.15−19 To date,
almost all reported CQD or CND ﬂuorophores have been
applied exclusively for the detection of cations, especially heavy
metal ions, e.g., Cu2+ and Hg2+.7,17−20 To the best of our
knowledge, CQD and CND ﬂuorophores have not been
applied in the direct detection of anions. Only CQD-based
detection of the ﬂuorescence of anions can be found in the
recently published literature reported by Barman and coworkers for indirect I− detection.7 They smartly introduce I−
into a system containing the blue ﬂuorescent CQDs quenched
by Hg2+ (the quenching is highly sensitive and selective).7 The
quenching eﬀect of Hg2+ is diminished because of the
formation of the insoluble HgI2 (Ksp = 2.8 × 10−29), resulting
a ﬂuorescence intensity increase that is proportional to the I−
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solution containing I− at diﬀerent concentrations. The
photoluminescent (PL) spectra of the resulting samples were
recorded after the sample had been held for 1.0 h at room
temperature.
Characterizations. Transmission electron microscopy
(TEM) analysis was performed using a Philips F20 electron
microscope. The chemical composition of the N-CQD sample
was analyzed using X-ray photoelectron spectroscopy (XPS)
(Kratos Axis ULTRA instrument with a 165 mm hemispherical
electron energy analyzer). All binding energies were carefully
aligned by reference to the C1s peak (284.6 eV) arising from
surface hydrocarbons or possible adventitious hydrocarbon.
Fourier transform infrared (FT-IR) spectra of the N-CQD
sample were analyzed by a Perkin-Elmer spectrum 1000 FT-IR
spectrophotometer using KBr pellets. PL spectra of the NCQD solutions without and with I− were recorded with an
F7000 ﬂuorescence spectrophotometer (Hitachi) with excitation and emission slit widths of 0.5 mm. The excitation
wavelength was set at 360 nm.

concentration.7 A recent report indicated that the ﬂuorescence
of CNDs could be eﬃciently quenched by both the electron
acceptor and the electron donor.21 This suggests the possibility
of utilizing directly anion quenching at the carbon-based
ﬂuorophores for the detection of the ﬂuorescence of anions.
Herein, low-cost nitrogen-doped CQD (N-CQD) ﬂuorophores with superior water dispersibility and ﬂuorescence
properties were successfully synthesized by hydrothermal
treatment of dried monkey grass. We demonstrated for the
ﬁrst time that the ﬂuorescence intensity of the N-CQD
ﬂuorophores can be directly quenched by iodide (I−) in a
highly selective and sensitive manner, which can be utilized to
directly detect low concentrations of I− in aqueous media.

■

MATERIALS AND METHODS
Synthesis of N-CQDs. N-CQDs were fabricated by a facile
and one-pot hydrothermal method using dried monkey grass as
a reaction precursor, as in a similar method reported previously
(Figure 1A).18 In a typical synthesis, 5.0 g of dried grass was

■

RESULTS AND DISCUSSION
A facile hydrothermal treatment of 5.0 g of dried monkey grass
in 60 mL of Milli-Q water results in a brown-colored solution
containing 19 mg/mL solid carbon materials, and the color
becomes light yellow after 100-fold dilution (see Figure 1A).
The solid carbon materials have been identiﬁed as N-doped
CQDs.18 A typical TEM image of the sample indicates that the
sizes of the synthesized N-CQDs ranged from 1 to 4 nm, with
∼55% being ∼2 nm (Figure 1B,C). The high-resolution TEM
image of the N-CQD displays a lattice spacing of ∼0.32 nm
(inset of Figure 1B), which is consistent with the ⟨002⟩ spacing
of graphitic carbon.23,24 This is also supported by X-ray
diﬀraction (XRD) and UV−vis absorption results of the NCQDs samples (Figure S1A,B of the Supporting Information).25−27
Further, FT-IR and XPS analyses conﬁrm that the
synthesized CQDs possess rich surface O- and N-function
groups such as C−O, CO, O−H, C−N, CN, C−N−C,
N−(C)3, and N−H (Figure 2), results similar to those
previously reported.18,27 The presence of N-function groups
can lead to a positively charged CQD surface,18 which might be
beneﬁcial for the detection of the ﬂuorescence of anions
because of the strong electrostatic interaction with anions.28,29
The ζ potential measurement of N-CQDs indicates a positive
surface potential of 30.2 mV, further conﬁrming that N-doping
can introduce positive charges into the surrounding graphitic
carbon network.18 The XPS surface survey spectra (Figure 2B)
show that the synthesized N-CQDs contain high oxygen
content because of the formation of O-rich function groups
during hydrothermal reaction (see the high-resolution XPS
spectrum of oxygenin Figure S2 of the Supporting
Information).18,27 In this work, the dilute solution containing
0.19 mg/mL dispersed N-CQD ﬂuorophores is used for
subsequent I− detection.
The ﬂuorescence of the N-CQD ﬂuorophores was ﬁrst
investigated. Figure 3A shows the PL excitation and emission
spectra of the N-CQD solution. As shown, the N-CQD
ﬂuorophores can be excited by wavelengths between 340 and
370 nm (black curve). When the excitation wavelength is set at
360 nm, a strong PL emission peak centered at ∼435 nm can
clearly be observed (red curve). The photograph (inset of
Figure 3A) of the N-CQD ﬂuorophore solution under 365 nm
UV irradiation displays a bright blue color, conﬁrming the

