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Abstract We report herein the synthesis of carbogenic
dots (CDs) by a one-step pyrolysis from N-acetylcysteine.
The as-prepared CDs show excellent dispersibility with
particle sizes in the range of 3-5 nm. Under stimulation
with blue light, the CDs emit broad yellow fluorescence,
which is still rarely reported by now. The optical properties
were throughly investigated, and we found the CDs exhibit
stable fluorescence, high quantum yield, and pH depen-
dence. Moreover, an economical approach for constructing
white light-emitting diodes (LEDs) was developed by
combining the yellow-emitting CDs with blue GaN-based
LED chips. The white LEDs exhibit warm white light with
the color coordinates of (0.34, 0.35), very close to the
coordinates of balanced white-light emission (0.33, 0.33).
These results suggest that the CDs can be a promising
candidate as yellow-emitting phosphor for white LEDs.

Introduction

Solid-state optoelectronic devices in the form of light-
emitting diodes (LEDs) have been the subject of intense
research for years due to their potential applications in
backlighting, general illumination, and liquid—crystal

Electronic supplementary material The online version of this
article (doi:10.1007/s10853-012-7016-8) contains supplementary
material, which is available to authorized users.

Q.-L. Chen - C.-F. Wang - S. Chen (D<)

State Key Laboratory of Materials-Oriented Chemical
Engineering, College of Chemistry and Chemical Engineering,
Nanjing University of Technology, No. 5 Xin Mofan Road,
Nanjing 210009, People’s Republic of China

e-mail: prcscn@yahoo.com.cn; chensu@njut.edu.cn

@ Springer

displays of digital cameras, cellular phones, and notebook
computers [1-11]. An efficient and commercial route for
constructing white LEDs is to combine blue-LED chips
with broadband yellow-emitting phosphors, such as
Y;Al:0,,:Ce** (YAG:Ce) [2], Sr3SiOs [3, 4], Sr-o-Si-
AION:Eu** [5], and Ba;SiOs:Eu®" [6]. However, these
phosphors were synthesized with expensive raw materials
and high reaction temperature at least over 1200 °C. More
recently, semiconductor quantum dots (QDs) for white
LEDs have been reported, like trap-rich CdS [7], silica-
coated InP/ZnS nanocrystals [8], and CdSe nanocrystals [9—
11]. Nevertheless, the fabrication and isolation process of
semiconductor QDs often involve the tremendous energy
consumption as well as the occurrence of aggregation,
photooxidation, and fluorescence diminishing of QDs,
along with the intrinsic toxicity and potential environmental
hazards, greatly limiting their practical applications.
Recently, carbogenic dots (also called carbon dots, CDs)
have been extensively spotlighted to be a promising alter-
native to traditional toxic metal-based semiconductor QDs
because of their excellent properties such as unique fluo-
rescence, photostability, chemical resistance, low toxicity,
and good biocompatibility [12-35]. Up to now, a variety of
methods have been developed to prepare CDs, such as laser
ablation of graphite [13—16], electrochemical oxidation of
multiwalled carbon nanotubes or graphite [17, 18], chem-
ical oxidation of carbohydrates or activated carbon [19,
20], separation of candle soot [21, 22], supported synthesis
[23, 24], thermal oxidation of suitable precursors [25, 26]
or microwave routes [27-29]. Simultaneously, great efforts
have been made to exploit the potential applications of
fluorescent CDs in bioimaging [30-32], biological labeling
[33] and optoelectronic devices [34]. For instance, despite
rare reports, CDs have been explored for the application of
LEDs. A LED based on CDs’ electroluminescence was
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reported by Liu et al. in 2011 [35]. Our previous work has
reported that CDs generated from unzipping of poly(styrene-
co-glycidylmethacrylate) photonic crystals could be applied
in white LEDs [36]. Much work is still needed in this
fledgling area, since either most of reported synthesis
methods often require elaborate equipment, multi-step pro-
cedure, expensive raw materials, complicated and time-
consuming isolation or purification, or the obtained products
usually exhibit dull blue fluorescence under single-wave-
length ultraviolet (UV) excitation or low quantum yields.

