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Abstract: Fluorescent carbon quantum dots (CQDs) have held great promise in analytical
and environmental fields thanks to their congenitally fascinating virtues. However, low
quantum yield (QY) and modest fluorescent stability still restrict their practical applications. In
this investigation, a green hydrothermal strategy has been devised to produce water-soluble
nitrogen/phosphorus (N/P) co-doped CQDs from edible Eleocharis dulcis with multi-heteroatoms.
Without any additives and further surface modifications, the resultant CQDs exhibited tunable
photoluminescence just by changing hydrothermal temperatures. Appealingly, they showed
remarkable excitation-dependent emission, high QY, superior fluorescence stability, and long lifetime.
By extending the CQDs solutions as a “fluorescent ink”, we found their potential application in
the anti-counterfeit field. When further evaluated as a fluorescence sensor, the N/P co-doped
CQDs demonstrated a wide-range determination capability in inorganic cations, and especially the
remarkable sensitivity and selectivity for elemental Fe>*. More significantly, the green methodology
we developed here can be readily generalized for scalable production of high-quality CQDs with
tunable emission for versatile applications.

Keywords: carbon quantum dots; N/P co-doped; tunable photoluminescence; fluorescent ink;
fluorescence sensor

1. Introduction

Recently, carbon quantum dots (CQDs) with the size of 2-10 nm have emerged as the promising
photoluminescent (PL) material due to their high stability, low toxicity, excellent biocompatibility,
versatile surface chemistry, and cost-efficient nature along with easy availability [1,2]. Compared to
traditional PL materials (such as organic dyes and semiconductor quantum dots), these attractive features
of CQDs inherently make them as the most promising alternatives in a wide range of applications
including bioimaging, light emitting diodes (LEDs), sensors, energy-saving display, optoelectronic
devices, and so on [1-6]. As a result, considerable attentions have been paid to exploring a variety
of approaches for fine synthesis of CQDs, such as vigorous chemical oxidation of carbon sources [7], laser
ablation [8], microwave-assisted method [9,10], ultrasonic synthesis [11], pyrolysis [12], electrochemical
etching [13], and hydrothermal methods [14,15]. Among these synthetic strategies above, the hydrothermal
method possesses several distinct superiorities benefiting from its simple, green, low power-consumption,
and scalable feature [15]. Additionally, a series of carbon sources, including coal [16], graphite oxide [17],
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formaldehyde [18], carbon nanotubes [19], carbon soot from natural gas [20], fruit juices [21], peels [22],
grass [23], plant leaves [24], and so on, have been widely investigated. In general, a Teflon-lined autoclave
over hydrothermal treatment can provide a specific temperature and pressure for the dehydration of the
carbon precursors [14,15,18]. With the proceeding of dehydration reaction, CQDs with a tunable degree
of carbonization occurs, and these CQDs usually consist of carbon, hydrogen, oxygen, and even other
heteroatoms decorated with numerous functional groups on their surface [18,23]. Thus, the mechanism
proposed is inclined to be a dehydration process, rendering the formation of CQDs [18]. Additionally,
some CQDs with tunable PL and high quantum yield (QY) or emitting at long wavelength have been
reported so far [25-27]. Impressively, Li and his co-workers prepared the blue-emitting CQDs with a QY
as high as 94.5% via a one-step hydrothermal method [27]. In spite of these successful contributions made
for controllable fabrication of CQDs, the low-cost and massive production of high-quality CQDs are still
highly desirable.

As is known to all, heteroatoms doped carbon nanomaterials always can improve their intrinsic
properties and greatly expand their applications in electrochemical, photocatalytic, bioimaging,
and sensing applications [28-31]. As expected, enormous efforts have been extensively devoted to
prepare diverse types of heteroatom-doped CQDs with good PL properties [17,21,32-35]. For example,
Lin et al. synthesized N-doped fluorescent CQDs by using a popular antibiotic-aminosalicylic acid as
a precursor [35]. Lee and his co-workers reported the facile fabrication of nitrogen-doped CQDs from
the C3N4 towards a fluorescence-based in vitro and in vivo thermometer [36]. Up until now, the doped
atoms in fluorescent carbon have been mainly focused on the nitrogen species. Appealingly, other
heteroatoms (i.e., S, P) have recently been gradually introduced into CQDs [31,33]. However, the CQDs
jointly containing multiple heteroatoms are still actively pursued, as they generally demonstrate much
stronger and /or more adjustable PL properties in contrast to simple CQDs [32]. In common, to obtain
heteroatom-doped carbon materials, some heteroatom-containing reagents should be additionally
introduced into the synthetic procedures for CQDs, which undoubtedly suffers from some apparent
drawbacks, including expensive or poisonous precursors, time-consuming procedures and harsh
post-treatment conditions [33-38]. Therefore, it still remains a challenge to develop an efficient
and green strategy for facile fabrication of multi-heteroatoms co-doped CQDs with excellent fluorescent
properties on a large scale.

Up to now, metal ion pollution has gradually become a worldwide issue owing to their serious
damage to the environment and human health [15,21]. Various CQDs have been exploited as
fluorescent nanosensors for the determination of metal ions based on the fluorescence change in
aqueous solutions [21,24]. One should note that Fe?* is an indispensable element for living organisms.
Nevertheless, the deficiency and overload of Fe** ion in the human body can induce an acknowledged
risk of diseases, including liver injury, heart disorder, cancer, and so on [39—41]. Thus, it is of vital
importance to sensitively, yet selectively, detect Fe*>* ions in biological, medical, and environmental
samples. So far a variety of optical sensors, such as functionalized metal-organic frameworks [39],
noble metal quantum clusters [40], and dye-based sensors [41], have been applied to detect the Fe3*.
Unfortunately, these optical probes often suffer from time-consuming synthesis routes, and/or involve
toxic or expensive reagents.

Herein, we present a simple, low-cost and green synthetic strategy towards the water-soluble
multi-colored nitrogen/phosphorus (N/P) co-doped CQDs via one-step hydrothermal treatment
of the Eleocharis dulcis juice without any more additive. With fine adjustment in hydrothermal
temperatures from 90 °C to 150 °C, the Eleocharis dulcis-derived CQDs exhibited tunable fluorescent
colors including navy blue, blue, and cyan. Moreover, the as-synthesized N /P co-doped CQDs showed
strong fluorescence, which is highly stable not only under a high ionic strength environment, but also
under UV light irradiation, treatment with constant temperatures, and various acidic/neutral /alkaline
conditions. Owing to their fluorescent nature, the potential use as an invisible fluorescent ink was
assessed. When further utilized as a promising nanosensor for ion detection, the resulting N/P
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co-doped CQDs appealingly exhibited striking ion-determination capability with the highest sensitivity
and selectivity for the Fe®* thanks to the smart introduction of N/P heteroatoms.

2. Experimental

2.1. Chemicals

All the aqueous solutions were prepared with Milli-Q water from a Milli-Q Plus system (Millipore,
MA, USA). ZnCl,, NiCl,, NaCl, MnCl,, MgCl,, LiCl, KCl, FeCl3, CuCl,, CrClz, CoCl,, CaCl,, BaCly,
and AICl3 were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). These
chemicals were all of analytical grade, and directly used without any further purification.