Figure 1. (A) Preparation of a N-doped carbon quantum dot (NCQD) solution. (B) Transmission electron microscopy (TEM) image
(inset, high-resolution TEM image) and (C) size distribution of NCQDs.

added to 60 mL of deionized water (Milli-Q water, 18 MΩ),
and then the mixture was transferred into a 100 mL Teﬂonlined autoclave and kept at 180 °C for 6 h. After hydrothermal
reaction, the N-CQD solution was collected by ﬁltration (0.2
μm cellulose membrane) and centrifugation at 4500 and 12000
rpm for 10 min. The concentration of the as-synthesized NCQDs is ∼19 mg/mL. Using this method, the mass yield of NCQDs can reach 22.8%. For the purpose of I− detection, the assynthesized N-CQD solution was further diluted 100-fold to
obtain a dilute carbon quantum dot solution (Figure 1A). All
N-CQD solutions were preserved for further characterization
and use. For comparison, CQDs without nitrogen doping were
also synthesized using a similar method reported by Li et al. for
I− detection.22
Detection of Iodide (I−). The detection of I− was
conducted at room temperature in a 0.2 M PBS (pH 7.0)
buﬀer solution. In a typical experiment, 0.5 mL of an assynthesized N-CQD solution at a concentration of 19 mg/mL
was diluted to a total volume of 50 mL with a 0.2 M PBS buﬀer
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stable values with a further increased quenching time (Figure
3D). For better accuracy and reproducibility, all PL intensities
are measured after reactions had been quenched for 1 h for
subsequent experiments.
The analytical performance of the N-CQD ﬂuorophores was
evaluated for determination of I−. As expected, the PL intensity
excited at 360 nm decreases with an increasing I− concentration
(Figure 4A). The inset of Figure 4A shows the relationship

Figure 2. (A) FT-IR spectra, (B) XPS survey spectra, (C) C1s highresolution XPS spectra, and (D) N1s high-resolution XPS spectra of
N-CQDs.

Figure 4. (A) PL spectra of N-CQDs with diﬀerent I− concentrations
(inset, dependence of the relative PL peak intensity on I −
concentration within the range of 0−10 mM). (B) Plot of the relative
PL peak intensity vs I− concentration from 0 to 2.0 mM. (C)
Interference of common anions with relative PL peak intensities at 1.0
mM I− and 100 mM interference anion. The PL peak intensity of the
blank equals I0. (D) Relative error caused by diﬀerent interference
anions.

between the relative PL peak intensity and I− concentration,
derived from the PL spectra in Figure 4A. It can be seen that
the relative PL peak intensity decreases linearly at low I−
concentrations and deviates from the linear response when the
I− concentration is higher. An excellent linear relationship (R2 =
0.999) was observed within the concentration range of 0−2.0
mM (Figure 4B). This demonstrates that the relative PL peak
intensity change of the N-CQD ﬂuorophores that resulted from
the direct I− quenching can be used as the analytical signal for
I− detection. Under such conditions, a detection limit of 10 μM
can be achieved, comparable to the reported ﬂuorescence
method using other ﬂuorophores.12 Compared to other
detection methods such as the electrochemical approach
(detection limit of 0.5 μM),11 the gold nanoparticle-based
ﬂuorescence method (detection limit of 50 nM),30 and the
indirect ﬂuorescence detection approach (detection limit of
∼10−9 M),7 although the detection limit of I− in this work is
higher, the proposed method has advantages over other
methods, including its simplicity in analytical operation and
inexpensive nature of N-CQD ﬂuorophores. Also, from a
scientiﬁc point of view, the demonstrated direct I− ﬂuorescence
quenching analytical principle paves the way for applications of
N-CQD ﬂuorophores for direct ﬂuorescence detection of other
anions.
The selectivity is critically important in determining the
applicability of an analytical method. Figure 4C shows the

