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Luminescent carbon nanodots (CDots) have attracted much attention, but their luminescence is usually
quenched in solid state. Efficient green or yellow emissive CDot-based phosphors are scarce. In this work,
green emissive CDot@NaCl composite phosphors were fabricated through a convenient, low cost and eco-
friendly way by embedding green emissive CDots (g-CDot) in NaCl crystals. With the protection of NaCl
host, the g-CDot@NaCl composite phosphors exhibit good photostability, significant resistance to organic
solvents, and improved photoluminescence quantum yields up to 25%. White light-emitting diodes with
tunable color temperatures (3944–5478 K) and CIE coordinates have been realized based on the
g-CDot@NaCl composite phosphors.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

White light-emitting diodes (WLEDs) as emerging lighting
sources possess many competitive advantages, such as
energy-saving, long working life time, low power consumption,
fast response time, compact size and so forth [1–3]. Commercial
WLEDs are usually based on blue-emitting chips and luminescent
phosphors [1,4]. The performances of WLEDs are greatly depen-
dent on phosphors. Efficient green or yellow light-emitting phos-
phors are strongly needed. Traditional phosphors are based on
the non-renewable rare earth materials [5]. However, the fabrica-
tion of the traditional phosphors is highly energy consuming, and
exploitation of rare earth is potentially harmful for environment.
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Semiconductor quantum dots (QDs), as a new type of phosphors,
have been used in WLEDs in recent years [6]. However, the QDs
usually contain heavy metal elements, leading to toxicity concerns
[7]. Thus, it is of great scientific interest to exploit new phosphors
which are low-toxic, low-cost and eco-friendly, as alternative
phosphors for WLEDs.

Carbon nanodots (CDots), as emerging luminescent nanomate-
rials, have attracted more and more attention in many fields, such
as biosensors, bioimaging, optoelectronic devices, drug delivery
and light-emitting devices [8–20]. CDots possess several remark-
able advantages, such as biocompatibility, low toxicity, chemical
stability, photostability, and multicolor emission [21–43]. Cur-
rently, CDots have shown potential to be as a color conversion
layer for WLEDs [44]. Nevertheless, owing to self-quenching in
the aggregated state [45], suitable matrices are utilized to disperse
CDots uniformly in solid state [26]. Rogach et al. embedded blue
emissive CDots in polyhedral oligomeric silsesquioxane matrices
to fabricate deep blue-emitting solid-state phosphors and com-
bined this phosphors with green- and red-emitting CdTe@NaCl
powders to realize WLEDs [46]. Rhee et al. used CDots to fabricate
freestanding films based on poly (methylmethacrylate) matrices,
and combine the films with an InGaN blue emissive chip to achieve
WLEDs [31]. In our previous work, we used green emissive CDots
(g-CDots) and starch to synthesize eco-friendly green emissive
phosphors [47]. However, organic matrices usually have poor ther-
mal instability. Green or yellow emissive phosphors only based on
CDots and inorganic matrices are scarce. Thus, it is important to
develop efficient green or yellow emissive CDot-based composite
phosphors.

In this work, a simple and convenient synthetic method could
put forward to synthesize green emissive g-CDot@NaCl composite
phosphors with photoluminescence quantum yields (PLQYs) up to
25%. By virtue of inorganic matrices, the composite phosphors pos-
sess excellent photostability, resistance to organic solvents, and
structural stability. Therefore, WLEDs with tunable color tempera-
tures and Commission Internationale de L’Eclairage (CIE) coordi-
nates could be realized based on the g-CDot@NaCl composite
phosphors.

2. Results and discussion

The g-CDots are synthesized from citric acid and urea by
microwave-assisted method [48]. As seen from Fig. S1a, the UV–
vis absorption peak of g-CDots solution locates at 410 nm. Under
Fig. 1. (a) Optical and (b) fluorescent images of resulting g-CDot@NaCl composite ph
CDot@NaCl composite phosphors.
sunlight, its diluted solution presents clearly faint yellow color.
When irradiated by UV light, the solution emits strong green lumi-
nescence. Fig. S1b shows the excitation-emission matrix of g-CDots
dilute aqueous solution, it can be seen that the maximum emission
of g-CDots aqueous solution locates at 522 nm with the PLQY of
14% under the 405 nm light.