2.2. Synthesis of N/P Co-Doped CQDs

N/P co-doped CQDs were synthesized by using Eleocharis dulcis as a carbon source through the
hydrothermal method at various temperatures, as illustrated in Scheme 1. Fresh Eleocharis dulcis was
purchased from local supermarket, and washed several times with water. After peeling, the white
sarcocarp was chopped, and then squeezed into a juice. After filtration, 40 mL of the obtained clear
juice was transferred into a Teflon-lined autoclave (50 mL). After being maintained at 120 °C for 5 h,
the autoclave was naturally cooled down to room temperature (RT), yielding a dark brown solution.
The solution was then centrifuged at 12,000 rpm for 10 min. Afterwards, the supernatant solution
was collected, filtered with a microporous membrane (0.22 um), and finally subjected to dialysis
(1000 MWCO) to eliminate the overreacted residues. The obtained sample hereafter was denoted as
the CQDs-120 for convenience. For comparison, a similar synthetic procedure was undertaken to
prepare other CQDs just by changing temperature as 90 °C and 150 °C, which were, thus, designed as
the CQDs-90 and CQDs-150, respectively.
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N filtration
5

CQDs-90 :\ .... /I
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CQDs-120 {. 00
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Scheme 1. Schematic illustration for facile synthesis of N/P co-doped CQDs from Eleocharis dulcis.

2.3. QY Measurement

The QYs of the as-prepared CQDs were calculated by a relative method with quinine sulfate
dissolved in 0.1 M HpSO4 (QY = 0.546) as the reference [6]. The absorbance below 0.1 was adjusted for
the concentration of the samples to minimize the inner filter effect. The QY of CQDs was determined
according to the following equation:

F A  n,
Y -0y, . .2 (%
QY =QY; F A (ny)
where F, A and n separately present the integrated area of emission, the absorbance at the excited
wavelength, and the refractive index for the obtained sample. And the QY,, F;, A;, and n, are the
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fluorescence QY, integrated area of emission, the absorbance at the excited wavelength, and the
refractive index for the reference, respectively.

2.4. Fluorescence Ink Evaluation

By separately loading the solutions of CQD-90, CQD-120, and CQD-150 into three fountain pens,
we wrote the letters of “AHU” on filter paper, and took photos under daylight and UV light (365
nm), respectively.

2.5. Metal Ion Detection

The N/P co-doped CQDs-120 solution (0.01 mg/mL) was used as a model to detect various metal
ions (ion concentration: 1073 M) including Zn?*, Ni%*, Na*, Mn?%*, Mg2+, Li*, K*, Fe3*, Cu?t, Cr3*,
Co?*, Ca?*, Ba?t, and AI**. The PL spectra were all recorded after reaction for 5 min at RT. The excited
wavelength was set at 380 nm.

2.6. Materials Characterizations

The crystallographic phase was examined by powder X-ray diffraction (XRD) (Ultima IV, Rigaku,
Japan) using a Cu Ka source (A = 0.154056 nm) at a scanning speed of 3° min~—! over a 20 range of
10°-60°. The morphologies of the CQDs were determined by high-resolution transmission electron
microscope (HRTEM) (JEOL JEM 2100 system operating at 200 kV, Akishima-shi, Tokyo, Japan). Fourier
transform infrared (FT-IR) spectra were recorded on a 360 Nicolet AVATAR FTIR spectrophotometer
(Madison, Wisconsin, USA). X-ray photoelectron spectra (XPS) measurement was conducted on a
VGESCALAB MKII X-ray photoelectron spectrometer (Cambridge, Cambridgeshire, England) with
Mg ka excitation source (1253.6 eV). Raman spectra were recorded on a DXR Raman microscope (New
York, State of New York, USA). Ultraviolet-visible (UV-VIS) absorption spectra were performed on a
Shimadzu UV-3600 UV-VIS spectrometer (Kyoto, Kyoto-fu, Japan). PL spectra and fluorescence decay
spectra were obtained by using an Edinburgh FLS980 instrument (Edinburgh, Scotland, England).

3. Results and Discussion

In this contribution, low-cost Eleocharis dulcis, as a popular edible food, was first used as the sole
precursor for the simple fabrication of the N/P co-doped CQDs. As we all know, Eleocharis dulcis
connately contains carbohydrates, proteins, vitamins (vitamin A, By, By, B3, C, E), minerals (Ca, P
and Fe) as well as an assortment of phytochemicals (carotenoids), which endows it with abundance in
the elemental C, N, O, and P. These unique compositions mean that Eleocharis dulcis may be an ideal
precursor for fabricating N/P co-doped CQDs.

XPS characterizations were commonly conducted to verify the surface composition. In this
connection, the surface composition and element analysis of the as-prepared CQDs were developed
via XPS characterizations by using CQDs-120 as a model. Typical XPS data are collectively shown in
Figure la—e. The overview spectrum (Figure 1a) shows four distinct peaks at ~133.4, ~284.6, ~399.8,
and ~532.6 eV, corresponding to P 2p, C 1s, N 1s, and O 1s peaks for the CQDs-120, respectively.
The elemental analysis (Table S1, ESI) reveals that the resultant CQDs are composed of elemental
C (~72.5 at%), O (~23.6 at%), N (~3.6 at%) and P (~0.3 at%), indicating the successful synthesis of
the N/P co-doped CQDs. The C 1s spectrum (Figure 1b) shows four fitted peaks at ~284.3, ~284.9
and ~286.1 eV, which are attributed to sp2 C=C, C-C/C-P and C-N/C-O, respectively [42—44]. The O 1s
spectrum (Figure 1c) is deconvoluted into two peaks at ~531.9 and ~532.9 eV, which can be separately
ascribed to C=0 and C-OH/C-O-C/P-O functional groups in the CQDs [42,44]. The N 1s spectrum
(Figure 1d) demonstrates three N-doping forms including the pyridinic (~399.5 eV), pyrrollic (~399.9
eV) and quandary (~400.4 eV) N atoms. The binding energy peaks for the P 2p (Figure 1le) at ~133.0
and ~133.7 eV confirm the presence of P-C and P-O bonds, respectively. Chemical and structural
information about the CQDs-120 was further identified via FI-IR measurement. Figure 1f shows
the FT-IR spectrum of the CQDs-120. The peak at around 1057 cm ™! is assigned to the vibrations of
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C-O/C-N bands. And peaks at ~1412 and ~1647 cm~! are ascribed to the COO~ group, which should
be responsible well for the excellent solubility of CQDs in water. The peak at ~2934 cm~! corresponds
to C—H bond, and the broad band at ~3295-~3587 cm~! appears owing to the O-H and N-H bonds.
Obviously, these results mean that the Eleocharis dulcis-derived products are N/P co-doped carbon
materials with high oxygen content, whose surface is decorated hydroxyl, carbonyl/carboxylate
groups, ensuring their excellent solubility in water and high stability. The C-potential of the CQDs-120 is
measured to be —12.5 mV, which can be ascribed to the presence of hydroxyl and carbonyl/carboxylate
groups on the CQDs surface.
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Figure 1. (a—e) XPS spectra and corresponding fitting profiles (a) survey spectrum; (b) C 1s; (c) O 1s;
(d) N 1s; (e) P 2p; and (f) FT-IR spectrum for the CQDs-120.

Figure 2a shows typical TEM image of the CQDs-120. Apparently, the well-dispersed CQDs are
typically spherical, and their diameters are mainly located in the range of 2-4 nm. The HRTEM image
(the inset in Figure 2a) clearly exhibits the parallel lattice fringe with a spacing of ~0.34 nm, which is in
good agreement with the (002) lattice plane of graphitic carbon. The X-ray diffraction is commonly
applied to figure out the crystallinity of CQDs. As demonstrated in Figure 2b, a broad diffraction
peak centered at ~25° is observed for the CQDs-120, probably due to highly disordered carbon
with heteratom doping [45], corresponding to an interlayer spacing of 0.34 nm, which is consistent
with the HRTEM analysis above. Additionally, two peaks located at ~1356.5 and ~1594.5 cm ™! are
clearly observed in the Raman spectrum (Figure S1, ESI) of the CQDs-120, typically corresponding to
disordered D-band and crystalline G-band, respectively. Additionally, the relative intensity of D-band
and G-band is calculated to be around 1.03.
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Figure 2. (a) TEM image and (b) XRD pattern of the CQDs-120.