Herein, we developed a simple route to fabricate CDs
derived from N-acetylcysteine (NAC) precursor by a sim-
ple pyrolysis process (Fig. 1a). Interestingly, the obtained
CDs exhibit unique yellow-emitting fluorescence with
quantum yield of 13 %, overcoming the drawback of the
dull blue fluorescence of traditional CDs. The PL proper-
ties and stability in different solvents and pH conditions
were thoroughly investigated. Also, we applied these CDs
as yellow phosphor coated on blue-LED chips to produce
white LEDs. In comparison with conventional phosphor
(YAG:Ce), this new generation of phosphor presents
advantages: easy fabrication with lower reaction tempera-
ture, lower cost, and lower toxicity. Also, the white LEDs
developed herein are more powerful and less-cost than
those constructed from CDs with white emission stimulated
by UV-LED chips.

Experimental
Materials

Reagent-grade NAC was purchased from Aldrich and used
as-received. Reagent-grade cyclohexane, toluene, ethanol,
N, N-dimethylformamide (DMF) and cyclohexanone were
supplied by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) and used as purchased. Epoxy resin
A and epoxy resin B were purchased from Shenzhen

Gaohejidian Co., Ltd. (China). The commercial blue GaN-
based LED chips (peak at 460 nm) were obtained from
Lambert Co., Ltd. (China). High-purity water with the
resistivity greater than 18 MQ cm™' was used in the
experiments.

Preparation of CDs

NAC was chosen as the precursor. In a typical process,
0.3 g NAC was directly calcined in a tube furnace at
300 °C for 2 h under N, flow with a heating rate of
5°C min~". The as-derived carbogenic solid was grinded
in a mortar and dispersed in ethanol. The suspension
solution of carbogenic solid was sonicated, followed by
high-speed centrifugation (12000 rpm, 20 min) to remove
large particles. The resultant homogeneous supernatant
contained strongly fluorescent CDs, which was kept for
further use. The CDs powder was prepared by volatilizing
solvent in air.

Preparation of the white LEDs

The blue GaN-based LED chips with the peak wavelength
centered on 460 nm were used and attached on the bottom
of the LED bases. The two threads on LED were prepared
to connect to the power supply. Afterward, epoxy resin A
and epoxy resin B were mixed with the CDs phosphor and
put in a vacuum chamber to remove the bubbles. About
30 pL. of the phosphor mixture was dispensed into the
conventional cup-shaped void on the LED chip and ther-
mally cured at 120 °C for 1 h. Finally, the optical lenses
were placed on the bottom of the LED chips.

Characterization
High-resolution transmission electron microscope (HRTEM)

observation was performed with a JEOL JEM-2010 trans-
mission electron microscope. X-ray diffraction (XRD) was
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performed on a Rigaku Corporation D/max-rC rotating anode
X-ray powder diffractometer using a copper target. Fourier
transform infrared (FT-IR) spectra were recorded on a Nicolet
6700 FT-IR spectrometer. Ultraviolet—visible (UV-vis)
absorption spectra were taken with a Perkin-Elmer Lambda
900 UV-vis spectrometer. PL. measurements were carried out
on a Varian Cary Eclipse spectrophotometer. Time-correlated
single-photon counting (TCSPC) data were performed on
SLM 48000 spectrofluorometer using a 400 nm laser as the
excitation source. The element analysis of the product was
measured on an Elementar Vario EL-III (Germany). The
emission spectrum of the white LED was measured by a
USB4000 Miniature Fiber Optic Spectrometer of Ocean
Optics. All the spectra were measured at room temperature.