In order to maintain stable and strong luminescence of g-CDots
in solid state, the g-CDots are embedded in NaCl crystals for pre-
venting the aggregation of g-CDots. As described in experimental
section, the method of preparing g-CDot@NaCl composite phos-
phors is very simple. Upon slowly evaporating the as-prepared
g-CDots and NaCl saturated aqueous solution, lots of yellow micro-
crystals with strong green luminescence from the embedded
g-CDots gradually grow along the wall of beaker (Fig. 1a and b).
For removing the absorbed g-CDots on the surface, the as-
prepared microcrystals are washed by ethanol, where g-CDots
could be dissolved into ethanol. As seen from the Fig. 1c, the diffuse
reflection absorption peak and the emission peak of g-CDot@NaCl
composite phosphors locate at 410 and 510 nm, respectively, con-
sisting with the optical properties of initial g-CDots. It is worth
mentioning that pure NaCl has no PL emission (Fig. S2), indicating
the successful incorporation of g-CDot into the composite phos-
phors. More meaningfully, under 405 nm excitation, PLQYs of the
g-CDot@NaCl composite phosphors could reach 25%. The increased
PLQYs is mainly because of less energy loss compared with g-CDots
aqueous solution. Water, as a protic solvent, could deteriorate the
fluorescence of g-CDot by proton transfer dynamics, whereas there
is no proton transfer process in the solid-state composite phos-
phors, resulting in higher PLQYs [49,50]. This conclusion can be
further proved by investigating their PL decay curves (Fig. 2a)
[47]. The results in Fig. 2b indicate the luminescence lifetime of
the composite phosphors is longer than that of g-CND aqueous
solution. Therefore, the g-CDots should be well separately embed-
ded in NaCl matrix with effectively avoiding energy loss induced
by water molecules, resulting in enhanced PLQYs. In addition, the
excitation-dependent PL emission behavior of g-CDots is also pre-
served in the g-CDot@NaCl composite phosphors. As shown in
Fig. 3, the composite phosphors exhibit turquoise, green, and red,
when being excited by UV, blue, and green light.

To further characterize the morphorlogy and structure of the
g-CDot@NaCl composite phosphors, scanning electron microscopy
(SEM), X-ray powder diffraction (XRD) and energy dispersive
spectra (EDS) investigations are carried out. By analyzing the
images of SEM images (Fig. 4a and b), the morphology of composite
osphors. (c) Diffuse reflection absorption spectra and PL emission spectra of g-
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phosphors is a cubic structure, consisting with the classical struc-
ture of NaCl. And, their size are about 2–5 lm, therewith g-CDots
are hardly observed owing to the nanosize of g-CDots (2–5 nm)
[48]. Furthermore, as seen from Fig. 4c, XRD patterns indicated that
the lattice parameters of the g-CDot@NaCl composite phosphors
fitted well to the cubic structure of bulk NaCl crystal. There are
no characteristic diffraction peaks of g-CDots in the XRD pattern,
as they are rather weak and overlap with those of crystalline NaCl
crystal. On the other hand, EDS pattern demonstrates the existence
of C, N and O elements in the phosphors (Fig. 4d). Since the com-
posite phosphors are deposited on a pure silicon slice, these ele-
ments should be originating from g-CND. Based on the above
observation, it would be safely concluded that the composite phos-
phors are comprised of NaCl and g-CDots, where NaCl serves as
matrix. Moreover, according to the EDS pattern, the ratio of
g-CDots in the phosphors is about 13.5 wt%.
Fig. 2. Time-resolved luminescence decay curves collected at 520 nm for g-CDots
aqueous solution (black sphere) and g-CDots@NaCl composite phosphors (red
sphere) under 405 nm excitation. The average lifetimes were calculated using the
equation save ¼

Pn
i¼1aisi.