To examine the optical properties of the N/P co-doped CQDs, the original ivory juice squeezing
from Eleocharis dulcis undergoes firstly UV light irradiation, and it is found that the precursor
solution is non-emissive at all upon UV light irradiation. Afterwards, the UV-VIS absorption,
optical excitation, and emission spectra of the resultant CQDs solutions are investigated detailedly at
RT. Figure 3a shows the UV-VIS absorption spectrum of the CQDs-90. The UV-VIS absorption
spectrum exhibits two characteristic absorption peaks at 260 and 327 nm, which are rationally
ascribed to the m—7* transition of aromatic C=C domains, and the n—7* transition of conjugated
C=0 in the CQDs-90 [41,46-48]. With increasing hydrothermal temperatures from 90 °C to 150 °C,
the latter absorption peak gradually disappears and the whole absorption band is progressively
broadened, accompanying with a prominent red-shift from 260 to 285 nm, as illustrated in Figure 3a,c,e,
respectively. This typical feature evidently indicates that the absorption properties of the as-prepared
N/P co-doped CQDs are affected to some extent by hydrothermal temperatures and the higher
temperature always results in the absorption band of CQDs at longer wavelength, which is consistent
with the previous report [49]. Likewise, the influences of the hydrothermal temperature upon the PL
excitation and emission spectra of CQDs were also studied. As exhibited in Figure 3b, the CQDs-90
presents the optimal excitation and emission wavelengths at 364 and 450 nm, respectively. When
the reaction temperature is further enhanced, the homologous red shifts of excitation and emission
wavelengths are observed as their absorption spectra. Specifically, the maximum excitation/emission
peaks separately centered at 380/458 nm for the CQDs-120 (Figure 3d) and 406/493 nm for the
CQDs-150 (Figure 3f). Thus, the fluorescent measurements of CQDs-90, CQDs-120 and CQDs-150 are
conducted under the maximum excitation wavelengths of 364, 380, and 406 nm, respectively. The insets
show corresponding digital photographs of these CQDs solution under the irradiation of daylight
(left) and UV light (right). Obviously, all these CQD solutions are light yellow, transparent, and clear
under daylight irradiation. The good dispersion of these as-obtained CQDs in water can be reasonably
attributed to their small particle diameter and abundant surface organic groups (carbonyl, carboxylic,
and hydroxy) derived from the carbonization of Eleocharis dulcis [50]. As a sharp contrast, when excited
under UV light (365 nm), they all exhibit strong PL properties, and the emission colors change from
navy blue, blue, to cyan with the reaction temperature varying from 90 °C, 120 °C, to 150 °C, which
visibly confirms the fluorescence-tunable characteristics of the as-prepared CQDs. Meanwhile, the QY
of CQDs is also determined by using quinine sulfate as a reference [6,51,52], and corresponding QY
results are comparatively presented (Table 52, ESI). Clearly, the CQDs-120 possesses the highest QY of
~11.2%, which is higher than the reported values for CQDs without element dopant [53-55]. Owing to
the strong electron-withdrawing abilities of their abundant atoms with N, O, and P, the active sites
of the CQDs surface can be effectively passivated. These N/O/P hetero-elements are conducive to
the stabilization of excitons, and further alter the whole electronic structures of the CQDs, which is of
great benefit to their high recombination yield [56-58].
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Figure 3. (a,c,e) UV-VIS absorption spectra and (b,d,f) optical excitation and emission spectra of
(a,b) CQDs-90, (c,d) CQDs-120 and (e,f) CQDs-150. (g,h). Digital photographs of the handwritten
letters of “AHU” on the filter paper radiated under daylight and UV light (365 nm), respectively. The
insets in panels (b,d,f) for the corresponding photographs taken under daylight (left) and 365 nm UV

light (right).

To further investigate optical properties of all these CQDs, PL emission spectra were recorded from
their strongest excitation wavelengths to the longer wavelengths with 10 nm increments. As displayed
in Figure 4a—c, all the CQDs demonstrate similar excitation-dependent PL behaviors, similar to other
fluorescent carbon materials reported previously [7,8]. The position of the strongest PL emission
peak shifts to longer wavelengths, and PL intensity gradually decreases with the increased excitation
wavelength [59-62]. Such excitation-dependent PL behaviors should be rationally related to the optical
selection of differently-sized nanoparticles or distinct surface emission traps in these CQDs or another
mechanism altogether [63,64].
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Figure 4. Excitation-dependent PL behaviors of (a) CQDs-90, (b) CQDs-120, and (c) CQDs-150.

To search thoroughly for the fluorescent mechanism of CQDs, a universal technique of
time-correlated single-photon counting (TCSPC) are applied to measure the fluorescent lifetime of



Nanomaterials 2018, 8, 386 8 of 15

CQDs, and the corresponding result for CQD-120 is illustrated in Figure 5. Evidently, the fluorescence
decay curves of the CQDs-120 can be fitted well by the following bi-exponential formula [65]:

Y(x) = Ajexp(—x/t1) + Ayexp(—x/t)

where A; and A; are the fractional contributions of time-resolved decay lifetime of t; and t,.
The fluorescent progress involves the lifetimes #; (2.98 ns) and t, (7.80 ns). Specifically, the short
lifetime (2.98 ns, ~80.7%) can be related to the intrinsic state of CQDs, and the long lifetime (7.80 ns,
~19.3%) should correspond to the surface state of CQDs [66]. The average lifetime can be calculated as
~3.9 ns, and the short lifetime may basically result from the electron transfer between energy levels
of CQDs, which have close relations with the intrinsic state of CQDs. The result implies that the
fluorescence in our case is mainly associated with the intrinsic state of CQDs. The fluorescence decay
fit well with the best bi-exponential function, suggesting that more than one lifetime may be either
ascribed to complex energy level, or complex mechanism of fluorescence carbon-based materials [49,67].
Obviously, an ultrafast electron transfer process can be acquired in nanoseconds, which makes the
as-prepared CQDs as appropriate candidates for potential applications, such as bioimaging, sensors,
and optoelectronic devices.
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Figure 5. Time-resolved PL spectra of the CQDs-120. The average lifetime of CQDs-120 with two
lifetime components (380 nm, decay time at 463 nm emission).

The stability of CQDs is a vital factor affecting their performance and even practical applications.
Accordingly, the PL properties of the CQDs solution under various conditions are investigated in
detail by using CQDs-120 sample as a model, as shown in Figure 6. The PL intensity of the CQDs-120
is almost unchanged under continuous irradiation for 60 min (Figure 6a), and even with the NaCl
concentration up to a high concentration of 2.0 M (Figure 6b). More strikingly, when the temperature is
increased from 25 °C to 55 °C, as plotted in Figure 6¢, the PL intensity retention of ~96.5% can still be
observed for the CQDs-120. The PL signals of the CQDs-120 at different pH values are also recorded,
and typical results are profiled in Figure 6d. Interestingly, the PL intensity shows gradual enhancement
with the pH value up to 7, and the maximal response is obtained at pH = 7 accordingly. However,
the irregular independence on pH values can be seen when the pH values vary from 7 to 13, which is
similar to that reported in the literature [33]. Even so, the PL intensity just changes from 243,239 to
289,836 within the pH range from 1 to 13, which suggests the acceptable stability of the CQDs-120 in
acid, neutral, and alkaline solutions to some extent. The comparative discussions above undisputedly
confirm the remarkable stability of the CQDs-120, which is of significant importance to its applications.
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Figure 6. PL intensity variation of the CQDs-120 as a function of (a) illumination time of UV lamp
with the center wavelength at 365 nm, (b) NaCl concentration, (c) temperatures, and (d) pH values
(Aex =380 nm).

