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Multicolor luminescent carbon dots (Cdots) are of immense importance nowadays, while it still a chal-
lenge to construction of full-color light-emitting Cdots and their efficient solid-state materials. Here in,
we fabricated a facile method to synthesize multicolor Cdots by adjustment of the reaction temperature.
Although all samples showed uniform distribution of particles size and similar graphite structure, the
surface chemical composition gradually varied among Cdots, especially the oxygen contents and nitrogen
contents. Detailed material characterization has revealed that this tunable emission is results from the
changes of the chemical composition. It is believed that the surface oxidation become more severe at high
temperature, resulting in the formation of higher oxygen and nitrogen, which are responsible for the
long-wavelength emission. Meanwhile, flexible solid-state materials were successfully created by combi-
nation of organosilane (OSi) and Cdots, which can be used to prevent the aggregation-induced solid-state
fluorescence quenching. Finally, red Cdots/OSi was stacked on the Y3Al5O12:Ce3+ (Ce3+: YAG) phosphor-
in-glass (Ce-PiG) via tape-casting technology. Then, warm white light-emitting diodes (WLEDs) were
constructed by these materials and GaN chips. As the Cdots increases, the correlated color temperature
(CCT) decreases while the color rendering index (CRI) increases, and the color coordinates shift towards
the red region. The resulting color converting material produced a warm white by adjusting red Cdots
content, which will be a promising candidate for applications in the warm WLED.
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1. Introduction

Due to the excellent quality in terms of luminescence, chemical
stability, low toxicity, biocompatibility, carbon quantum dots
(Cdots) have been attracting intensively attention over the past
decade for potential applications in light-emitting diodes (LEDs),
biomedical imaging, as well as sensor [1–5]. To date, various mate-
rials and hundreds of methods have been explored: top-down cut-
ting and bottom-up carbonization routes are classified into two
groups [6–8]. The former can effectively control the size, while
the latter can effectively adjust the composition and physical prop-
erties of Cdots through using diversified carbon source and organic
precursors [6,9]. Impressively, one key issue has been recognized is
whether Cdots can be designed like quantum dots, so as to tune full
color photoluminescence (PL), which is a crucial requirement suc-
cessfully executing Cdots in the most application. Though many
studies have synthesized emission-dependent excitation (EDE)
Cdots, the PL wavelength still not cover the entire visible spectrum
[6,10].

In fact, the common as-synthesized Cdots solution present blue
to green luminescent, the highest reported that PL quantum yields
(QY) of blue andgreenCdots solutionaremore than80%, 50% respec-
tively [11]. In spite of a handful reports have reached red emission,
the achievement of high QY long-wavelength Cdots solution is still
a great challenge compared with short-wavelength Cdots. For
instance, Pang et al. reported excitation-independent Cdots solution
that centered at 608 nm and the QY only reached 1.8% [12]. Mandal
and co-workers developed orange Cdots solution (centered at
590 nm, QY is 15%) [13]. A facile microwave for preparation of the
pure red emissive Cdots solution is reported by Sun (centered at
640 nm) and the highest value of QY up to 22.9% [14]. Notably, most
Cdots show strong PL in solutions, but CDs always undergo self-
quenching in the solid-state, like organic molecules ascribed to
excessive resonance energy transfer or direct p-p interactions
[15], which greatly hinders their application [9,10]. Especially, color
rendering index (CRI) exceed 80, correlated color temperature (CCT)
under 4000 K, excellent spectral overlap with eye sensitivity func-
tions and a warm white shade are required to design for an indoor
light source [16]. For example, efficient red emissive Cdots in water
(PL QY of 7%) have been reported by Bhunia [17], but the QY of pow-
ders was not mentioned. Qu et al. reported orange emissive Cdots
solution, the PL quantum yield (QY) can up to 46% through surface
Na+ functionalization. However, the orange emissive Cdots are
quenched in the solid aggregate states [11]. Chen and co-workers
fabricated red Cdots PMMA film, similarly, they also evaded the PL
QY of film [18]. Few work have been reported as far as we know on
the preparation solid-state long-emission Cdots. Therefore, the
development of solid-state red emissiveCdotswill have a significant
impact on the application of Cdots.

Herein, we reported a different approach by Qu [11] to shift PL
peaks of Cdots from cyan to yellow and finally to red by controlling
the reaction temperature. We demonstrated that higher tempera-
ture resulted in longer emission wavelength of Cdots. More impor-
tant, solid-state Cdots films (CF) were successfully fabricated by
incorporating the red Cdots into organosilane (OSi). The TeO2-
ZnO-Sb2O3-Al2O3-B2O3-Na2O glass system was chosen as the opti-
mal matrix for embedding Ce3+: YAG phosphor and the tape-
casting technique was used in the LED packages due to the con-
trolled width, thickness and its compatibility with industrial pro-
cesses. Using this technology, a homogeneous film using OSi
blended with Cdots can be stacked on a Ce3+: YAG phosphor-in-
glass (Ce: PiG) substrate. Finally, the warm WLEDs were fabricated
combined GaN, CF and Ce: PiG to generate white light, whose chro-
maticity can be tuned by simply varying red Cdots concentration.
Thus, the work affords new opportunities to apply them in warm
WLEDs.
2. Experiments

2.1. Materials

Anhydrous citric acid (CA), N,N-dimethylformamide (DMF),
urea, N-(b-aminoethyl)-c-amin-o-propyl methyldimethoxy silane
(OSi), sodium hydroxide were purchased from Aladdin Chemistry
Co.Ltd (Shanghai, China). Deionized water was used without fur-
ther refinement. All of the chemicals used in the experiments were
analytical grade and used as received without any further
purification.