Fig. 3. Fluorescent images of g-CDot@NaCl composite phosphors through fluorescence m
time is 100, 150 and 6000 ms, respectively. (For interpretation of the references to colo
As g-CDots itself have been demonstrated to be well resistant
against UV light irradiation, the PL emission of g-CDot@NaCl com-
posite phosphors are expected to possess good photostability
against UV light irradiation [47]. To prove this issue, the photosta-
bility of the g-CDot@NaCl composite phosphors is evaluated using
a UV light (1.6 W/cm2), where fluorescein sodium, a well-known
commercial fluorescent dye, is chosen as a control. As seen from
Fig. S3, the UV light used in the test is harmful to all samples. At
first 5 min, the PL intensity of fluorescein sodium falls to 80%
quickly, and its PL intensity losses more than half after 20 min.
After 65 min, the PL intensity of fluorescein sodium is almost
quenched. On the contrary, the PL intensity of g-CDot@NaCl com-
posite phosphors reduces less than 10% at first 5 min. Then, the
decay rate of its PL intensity slows down. As a consequence of this,
the PL intensity of phosphors could be retained more than 80%
after 65 min. Therefore, g-CDot@NaCl composite phosphors have
good ability of resisting against UV light, which is a key issue in
fabricating LEDs with long-term lifetime. Moreover, the thermal
stability of the composite phosphors is also tested by measuring
in situ the PL emission spectra (Fig. S4). After heating to 100 �C
for 30 min and cooling down to room temperature, the PL emission
spectra are nearly unchanged, indicating the good thermal stability
of the composite phosphors (Figure S4b).

Besides the good photostability and thermal stability, the
composite phosphors also possess resistance toward the organic
solvents under the protection of NaCl matrix. As we can see
from Fig. 5a1, the g-CDot@NaCl composite phosphors cannot be
decomposed in the chloroform, and their PL properties could be
preserved very well (Fig. 5a2). The supernatant solution possesses
no PL emissions, indicating insolubility of the hybrid phosphors in
these solvents (Fig. 5a). This excellent solvent resistance of the
composite phosphors allows us to mix theses with various packag-
ing materials when processed toward LEDs without PL emission
change. In order to confirm this proposal, the g-CDot@NaCl com-
posite phosphors are mixed with polydimethylsiloxane (PDMS)
to form a bulk material (Fig. 5). It is found that the bulk material
preserve strong PL emission of the composite phosphors under
UV light. Meanwhile, due to the protection of PDMS, the as-
prepared bulk material posse excellent stability in the humid con-
ditions, even being immersed in water (Fig. S5). Furthermore, even
if the bulk material is stretched strongly by external mechanical
force, PL property has no variation, indicating a good structural sta-
bility (Fig. 5b). In all, the excellent solvent, structure, and photosta-
bility of current composite phosphors allow the further application
in photoelectric devices.

Based on the above advantages, the g-CDot@NaCl composite
phosphors were applied as color conversion layers for WLEDs
icroscope under (a) UV, (b) blue and (c) green exciting, respectively. The exposure
ur in this figure legend, the reader is referred to the web version of this article.)



Fig. 4. (a and b) SEM images of g-CDot@NaCl composite phosphors. (c) XRD patterns of bare NaCl (red line) and g-CDot@NaCl composite phosphors (black line). (d) EDS
pattern of g-CDot@NaCl composite phosphors. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 6). The mixtures, which are prepared with the mass ratios of
g-CDot@NaCl composite phosphors and PDMS ranging from 4:1
to 2:1, cover the InGaN LED chips. Meaningfully, through adjusting
the amount of the composite phosphors, PL reabsorption among g-
CDots could be controlled, and therewith the WLEDs with different
CIE coordinates are obtained [51]. In LEDs, the InGaN chip could
emit blue light, which can excite the adjacent composite
Fig. 5. (a) Images of g-CDot@NaCl composite phosphors in chloroform, under day light (a
PDMS. (b1) Relaxed state, and (b2) tensional state.
phosphors. Then, along the path of light transmission, the high
energy emission could be progressively absorbed (i.e., PL emission
reabsorption). As a result, the higher the mass ratio of the compos-
ite phosphors leads to more obvious reabsorption [41,52]. This is
also validated by the emission spectra of LEDs, where the emission
peaks red-shift upon increasing the contents of composite
phosphors (Fig. 6a–c). As seen from Fig. 6b, CIE coordination and
1) and UV light (a2). (b) Fluorescent images of g-CDot@NaCl composite phosphors in