Owing to the unique luminescence of CQDs, we tentatively apply them as invisible fluorescent
ink. By separately loading the solutions of CQD-90, CQD-120, and CQD-150 into three fountain pens,
the letters of A, H, and U are handwritten on filter paper. Figure 3g,h present the digital photographs
for the handwritten letters of “AHU” radiated under the daylight and UV light (365 nm), respectively.
Visually, no luminescence is visible to the naked eye under daylight. Nevertheless, three intense
fluorescent colors appear clearly in the writing marks under UV light irradiation. The three-color
emitting nature of CQD solutions implies their potential application in anticounterfeit fields, multicolor
imaging, and opoelectronic devices.

To further expand the application scope of CQDs, we explore the feasibility of the as-prepared
CQDs as one fluorescent sensor. In general, the detection and separation of heavy metal ions in water
is necessary in business application and/or our daily life, and the fluorescence quenching effect of
CQDs has drawn much attention due to its attractive role in ion detection [68-71]. However, the
sensing accuracy [68] and selectivity [69], as well as the range of detection concentrations [70,71] are
still needed to be improved. To this end, we examine the PL intensity changes of the CQDs-120 in the
presence of representative metal ions (1 mM) under the same condition, such as Zn%*, Ni?*, Na*, Mn?Z*,
Mg2+, Li*, K*, Fe3*, Cu?*, Cr3*, Co%*, Ca2*, Ba?* and Al®*, as observed in Figure 7a,b. Clearly, no
tremendous effect is observed on PL intensity of CQDs-120 upon addition of Na*, Mg?*, Li*, or K* ions.
In contrast, the fluorescence quenching effects are obtained in the presence of representative metal ions,
such as Ni2*, Mn2*, Fe3*, Cu?t, Cr3*, and Co?+. Particularly, Fe3* shows the most obvious quenching
effect on the PL intensity. The high selectivity of the CQDs-120 for the Fe3* is probably ascribed to the
Fe®* with much higher thermodynamic affinity and even faster chelating process toward “N” and “O”
of CQDs-120 than other transition-metal ions. Owing to the N/P doping, the formation of coordination
bonds between Fe®* and the functional groups on the surface of CQDs become much easier, which is
consistent with reported results [72-74]. Thus, the radiation transition is disrupted, and the electrons
in the excited state of CQDs will transfer to the half-filled 3d orbits of Fe3*, inducing nonradiative
electron/hole recombination and annihilation, which leads to the fluorescence quenching [74].

Conversely, Zn?* leads to the increasing of PL intensity of CQDs, as shown In Figure 7a.
The discernable difference can be associated with the different coordination effect between these
metal ions and the oxygen-containing functional groups (e.g., -OH and -COOH) on the surface of the
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CQDs-120 [47-49,75]. Convincingly, the results show greater potential application to detect the Fe3*
than other metal ions.
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Figure 7. (a) Fluorescence responses of the CQDs-120 with different metal ions of 1 mM,
and (b) corresponding F/F( with the different metal ions as indicated. Fy and F are the fluorescence
intensity before and after addition of the Fe3* jon.

In spite of elemental iron is an indispensable element in life, the high concentration of the Fe®* is
toxic to living organisms, causing various diseases. Therefore, the limit of detection (LOD) of the Fe3*
ion is also of vital importance. As a consequence, we examine the PL properties of the CQDs-120 with
the addition of different Fe>* concentrations ranging from 0 to 400 pM. As expected, the PL intensity
gradually decreases along with the increase in the Fe** concentration (Figure 8a). In addition to this,
the change of the fluorescence intensity ((Fy — F)/Fp) exhibits good linearity with Fe>* concentration
in the range of around 50 to 350 pM with a linear equation (R? = 0.99033):

Fo—F
Fy

= —0.00603 + 0.00206¢

where Fy and F indicate the fluorescence intensity at 458 nm in the absence and presence of Fe3*
ion, respectively (Figure 8b). The LOD of the CQDs-120 is estimated to be 0.56 uM, which is
calculated based on a signal-to-noise of S/N = 3 [76]. The obtained LOD value here is even lower
than the limit of standard Fe** concentration (5.357 uM) for drinking water [74]. It gratifyingly
verifies that the CQDs-120 can meet the practical requirement in efficiently sensing the Fe®* ion.
Meanwhile, the obtained heteroatoms-enriched CQDs possess both higher QY and better sensitivity
towards Fe** quenching in comparison with the reported CQDs without the element doping [58,59].
The heteroatom-doping effect may contribute to the modulation of the chemical and electronic structure,
probably endow them with stronger chelating ability toward Fe>*. Moreover, the CQDs presented here
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demonstrate considerable advantages, of note, which are comparable, and/or even better than, other
doped CQDs (Table S3, ESI). The high sensitivity, wide linear range, and excellent selectivity of the
as-prepared CQDs-120 for the Fe?* make them an ideal fluorescent probe for real-time tracking of the
Fe3* jon.
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Figure 8. (a) PL spectra for the CQDs-120 with various Fe3* concentrations as indicated; and (b) the
linear relationship of (Fy — F)/Fy versus the Fe3* concentration.

4. Conclusions

In summary, we presented a simple, yet scalable, synthetic strategy for large-scale production
of water-soluble N/P co-doped CQDs from a cheap, green, and readily available natural Eleocharis
dulcis without other chemical additives, which ensures the non-toxicity of the final products. Typically,
the Eleocharis dulcis-derived CQDs exhibited the tunable photoluminescence along with hydrothermal
temperatures varying from 90 °C to 150 °C. More impressively, the resultant CQDs demonstrated
remarkable excitation-dependent emission, high QY, high fluorescence stability, and long lifetime.
The CQDs were utilized as fluorescent ink and sensitive photoluminesence detection for elemental Fe>*.
The low-cost CQDs displayed their promising application in multi-color imaging and anticounterfeiting
fields. Additionally, they also exhibited outstanding selectivity, fast response, and a broad linear
detection range from 50 nM to 350 mM. Our investigations here highlight the great potential of the N/P
co-doped CQDs in the development of various CQD-based functional materials, anticounterfeiting,
and sensing devices.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-4991/8/6/386/s1.

Quantum yield, elemental compositions, Raman spectrum, and comparisons in the detection of the Fe3* between
the CQDs-120 and other CQDs reported in the literature.

Author Contributions: L.H. conceived and designed the experiments; R.B., Z.C., Z.Z.,].Z., and X.S. performed the
experiments and analyzed the data; L.H. and C.Y. provided the concept of this research and managed the entire
experimental writing process as the corresponding authors; and all authors discussed the results and commented
on the manuscript.

Acknowledgments: The authors acknowledge the financial support from the National Natural Science Foundation
of China (nos. 51772127 and 51772131).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Das, RK.; Mohapatra, S. Highly luminescent, heteroatom-doped carbon quantum dots ultrasensitive sensing
of glucosamine and targeted imaging of liver cancer cells. J. Mater. Chem. B 2017, 5, 2190-2197. [CrossRef]

2. Zhang, Z.Y.; Edme, K,; Lian, S.C.; Weiss, E.A. Enhancing the rate of quantum-dot-photocatalyzed
carbon-carbon coupling by tuning the composition of the dot’s ligand shell. J. Am. Chem. Soc. 2017,
139, 4246-4249. [CrossRef] [PubMed]


http://www.mdpi.com/2079-4991/8/6/386/s1
http://dx.doi.org/10.1039/C6TB03141B
http://dx.doi.org/10.1021/jacs.6b13220
http://www.ncbi.nlm.nih.gov/pubmed/28290682

Nanomaterials 2018, 8, 386 12 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Yuan, FL.; Wang, Z.B.; Li, X.H.; Li, Y.C,; Tan, Z.A_; Fan, L.Z.; Yang, S.H. Bright multicolor bandgap fluorescent
carbon quantum dots for electroluminescent light-emitting diodes. Adv. Mater. 2017, 29, 1604436. [CrossRef]
[PubMed]