Results and discussion

The schematic representation of the formation of CDs is
illustrated in Fig. la. The calcination of NAC at 300 °C for
2 h under carrier gas of nitrogen directly obtain CDs with
bright yellow fluorescence under blue light, which could be
used as the yellow phosphor to apply in producing white
LEDs with blue-LED chips. This one-step route avoids
time-consuming multi-step procedures and complicated
particles separation step, opening a simple rapid way to
fabricate CDs with novel photoluminescent properties.
Figure 1b shows the HRTEM image of CDs. The
as-prepared CDs have well dispersion with particle size of
3-5 nm. No crystalline lattices were observed in the
HRTEM measurement. XRD pattern of the CDs displays a
broad diffraction peak located at 20 = 24° (Fig. 2b), which
further confirms an amorphous nature of the CDs [37].
FT-IR spectra were acquired to determine the surface
chemistry of as-prepared CDs (Fig. 2a). The spectrum of
CDs shows obvious peaks around 3437 and 1634 cm ™!,
which can be ascribed to the stretching vibrations of O—H
and C=0, respectively. In addition, the absorption peaks in
the spectrum of CDs around 1285 and 1070 are referred to

C-0O and C-N stretching vibrations. However, the char-
acteristic absorption peaks around 1717 and 2547 cm™" for
carboxylate group and S—H stretching vibration observed in
the spectrum of NAC are disappeared in the spectrum of
CDs. Although there are no data in the literature describing
in detail the pyrolysis of NAC, we speculate that the car-
boxyl and sulfhydryl in NAC molecules had decomposed
during high-temperature treatment. The elemental analysis
reveals the composition of CDs as follows: C 55.7 wt%,
H 4.7 wt%, N 14.6 wt%, S 7.2 wt%, O (calculated)
17.8 wt%. Compared to the parent precursor, the contents
of H, S, and O are remarkably reduced during the pyrolysis
process.

The as-prepared CDs exhibit excellent photolumines-
cent properties. Figure 3 depicts the UV—vis absorption
and PL spectra of CDs in ethanol. An intense absorption
characteristic peak at ~320 nm is observed in the UV-vis
absorption spectrum. As frequently reported, the PL
emission wavelength of the CDs is dependent on the
excitation, with PL peaks red-shift from 480 to 600 nm by
increasing excitation wavelength (4.,) from 370 to 550 nm.
Excited at 460 nm, a PL peak centering at 530 nm with
maximum intensity and a full width at half maximum of
about 110 nm is observed, suggesting the CDs could
exhibit broad yellow fluorescence and are favorable as the
yellow phosphor toward white LEDs. Quantum yield was
calculated using quinine sulfate in 0.10 M H,SO, solution
as the standard [12]. The quantum yield of the as-prepared
CDs was determined to be 13 % (see details in Fig. S1 and
Table S1). CDs in most cases present quantum yield less
than 10 %, and this value is comparable to those for
desirable CDs prepared previously [17-29]. It is worth
noting that NAC precursor does not exhibit any detectable
fluorescence. Thus, the fluorescence in the products should
be engendered from the nanoparticles, where a widely
recognized explanation is the radiative recombination of
excitons at the particle surfaces [13].

Another indication is the fluorescent stability of CDs.
Time-resolved fluorescence was performed to access the
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fluorescent lifetime of CDs using TCSPC methodology, as
seen in Fig. 4a. The decay lifetime of CDs was evaluated
by biexponential fit process [38], using the expression (1)

Y (1) = oy exp(—t/71) + op exp(—t/712) (1)

where «;, o, are fractional contributions of time-resolved
decay lifetimes 7, 7,. And, average lifetime 7 could be
concluded from the Eq. (2)

T— Otl‘E% + oczr% (2)
0 T] + 0272

The best fit gives the decay lifetime of 4.00 ns for CDs
(see Table 1), similar to those of CDs obtained by other
groups [13, 14]. In addition, after being stored under
ambient conditions for 6 months, the CDs showed no
significant change in PL spectra (see Fig. 4b), revealing the
excellent photoluminescent stability of the as-prepared
CDs. The excellent PL properties in terms of brightness
and stability make the as-prepared benign CDs useful in
various applications.