Fig. 6. Photographs of the working WLEDs based on the g-CDot@NaCl composite phosphors with different color temperatures, where the mass ratios of phosphors to PDMS
are (a) 4:1, (b) 3:1 and (c) 2:1, respectively. Illustrations in (a–c) are corresponding emission spectra of WLEDs. (d) CIE chromaticity diagram showing (x, y) color coordinates
of the three WLEDs. The color temperature of simple 3 is too high to be calculated. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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color temperature of WLED are (0.33, 0.37) and 5478 K. Further-
more, a warm WLED prototype is achieved, whose CIE coordinates
and color temperature is (0.40, 0.43) and 3944 K (Fig. 6a),
respectively.
3. Conclusions

In conclusion, g-CDot@NaCl composite phosphors were pre-
pared via embedding g-CDots in NaCl crystals. Our study shows
that g-CDots embedded in NaCl matrices exhibit excellent photo-
stability, resistance to organic solvents, as well as structural stabil-
ity. After continuous UV irradiations for 65 min, the PL intensity of
phosphors still preserves 85%. All of these allow the g-CDot@NaCl
composite phosphors to be used for WLEDs with tunable color
temperatures. We prospect that this synthetic methodology also
expands the way of CDots for wider applications in many other
fields.
4. Materials and methods

4.1. Materials

NaCl (99.5%), urea (99%), and citric acid (99.5%) were purchased
from Dingshengxin, Macklin and Aladdin, respectively. The mate-
rial of encapsulation we used was polydimethylsiloxane (PDMS)
elastomer kits (Sylgard 184), which were obtained from Dow Corn-
ing (Midland, MI). All of them were not purified before being used.
4.2. Synthesis of CDots with green emission

3 g-CDots were prepared according to our precious work [33].
3 g citric acid and 6 g urea were added into 20 ml deionized water
to form transparent solution. Then the mixture was deeply heated
about 5 min in a domestic 650 W microwave oven, during which
the mixture varied in color and state that from a colorless liquid
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to a brown and finally dark-brown solid, indicating the formation
of g-CDots. After that, g-CDots were re-dissolved in deionized
water, and purified in a centrifuge to remove the aggregated parti-
cles at the speed of 8000 rpm for 5 min. Finally, the yellow-brown
solution was obtained.

4.3. Preparation of g-CDot@NaCl composite phosphors

100 ml of 0.5 mg/ml g-CDots aqueous solution was heated to
90 �C and mixed with 38.2 g NaCl in the 500 ml beaker to form sat-
urated solution. Then the solution was cooled down to room tem-
perature naturally. After 2 days later, g-CDot@NaCl composite
microcrystals were obtained. The microcrystals on the beaker were
removed gently, then washed with ethanol, dried and ground into
powders for further being used.

4.4. Preparation of disc with g-CDot@NaCl composite phosphors and
PDMS

g-CDot@NaCl composite phosphors were added into PDMS at a
mass ratio of 3:1, stirring uniformly. Then the mixture was put into
a cap of 50 ml centrifuge tube. The air in the mixture was removed
by vacuum oven. The mixture was further baked at 80 �C for 1 h.
Finally, a disc, which was composed of phosphors and PDMS, was
obtained. The disc was stretched to test the stability of
g-CDot@NaCl composite phosphors in the tensional state.

4.5. Fabrication of WLEDs from g-CDot@NaCl composite phosphors

InGaN chips with 450 nm light were used as the WLEDs base.
Mixtures, which were composed of g-CDot@NaCl composite phos-
phors and PDMS with mass ratios of 4:1, 3:1 and 2:1, respectively,
were used as color conversion layers. The InGaN chips were
covered with the foremost prepared mixtures, and cured at 80 �C
for 1 h. After that, the WLEDs based on g-CDot@NaCl composite
phosphors were obtained.

4.6. Characterization

JEOL FESEM 6700F electron microscope with primary electron
energy of 3 kV. Siemens D5005 diffractometer was used to
record the X-ray powder diffraction (XRD) of g-CDot@NaCl com-
posite phosphors. C2+ confocal microscope system (Nikon confo-
cal instruments) was used as the instrument to take the
fluorescence microscopy images. Inca X-Max instrument (Oxford
Instruments) was used to get the energy dispersive spectra (EDS)
and elemental mapping of g-CDot@NaCl composite phosphors.
The calibrated integrating sphere in FLS920 spectrometer was
used for carrying out the PLQYs of g-CDot@NaCl composite
phosphors.
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