Hess, S.C.; Permatasari, F.A.; Fukazawa, H.; Schneider, E2M.; Balgis, R.; Ogi, T.; Okuyama, K.; Stark, W.J.
Direct synthesis of carbon quantum dots in aqueous polymer solution: One-pot reaction and preparation of
transparent UV-blocking films. J. Mater. Chem. A 2017, 5, 5187-5194. [CrossRef]

Yang, G.H.; Wan, X]J.; Liu, YJ; Li, R; Su, YK, Zeng, XR.; Tang, J.N. Luminescent poly(vinyl
alcohol)/carbon quantum dots composites with tunable water-induced shape memory behavior in different
pH and temperature environments. ACS Appl. Mater. Interfaces 2016, 8, 34744-34754. [CrossRef] [PubMed]
Gong, N.Q.; Wang, H.; Li, S.; Deng, Y.L.; Chen, X.A; Ye, L.; Gu, W. Microwave-assisted polyol synthesis of
gadolinium-doped green luminescent carbon dots as a bimodal nanoprobe. Langmuir 2014, 30, 10933-10939.
[CrossRef] [PubMed]

Li, M.Y.; Hu, C; Yu, C.; Wang, S.; Zhang, P.; Qiu, ].S. Organic amine-grafted carbon quantum dots with
tailored surface and enhanced photoluminescence properties. Carbon 2015, 91, 291-297. [CrossRef]

Sun, Y.P; Zhou, B.; Lin, Y.; Wang, W.; Fernando, K.A.S.; Pathak, P.; Meziani, M.J.; Harruff, B.A.; Wang, X;
Wang, H.F; et al. Quantum-sized carbon dots for bright and colorful photoluminescence. J. Am. Chem. Soc.
2006, 128, 7756-7757. [CrossRef] [PubMed]

Choi, Y.J.; Thongsai, N.; Chae, A.; Jo, S.; BiKang, E.; Paoprasert, P.; Park, S.Y.; In, I. Microwave-assisted
synthesis of luminescent and biocompatible lysine-based carbon quantum dots. J. Ind. Eng. Chem. 2017, 47,
329-335. [CrossRef]

Qu, S.N.; Wang, X.Y,; Lu, Q.P; Liu, X.Y.; Wang, L.]. A biocompatible fluorescent ink based on water-soluble
luminescent carbon nanodots. Angew. Chem. Int. Ed. 2012, 51, 12215-12218. [CrossRef] [PubMed]

Wang, R.; Lu, K.Q.; Tang, Z.R.; Xu, Y.J. Recent progress in carbon quantum dots: Synthesis, properties
and applications in photocatalysis. J. Mater. Chem. A 2017, 5, 3717-3734. [CrossRef]

Pan, Y;; Yang, J.; Fang, Y.N.; Zheng, ].H.; Song, R.C.; Yi, Q. One-pot synthesis of gadolinium-doped carbon
quantum dots for high-performance multimodal bioimaging. J. Mater. Chem. B 2017, 5, 92-101. [CrossRef]
Han, Y.Z.; Huang, H.; Zhang, H.C.; Liu, Y;; Han, X,; Liu, R H.; Li, H.T.; Kang, Z.H. Carbon quantum dots
with photo enhanced hydrogen-bond catalytic activity in aldol condensations. ACS Catal. 2014, 4, 781-787.
[CrossRef]

Lu, QJ.; Wu, C.Y; Liu, D.; Wang, H.Y,; Su, W.; Li, H.T,; Zhang, Y.Y.; Yao, S.Z. A facile and simple method for
synthesis of graphene oxide quantum dots from black carbon. Green Chem. 2017, 19, 900-904. [CrossRef]
Guo, YM.; Zhang, L.F; Cao, FP; Leng, Y.M. Thermal treatment of hair for the synthesis of sustainable carbon
quantum dots and the applications for sensing Hg2+. Sci. Rep. 2016, 6, 35795. [CrossRef] [PubMed]

Dong, Y.Q.; Lin, J.P; Chen, YM.; Fu, EE,; Chi, YW.; Chen, G.N. Graphene quantum dots, graphene oxide,
carbon quantum dots and graphite nanocrystals in coals. Nanoscale 2014, 6, 7410-7415. [CrossRef] [PubMed]
Wu, ZL.; Gao, M.X,; Wang, T.T.; Wan, X.Y.; Zheng, L.L.; Huang, C.Z. A general quantitative pH sensor
developed with dicyandiamide N-doped high quantum yield graphene quantum dots. Nanoscale 2014, 6,
3868-3874. [CrossRef] [PubMed]

Algarra, M.; Pérez-Martin, M.; Cifuentes-Rueda, M.; [iménez-Jiménez, ].; Esteves da Silva, ].C.; Bandosz, T.].;
Rodriguez-Castellon, E.; Lopez Navarrete, ].T.; Casado, J. Carbon dots obtained using hydrothermal
treatment of formaldehyde. Cell imaging in vitro. Nanoscale 2014, 6, 9071-9077. [CrossRef] [PubMed]
Leturcq, R.; Stampfer, C.; Inderbitzin, K.; Durrer, L.; Hierold, C.; Mariani, E.; Schultz, M.G.; Oppen, EV,;
Ensslin, K. Franck-condon blockade in suspended carbon nanotube quantum dots. Nat. Phys. 2009, 5,
327-331. [CrossRef]

Tripathi, K.M.; Sonker, A.K.; Sonkar, S.K.; Sarkar, S. Pollutan soot of diesel engine exhaust transformed to
carbon dots for multicoloured imaging of E-coli and sensing cholesterol. RSC Adv. 2014, 4, 30100-30107.
[CrossRef]

Mondal, T.K.,; Gupta, A.; Shaw, B.K.; Mondal, S.; Ghorai, U.K.; Saha, S.K. Highly luminescent N-doped
carbon quantum dots from lemon juice with porphyrin-like structures surrounded by graphitic network for
sensing applications. RSC Adv. 2016, 6, 59927-59934. [CrossRef]

Tyagi, A.; Tripathi, K.M.; Singh, N.; Choudhary, S.; Gupta, R K. Green synthesis of carbon quantum dots from
lemon peel waste: Applications in sensing and photocatalysis. RSC Adv. 2016, 6, 72423-72432. [CrossRef]


http://dx.doi.org/10.1002/adma.201604436
http://www.ncbi.nlm.nih.gov/pubmed/27879013
http://dx.doi.org/10.1039/C7TA00397H
http://dx.doi.org/10.1021/acsami.6b11476
http://www.ncbi.nlm.nih.gov/pubmed/27998135
http://dx.doi.org/10.1021/la502705g
http://www.ncbi.nlm.nih.gov/pubmed/25157595
http://dx.doi.org/10.1016/j.carbon.2015.04.083
http://dx.doi.org/10.1021/ja062677d
http://www.ncbi.nlm.nih.gov/pubmed/16771487
http://dx.doi.org/10.1016/j.jiec.2016.12.002
http://dx.doi.org/10.1002/anie.201206791
http://www.ncbi.nlm.nih.gov/pubmed/23109224
http://dx.doi.org/10.1039/C6TA08660H
http://dx.doi.org/10.1039/C6TB02115H
http://dx.doi.org/10.1021/cs401118x
http://dx.doi.org/10.1039/C6GC03092K
http://dx.doi.org/10.1038/srep35795
http://www.ncbi.nlm.nih.gov/pubmed/27762342
http://dx.doi.org/10.1039/C4NR01482K
http://www.ncbi.nlm.nih.gov/pubmed/24875280
http://dx.doi.org/10.1039/C3NR06353D
http://www.ncbi.nlm.nih.gov/pubmed/24589665
http://dx.doi.org/10.1039/C4NR01585A
http://www.ncbi.nlm.nih.gov/pubmed/24974800
http://dx.doi.org/10.1038/nphys1234
http://dx.doi.org/10.1039/C4RA03720K
http://dx.doi.org/10.1039/C6RA12148A
http://dx.doi.org/10.1039/C6RA10488F