Figure 3. (A) PL excitation and emission spectra of the N-CQDs. (B)
PL emission spectra of 0.2 M PBS, 0.2 M PBS with 2.0 mM I−, 0.2 M
PBS with N-CQDs, and 0.2 M PBS with N-CQDs and 2.0 mM I−. (C)
Time-dependent PL spectra of N-CQDs quenched with 5.0 mM I−.
(D) Time-dependent relative PL peak intensities derived from panel
C. The excitation wavelength was 360 nm.

strong blue ﬂuorescence of the N-CQD ﬂuorophore, which is
favorable for ﬂuorescence-based analytical applications.7,18 In
this work, the PBS buﬀer solution (0.2 M, pH 7.0) was used to
achieve better reproducibility and accuracy. As shown in Figure
3B, the PBS buﬀer detection medium does not contribute to PL
emission for I− quenching. The PL intensity of the N-CQD
solution noticeably decreased when 2.0 mM I− was introduced,
resulting from the direct I− quenching. Such an observed
quenching phenomenon provides a solid basis for analytical
determination of I− in aqueous media. Figure 3C shows the
time-dependent PL spectra of the N-CQD solution quenched
with 5.0 mM I− excited at 360 nm. As shown, the introduction
of I− leads to a rapid decrease in the PL intensity during the
initial 10 min. The PL intensity gradually levels oﬀ at relatively
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interference of the common anions with the relative PL peak
intensity. All experiments were conducted under competitive
quenching conditions with an I− to interference anion
concentration ratio of 1/100 (1.0 mM I− and 100 mM
interference anion). As shown in Figure 4D, the relative errors
caused by all interference anions investigated are below ∼5.0%,
demonstrating a high selectivity of N-CQD ﬂuorophores for I−
detection. Although good selectivity of N-CQD ﬂuorophores
toward I− detection has been experimentally demonstrated, the
precise reason(s) is unclear. However, the positively charged NCQD surface (as conﬁrmed by the measured ζ potential) could
be an important attribute as it allows strong electrostatic
interactions with I−. To conﬁrm the importance of N-doping,
the experiments using CQDs without nitrogen doping as the
ﬂuorophores for I− detection were performed. The results
indicate that the CQDs without nitrogen doping exhibit very
poor sensitivity for I− detection (see Figure S3 of the
Supporting Information) because of the negatively charged
CQD surface.15 It is a common knowledge that I− is one of the
largest monatomic anions, making it a typical soft Lewis base
that can readily change its spatial shape during interaction with
hard Lewis acids. Such an inherent property of I− makes it
more favorable than harder Lewis anion bases (e.g., F−, Cl−,
SO42−, HCO3−, CO32−, and NO3−) in matching the spatial
conﬁguration of self-trapped excitons at N-CQDs that allows
strong interactions with N-CQDs, giving rise to good
selectivity.31
Further, the tap water and lake water were used to test the
applicability of the N-CQD ﬂuorophore method for real sample
analysis. The sampled tap water and lake water mainly contain
anions such as F−, Cl−, SO42−, HCO3−, CO32−, and NO3−. In
this work, the concentration of I− in these samples was found to
be below the detection limit. The recovery experiments were
therefore performed using tap water and lake water samples as a
matrix to validate the method. Table 1 shows the experimental

tap
water

lake
water

added I−
(μM)

measured I−
(μM)

recovery
(%)

relative standard deviation
(%) (n = 3)

50

51.2

102

2.7

200
600
50

196
631
48.5

98
105
97

2.1
1.6
2.3

200
600

207
648

104
108

2.6
1.8
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XRD patterns and UV−vis absorption spectra of N-CQDs
(Figure S1), O1s high-resolution XPS spectra of N-CQDs
(Figure S2), and PL emission spectra of 0.2 M PBS with CQDs
without nitrogen doping and 0.2 M PBS with CQDs without
nitrogen doping with 10 mM I− (Figure S3). This material is
available free of charge via the Internet at http://pubs.acs.org.
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recovery results. It can be seen that upon addition of 50, 200,
and 600 μM I−, the percentage recoveries are between 98 and
105% for the tap water matrix and 97 and 108% for the lake
water matrix. Such excellent recovery results suggest that the NCQD ﬂuorophore method can be used for the detection of I−
in freshwater samples.
In summary, we have demonstrated for the ﬁrst time the use
of N-CQDs as eﬀective ﬂuorophores for selective determination of I− via a direct ﬂuorescence quenching principle. The
attractions of such N-CQD ﬂuorophores are their inexpensive
nature, their ease of acquisition, and their ease of use. Our
ﬁndings pave the way for developing N-CQD ﬂuorophorebased ﬂuorescence methods for the determination of other
anions.
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