The effect of various organic solvents on the PL spectra
of CDs was investigated. Figure 5a shows the different PL
intensity of CDs dispersed in cyclohexane, water, toluene,
ethanol, DMF, and cyclohexanone, from which we can see

Table 1 Biexponential fit values of the CDs in ethanol

oy T Oy Ty Average T

Value 764.31 2.00 290.05 5.81 4.00

that CDs exhibit excellent fluorescence in water and vari-
ous organic solvents except cyclohexane (see original PL
emission spectra in Fig. S2). As evidenced in the FT-IR
spectra (Fig. 2a), there are abundant organic functional
groups on the surfaces of CDs (-OH, C=0, C-O and C-N).
These functional groups confer the CDs with excellent
dispersibility in diverse solvents, which might be respon-
sible for the strong PL intensity and is highly desirable for
practical applications of CDs.

Figure 5b shows the effect of pH on PL intensity of the
CDs in aqueous solution. As depicted in Fig. 5b, the PL
intensity of the CDs is pH-dependent. The PL is relatively
stable in the pH range of 5-9, while the PL intensity
decreased significantly for either a strong acidic or a strong
basic solution. Meanwhile, there is an interesting phe-
nomenon that the PL intensity of CDs decreased linearly
with the increase of the pH from 9 to 14. These pH-sen-
sitive CDs could be exploited to monitor reactions which
may cause a minor change in pH values.

Perhaps more importantly, we directly employed
as-prepared solid CDs as the yellow phosphor for incor-
poration into solid- state lighting applications in the form
of white LEDs. As we know, the development of LEDs
continues to be a topic of intense interest for their great
potential in lighting and display [35]. The prototype white
LED was made by coating CDs encased in epoxy resin on
the solid-state lighting unit comprised of a blue-LED chip
with 460 nm excitation. The light-emissive property of the
prototype white LED was investigated. As shown in
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Fig. 6a, the emission spectra of the white LED consists of
two emission bands, blue emission centering at 460 nm
from the LED chip and broad yellow emission from CDs.
These two emission bands are combined to give a spectrum
that produces white light. As seen in Fig. 6b, the device
provided a bright white illumination. The prepared white
LED displays the Commission Internationale d’Eclairage
(CIE) chromaticity coordinates of (0.34, 0.35) (Fig. 6¢),
which is close to those of balanced white-light emission
(0.33, 0.33), and hence it exhibits warm white light
approximating natural sunlight. These results demonstrate
the success in white LEDs’ fabrication based on yellow
emission of CDs, which has not been reported previously. In
previous report, white LEDs were constructed by white
emission of CDs stimulated by UV light. The UV-LED
chips have smaller power rating and more cost than blue-
LED chips. Thus, the white LEDs comprised of yellow-
emitting CDs and blue-LED chips are more practical than
those reported previously. Meanwhile, the CDs also possess
advantages of easy fabrication, lower cost, and lower tox-
icity over conventional YAG:Ce and semiconductor QDs.

Conclusions

We have developed a simple route to fabricate CDs derived
from NAC precursor by a simple pyrolysis process.

@ Springer
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Interestingly, the obtained CDs exhibit unique yellow-
emitting fluorescence, overcoming the drawback of the dull
blue fluorescence of traditional CDs. The as-prepared CDs
are well-dispersed in various hydrophilic and hydrophobic
solvents and possess high quantum yield of 13 % without
further surface treatment. Also, we applied these CDs as
the yellow phosphor in combination with blue-LED chips
to construct white LEDs for the first time. The environ-
mentally friendly white LEDs exhibited warm white light
with the color coordinates of (0.34, 0.35). Consequently,
coupled with their low cost, low toxicity, and PL stability,
the CDs as a promising alternative yellow phosphor for
white LEDs may further widen the applicability of CDs.
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