Nanomaterials 2018, 8, 386 13 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sachdev, A.; Gopinath, P. Green synthesis of multifunctional carbon dots from coriander leaves and their
potential application as antioxidants, sensors and bioimaging agents. Analyst 2015, 14, 4260-4269. [CrossRef]
[PubMed]

Zhu, L.L.; Yin, Y.J.; Wang, C.F,; Chen, S. Plant leaf-derived fluorescent carbon dots for sensing, patterning
and coding. J. Mater. Chem. C 2013, 1, 4925-4932. [CrossRef]

Hol4, K.; Sudolska, M.; Kalytchuk, S.; Nachtigallova, D.; Rogach, A.L.; Otyepka, M.; Zbofil, R. Graphitic
nitrogen triggers red fluorescence in carbon dots. ACS Nano 2017, 11, 12402-12410. [CrossRef] [PubMed]
Ding, H.; Yu, S.B.; Wei, ].S.; Xiong, H.M. Full-color light-emitting carbon dots with a surface-state-controlled
luminescence mechanism. ACS Nano 2016, 10, 484—491. [CrossRef] [PubMed]

Liu, H.F; Li, Z.H.; Sun, Y.Q.; Geng, X.; Hu, Y.L.; Meng, HM.; Ge, J.; Qu, L.B. Synthesis of luminescent carbon
dots with ultrahigh quantum yield and inherent folate receptor-positive cancer cell targetability. Sci. Rep.
2018, 8, 1086. [CrossRef] [PubMed]

Zhou, L.; Cao, H.; Zhu, S.Q.; Hou, L.R; Yuan, C.Z. Hierarchical micro-/mesoporous N- and O-enriched
carbon derived from disposable cashmere: A competitive cost-effective material for high-performance
electrochemical capacitors. Green Chem. 2015, 17, 2373-2382. [CrossRef]

Wang, FL.; Chen, P; Feng, Y.P; Xie, Z.].; Liu, Y.; Su, YH.; Zhang, Q.X.; Wang, Y.F,; Yao, K.; Lv, W.Y. Facile
synthesis of N-doped carbon dots/g-C3Ny4 photocatalyst with enhanced visible-light photocatalytic activity
for the degradation of indomethacin. Appl. Catal. B 2017, 207, 103-113. [CrossRef]

Hou, L.R;; Lian, L.; Li, D.K,; Pang, G.; Li, ].F,; Zhang, X.G.; Xiong, S.L.; Yuan, C.Z. Mesoporous N-containing
carbon nanosheets towards high-performance electrochemical capacitors. Carbon 2013, 64, 141-149.
[CrossRef]

Cui, X.B.; Wang, Y.L.; Liu, J; Yang, Q.Y.; Zhang, B.; Gao, Y.; Wang, Y.; Lu, G.Y. Dual functional N-
and S-co-doped carbon dots as the sensor for temperature and Fe3* ions. Sems. Actuators B 2017, 242,
1272-1280. [CrossRef]

Pooja, D.; Anupma, T.; Shweta, C.; Navneet, K.; Praveen, K.; Narinder, S.; Mahesh, K.; Sonnada, M.S.;
Nayak, M.K. Ultrasensitive and selective sensing of selenium using nitrogen-rich ligand interfaced carbon
quantum dots. ACS Appl. Mater. Interfaces 2017, 9, 13448-13456.

Liu, YH.; Duan, W.X,; Song, W.; Liu, ].J.; Ren, C.L.; Wu, J.; Liu, D.; Chen, H.L. Red emission B, N, S-co-doped
carbon dots for colorimetric and fluorescent dual mode detection of Fe>* ions in complex biological fluids
and living cells. ACS Appl. Mater. Interfaces 2017, 9, 12663-12672. [CrossRef] [PubMed]

Hu, Y.F; Zhang, L.L.; Li, X.F; Liu, RJ; Lin, L.Y.; Zhao, S.L. Green preparationof S and N co-doped carbon
dots from Water Chestnut and Onion as well as their use as an off-on fluorescent probe for the quantification
and imaging of coenzyme A. ACS Sustain. Chem. Eng. 2017, 5, 4992-5000. [CrossRef]

Song, Y.; Zhu, C.Z.; Song, ]. H.; Li, H.; Du, D.; Lin, YH. Drug-derived bright and color-tunable N-doped
carbon dots for cell imaging and sensitive detection of Fe3* in living cells. ACS Appl. Mater. Interfaces 2017, 9,
7399-7405. [CrossRef] [PubMed]

Yang, YM.; Kong, W.Q.; Li, H,; Liu, ].; Yang, M.M.; Huang, H.; Liu, Y.; Wang, Z.Y.; Wang, Z.Q.; Sham, TK.;
et al. Fluorescent N-doped carbon dots as in vitro and in vivo nanothermometer. ACS Appl. Mater. Interfaces
2015, 7, 27324-27330. [CrossRef] [PubMed]

Li, J.Y,; Liu, Y.; Shu, Q.W,; Liang, ].M.; Zhang, F.; Chen, X.P,; Deng, X.Y.; Swihart, M.T.; Tan, K.J. One-pot
hydrothermal synthesis of carbon dots with efficient up- and down-converted photoluminescence for the
sensitive detection of morin in a dual-readout assay. Langmuir 2017, 33, 1043-1050. [CrossRef] [PubMed]
Liu, Y.B.; Zhou, L.; Li, YN.; Deng, R.P; Zhang, H.]. Highly fluorescent nitrogen-doped carbon dots
with excellent thermal and photo stability applied as invisible ink for loading important information
and anti-counterfeiting. Nanoscale 2017, 9, 491-496. [CrossRef] [PubMed]

Yang, C.X.; Ren, H.B.; Yan, X.P. Fluorescent metal-organic framework MIL-53(Al) for highly selective
and sensitive detection of Fe3* in aqueous solution. Anal. Chem. 2013, 85, 7441-7446. [CrossRef] [PubMed]
Zhou, S.C.; Zhang, M.; Yang, F.Y.; Wang, F.; Wang, C.Y. Facile synthesis of water soluble fluorescent metal (Pt,
Au, Ag and Cu) quantum clusters for the selective detection of Fe>* ions as both fluorescent and colorimetric
probes. J. Mater. Chem. C 2017, 5, 2466-2473. [CrossRef]

Sui, B.L.; Tang, S.M,; Liu, T.H.; Kim, B.S.; Belfield, K.D. Novel BODIPY-based fluorescence turn-on sensor
for Fe?* and its bioimaging application in living cells. ACS Appl. Mater. Interfaces 2014, 6, 18408-18412.
[CrossRef] [PubMed]


http://dx.doi.org/10.1039/C5AN00454C
http://www.ncbi.nlm.nih.gov/pubmed/25927267
http://dx.doi.org/10.1039/c3tc30701h
http://dx.doi.org/10.1021/acsnano.7b06399
http://www.ncbi.nlm.nih.gov/pubmed/29136460
http://dx.doi.org/10.1021/acsnano.5b05406
http://www.ncbi.nlm.nih.gov/pubmed/26646584
http://dx.doi.org/10.1038/s41598-018-19373-3
http://www.ncbi.nlm.nih.gov/pubmed/29348413
http://dx.doi.org/10.1039/C4GC02032D
http://dx.doi.org/10.1016/j.apcatb.2017.02.024
http://dx.doi.org/10.1016/j.carbon.2013.07.045
http://dx.doi.org/10.1016/j.snb.2016.09.032
http://dx.doi.org/10.1021/acsami.6b15746
http://www.ncbi.nlm.nih.gov/pubmed/28339185
http://dx.doi.org/10.1021/acssuschemeng.7b00393
http://dx.doi.org/10.1021/acsami.6b13954
http://www.ncbi.nlm.nih.gov/pubmed/28134510
http://dx.doi.org/10.1021/acsami.5b08782
http://www.ncbi.nlm.nih.gov/pubmed/26593857
http://dx.doi.org/10.1021/acs.langmuir.6b04225
http://www.ncbi.nlm.nih.gov/pubmed/28064483
http://dx.doi.org/10.1039/C6NR07123F
http://www.ncbi.nlm.nih.gov/pubmed/27905619
http://dx.doi.org/10.1021/ac401387z
http://www.ncbi.nlm.nih.gov/pubmed/23826852
http://dx.doi.org/10.1039/C6TC05253C
http://dx.doi.org/10.1021/am506262u
http://www.ncbi.nlm.nih.gov/pubmed/25337695

Nanomaterials 2018, 8, 386 14 of 15

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Patel, M.A.; Luo, EX.; Khoshi, M.R.; Rabie, E.; Zhang, Q.; Flach, C.R.; Mendelsohn, R.; Garfunkel, E.;
Szostak, M.; He, H.X. P-doped porous carbon as metal free catalysts for selective aerobic oxidation with an
unexpected mechanism. ACS Nano 2016, 10, 2305-2315. [CrossRef] [PubMed]

Barman, M.K.; Jana, B.; Bhattacharyya, S.; Patra, A. Photophysical properties of doped carbon dots (N, P,
and B) and their influence on electron/hole transfer in carbon dots-nickel(Il) phthalocyanine conjugates.
J. Phys. Chem. C 2014, 118, 20034-20041. [CrossRef]

Cao, X.C.; Wu, J.; Jin, C,; Tian, J.H.; Strasser, P.; Yang, R.Z. MnCo,0,4 anchored on P-doped hierarchical
porous carbon as an electrocatalyst for high-performance rechargeable Li-O; batteries. ACS Catal. 2015, 5,
4890-4896. [CrossRef]

Zhu, S.; Meng, Q.; Wang, L.; Zhang, J.; Song, Y.; Jin, H.; Zhang, K.; Sun, H.; Wang, H.; Yang, B. Highly
photoluminescent carbon dots for multicolor patterning, sensors, and bioimaging. Angew. Chem. Int. Ed.
2013, 52, 3953-3957. [CrossRef] [PubMed]

Mehta, V.N,; Jha, S.; Singhal, R.K,; Kailasa, S.K. Preparation of multicolor emitting carbon dots for HeLa cell
imaging. New J. Chem. 2014, 38, 6152—-6160. [CrossRef]

Jaiswal, A.; Ghosh, S.S.; Chattopadhyay, A. One step synthesis of C-dots by microwave mediated
caramelization of poly(ethylene glycol). Chem. Commun. 2012, 48, 407-409. [CrossRef] [PubMed]

Gao, S.Y.; Chen, Y.L,; Fan, H.; Wei, X.J.; Hu, C.G.; Wang, L.X; Qu, L.T. A green one-arrow-two-hawks strategy
for nitrogen-doped carbon dots as fluorescent ink and oxygen reduction electrocatalysts. |. Mater. Chem. A
2014, 2, 6320-6325. [CrossRef]

Wang, C.F; Sun, D.; Zhuo, K.L.; Zhang, H.C.; Wang, ].J. Simple and green synthesis of nitrogen-, sulfur-,
and phosphorus-co-doped carbon dots with tunable luminescence properties and sensing application.
RSC Adv. 2014, 4, 54060-54065. [CrossRef]

Yang, SW,; Sun, J.; Li, X.B.; Zhou, W.; Wang, Z.Y.; He, P,; Ding, G.Q.; Xie, X.M.; Kang, Z.H.; Jiang, M.H.
Large-scale fabrication of heavy doped carbon quantum dots with tunable-photoluminescence and sensitive
fluorescence detection. J. Mater. Chem. A 2014, 2, 8660-8667. [CrossRef]

Zhang, Z.; Hao, ].H.; Zhang, J.; Zhang, B.L.; Tang, ].L. Protein as the source for synthesizing fluorescent
carbon dots by a one-pot hydrothermal route. RSC Adv. 2012, 2, 8599-8601. [CrossRef]

Wu, D.; Huang, X.M.; Deng, X.; Wang, K.; Liu, Q.Y. Preparation of photoluminescent carbon nanodots
by traditional Chinese medicine and application as a probe for Hg?*. Anal. Methods 2013, 5, 3023-3027.
[CrossRef]

Hsu, P-C.; Shih, Z.-Y,; Lee, C.-H.; Chang, H.-T. Synthesis and analytical applications of photoluminescent
carbon nanodots. Green Chem. 2012, 14, 917-920. [CrossRef]

Ray, S.C.; Saha, A.; Jana, N.R.; Sarkar, R. Fluorescent carbon nanoparticles: Synthesis, characterization,
and bioimaging application. J. Phys. Chem. C 2009, 113, 18546-18551. [CrossRef]

Liu, H.P; Ye, T.; Mao, C.D. Fluorescent carbon nanoparticles derived from candle soot. Angew. Chem. Int. Ed.
2007, 46, 6473-6475. [CrossRef] [PubMed]

Fan, RJ.; Sun, Q.; Zhang, L.; Zhang, Y.; Lu, A.H. Photoluminescent carbon dots directly derived from
polyethylene glycol and their application for cellular imaging. Carbon 2014, 71, 87-93. [CrossRef]

Wang, L.; Zhou, H.S. Green synthesis of luminescent nitrogen-doped carbon dots from milk and its imaging
application. Anal. Chem. 2014, 86, 8902-8905. [CrossRef] [PubMed]

Yu, J.; Xu, C.X,; Tian, Z.S.; Lin, Y.; Shi, Z.L. Facilely synthesized N-doped carbon quantum dots with high
fluorescent yield for sensing Fe3*. New. J. Chem. 2016, 40, 2083-2088. [CrossRef]

Sharma, A.; Gadly, T.; Gupta, A.; Ballal, A.; Ghosh, S.K.; Kumbhakar, M. Origin of excitation dependent
fluorescence in carbon nanodots. J. Phys. Chem. Lett. 2016, 7, 3695-3702. [CrossRef] [PubMed]

Zhang, Y.Q.; Hu, Y.S,; Lin, J.; Fan, Y.; Li, Y.T.; Lv, Y; Liu, X.Y. Excitation wavelength independence: Toward
low-threshold amplified spontaneous emission from carbon nnodots. ACS Appl. Mater. Interfaces 2016, 8,
25454-25460. [CrossRef] [PubMed]

Loukanov, A.; Sekiya, R.; Yoshikawa, M., Kobayashi, N.; Moriyasu, Y., Nakabayashi, S.
Photosensitizer-conjugated ultra small carbon nanodots as multifunctional fluorescent probes for bioimaging.
J. Phys. Chem. C 2016, 120, 15867-15874. [CrossRef]

Zhang, Z.H.; Sun, WH.; Wu, PY. Highly photoluminescent carbon dots derived from egg white: Facile
and green synthesis, photoluminescence properties, and multiple applications. ACS Sustain. Chem. Eng.
2015, 3, 1412-1418. [CrossRef]


http://dx.doi.org/10.1021/acsnano.5b07054
http://www.ncbi.nlm.nih.gov/pubmed/26751165
http://dx.doi.org/10.1021/jp507080c
http://dx.doi.org/10.1021/acscatal.5b00494
http://dx.doi.org/10.1002/anie.201300519
http://www.ncbi.nlm.nih.gov/pubmed/23450679
http://dx.doi.org/10.1039/C4NJ00840E
http://dx.doi.org/10.1039/C1CC15988G
http://www.ncbi.nlm.nih.gov/pubmed/22075768
http://dx.doi.org/10.1039/c3ta15443b
http://dx.doi.org/10.1039/C4RA10885J
http://dx.doi.org/10.1039/c4ta00860j
http://dx.doi.org/10.1039/c2ra21217j
http://dx.doi.org/10.1039/c3ay40337h
http://dx.doi.org/10.1039/c2gc16451e
http://dx.doi.org/10.1021/jp905912n
http://dx.doi.org/10.1002/anie.200701271
http://www.ncbi.nlm.nih.gov/pubmed/17645271
http://dx.doi.org/10.1016/j.carbon.2014.01.016
http://dx.doi.org/10.1021/ac502646x
http://www.ncbi.nlm.nih.gov/pubmed/25181643
http://dx.doi.org/10.1039/C5NJ03252K
http://dx.doi.org/10.1021/acs.jpclett.6b01791
http://www.ncbi.nlm.nih.gov/pubmed/27588560
http://dx.doi.org/10.1021/acsami.6b08315
http://www.ncbi.nlm.nih.gov/pubmed/27617695
http://dx.doi.org/10.1021/acs.jpcc.5b11721
http://dx.doi.org/10.1021/acssuschemeng.5b00156

Nanomaterials 2018, 8, 386 15 of 15

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Liu, S.; Tian, ].Q.; Wang, L.; Luo, Y.L.; Zhai, J.E; Sun, X.P. Preparation of photoluminescent carbon nitride dots
from CCly and 1,2-ethylenediamine: A heat-treatment-based strategy. J. Mater. Chem. 2011, 21, 11726-11729.
[CrossRef]

Sahu, S.; Behera, B.; Maitib, T.K.; Mohapatra, S. Simple one-step synthesis of highly luminescent carbon
dots from orange juice: Application as excellent bio-imaging agents. Chem. Commun. 2012, 48, 8835-8837.
[CrossRef] [PubMed]

Huang, H,; Li, C.G;; Zhu, SJ.; Wang, H.L.; Chen, C.L.; Wang, Z.R.; Bai, TY.; Shi, Z.; Feng, S.H.
Histidine-derived nontoxic nitrogen-doped carbon dots for sensing and bioimaging applications. Langmuir
2014, 30, 13542-13548. [CrossRef] [PubMed]

Li, Z.; Yu, H],; Bian, T.; Zhao, Y.F; Zhou, C.; Shang, L.; Liu, Y.H.; Wu, L.Z.; Tung, C.H.; Zhang, T.R. Highly
luminescent nitrogen-doped carbon quantum dots as effective fluorescent probes for mercuric and iodide
ions. J. Mater. Chem. C 2015, 3, 1922-1928. [CrossRef]

Ding, H.; Wei, ].S.; Xiong, H.M. Nitrogen and sulfur co-doped carbon dots with strong blue luminescence.
Nanoscale 2014, 6, 13817-13823. [CrossRef] [PubMed]

Li, W.;; Zhang, Z.; Kong, B.; Feng, S.; Wang, ].; Wang, L.; Yang, J.; Zhang, F.; Wu, P.; Zhao, D. Simple
and green synthesis of nitrogen-doped photoluminescent carbonaceous nanospheres for bioimaging.
Angew. Chem. Int. Ed. 2013, 52, 8151-8155. [CrossRef] [PubMed]

Gedda, G.; Lee, C.Y,; Lin, Y.C.; Wu, H.E. Green synthesis of carbon dots from prawn shells for highly selective
and sensitive detection of copper ions. Sens. Actuators B 2016, 224, 396—403. [CrossRef]

Qu, K.; Wang, ].; Ren, J.; Qu, X. Carbon dots prepared by hydrothermal treatment of dopamine as an effective
fluorescent sensing platform for the label-free detection of iron(IIl) ions and dopamine. Chem. Eur. J. 2013,
19, 7243-7249. [CrossRef] [PubMed]

Lai, T.; Zheng, E.; Chen, L.; Wang, X.; Kong, L.; You, C.; Ruan, Y.; Weng, X. Hybrid carbon source for
producing nitrogen-doped polymernanodts: One-pot hydrothermal synthesis, fluorescence enhancement
and highly selective detection of Fe(Ill). Nanoscale 2013, 5, 8015-8021. [CrossRef] [PubMed]

Li, G.M,; Lv, N,; Bi, W.Z.; Zhang, ].L.; Ni, J.Z. Nitrogen-doped carbon dots as fluorescence probe suitable for
sensing Fe3* under acidic conditions. New J. Chem. 2016, 40, 10213-10218. [CrossRef]

Li,S.H.; Li, Y.C.; Cao, ].; Zhu, J.; Fan, L.Z; Li, X.H. Sulfur-doped grapheme quantum dots as novel fluorescent
probe for highly selective and sensitive detection of Fe3*. Anal. Chem. 2014, 86, 10201-10207. [CrossRef]
[PubMed]

Shangguan, ].F; Huang, J.; He, D.G.; He, X.X.; Wang, KM.; Ye, R.Z,; Yang, X.; Qing, T.P; Tang, J.L. Highly
Fe3*-selective fluorescent nanoprobe based on ultrabright N/P codoped carbon dots and its application in
biological samples. Anal. Chem. 2017, 89, 7477-7484. [CrossRef] [PubMed]

Lu, S.Y,; Zhao, X.H.; Zhu, S.J.; Song, Y.B.; Yang, B. Novel cookie-with-chocolate carbon dotsdisplaying
extremely acidophilic high luminescence. Nanoscale 2014, 6, 13939-13944. [CrossRef] [PubMed]

Yang, X.F; Wang, LP; Xu, HM.; Zhao, M.L. A fluorescein-based fluorogenic and chromogenic
chemodosimeter for the sensitive detection of sulfide anion in aqueous solution. Anal. Chim. Acta 2009, 631,
91-95. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/c1jm12149a
http://dx.doi.org/10.1039/c2cc33796g
http://www.ncbi.nlm.nih.gov/pubmed/22836910
http://dx.doi.org/10.1021/la503969z
http://www.ncbi.nlm.nih.gov/pubmed/25375765
http://dx.doi.org/10.1039/C4TC02756F
http://dx.doi.org/10.1039/C4NR04267K
http://www.ncbi.nlm.nih.gov/pubmed/25297983
http://dx.doi.org/10.1002/anie.201303927
http://www.ncbi.nlm.nih.gov/pubmed/23788215
http://dx.doi.org/10.1016/j.snb.2015.09.065
http://dx.doi.org/10.1002/chem.201300042
http://www.ncbi.nlm.nih.gov/pubmed/23576265
http://dx.doi.org/10.1039/c3nr02014b
http://www.ncbi.nlm.nih.gov/pubmed/23868416
http://dx.doi.org/10.1039/C6NJ02088G
http://dx.doi.org/10.1021/ac503183y
http://www.ncbi.nlm.nih.gov/pubmed/25280346
http://dx.doi.org/10.1021/acs.analchem.7b01053
http://www.ncbi.nlm.nih.gov/pubmed/28628302
http://dx.doi.org/10.1039/C4NR03965C
http://www.ncbi.nlm.nih.gov/pubmed/25316500
http://dx.doi.org/10.1016/j.aca.2008.10.037
http://www.ncbi.nlm.nih.gov/pubmed/19046684
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Chemicals 
	Synthesis of N/P Co-Doped CQDs 
	QY Measurement 
	Fluorescence Ink Evaluation 
	Metal Ion Detection 
	Materials Characterizations 

	Results and Discussion 
	Conclusions 
	References