2.2. Synthesis of full-color light-emitting Cdots

Full-color light-emitting Cdots were synthesized by simple
hydrothermal methods. In detail, 2 g CA (worked as C source)
and 4 g urea (worked as N source) were dissolved in 20 mL DMF.
Then the transparent solution was transferred into 40 mL Teflon-
lined stainless autoclave. Next, the mixture placed on the oven
and heated at different reaction temperature (120 �C, 140 �C,
160 �C, 180 �C and 200 �C) for 6 h. The samples were labeled as
C-120, C-140, C-160, C-180 and C-200 respectively.

2.3. Fabrication of red-emission carbon nanodots solid-state materials

20 g OSi were added into 100 mL three-neck flask and heated at
240 �C under the nitrogen atmosphere and then cooled to room
temperature. After that, the C-160/OSi solution was prepared by
mixing Cdots (0.01–0.03 g) with 4 g OSi. Red emissive CF was
obtained by depositing on the quartz glass via tape-casting tech-
nology, and then baking the samples at 100 �C for 24 h. The sam-
ples were denoted as CF-0.01, CF-0.02 and CF-0.03.

2.4. Preparation of warm WLED

In this paper, Cdots served as red phosphors in warm white
LEDs. The Cdots/OSi solution was prepared by mixing C-160
(0.01–0.03 g) with OSi (4 g). Next, the mixture was heated at
100 �C for 3 h into slurries. Then, tape-casting technology was car-
ried out to obtain Cdots tapes on the Ce: PiG substrate (Fig. 1).
Finally, the Ce: PiG substrates covered with tapes are put into
the oven at 100 �C for 24 h.

2.5. Characterization

The structural analysis of the Cdots were carried out using X-ray
diffraction (XRD, D8 Advance, Bruker, Germany) measurements
with a nikel filtered CuKa radiation in the range of 15–85� (2theta).
To realize the microstructure of Cdots and the distribution of par-
ticles size, transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images were obtained using FEI Tecnai
F20 operating at 200 kV. To realize the surface functional chemical
group, the Fourier transform infrared (FTIR) spectra were detected,
in which each sample was ground with KBr powder and measured
using a Bruke Equinox 55 FTIR spectrometer from 500 to
4000 cm�1. To further realize the surface structures of the Cdots,
X-ray photoelectron spectroscopy (XPS) analysis was collected
using an Axi Ultra DLD spectrometer with monochromatic Al Ka
as the excitation source. UV–vis was recorded with a UV-2450
spectrometer, in which the each sample was placed in cuvettes
(1.0 cm path length). Fluorescence spectra and PL QY was acquired
using a Horiba Jobin Yvon Fluromax-4P spectrophotometer
equipped with absolute QY measurement apparatus. Time resolved
PL lifetime measurements were performed using a time-correlated
single-photon counting (TCSPC) lifetime spectroscopy system with



Fig. 1. The schematic of fabrication of CF stacked Ce: PiG plate.
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a picosecond-pulsed diode laser (EPL-400 nm) as the single wave-
length excitation light source. Optical properties such as color ren-
dering index (CRI), color coordinates (CIE), correlated color
temperature (CCT) and luminous efficacy (LE) were evaluated
employing an integrating sphere (PMS-50, Everfine, China) under
a forward current of 20 mA.
3. Result and discussion

The N-based Cdots were synthesized by directly dehydrolyzing,
carbonizing starting materials CA and urea in the solution of DMF
Fig. 2. (a) Growth process and the related structural model of N-based Cdots, (b) the pict
120 to C-200).
(Fig. 2). Interestingly, at different temperatures, we acquired a ser-
ies of different color solution (the samples of C-120, C-140, C-160,
C-180 and C-200 were cyan, yellow, red, red and red, respectively),
as shown in Fig. 2. Meanwhile, multicolor Cdots films (CF) were
easily fabricated via tape-casting technology (Fig. S1), which can
effectively avoid fluorescence quenching of Cdots in solid-state.
3.1. Character and optical properties of Cdots

Fig. 3 shows the PL spectra of five samples and all the samples
exhibit emission-dependent excitation (EDE) features. As depicted
ure of the Cdots dispersed in aqueous solution under sunlight (from left to right: C-



Fig. 3. (a-e) PL spectra of C-120 to C-200 under different excitation (recorded from 340 nm to 600 nm) and insets show the photographs of five samples taken under UV
(365 nm) irradiation, (f) the PL emission peak under 460 nm irradiation.
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in Fig. 3f, cyan, yellow, and red PL can be easily tune by increasing
reaction temperature. Meanwhile, with the increasing of reaction
time, the PL peak also shifted (Fig. S2). These obvious shifts,
demonstrated that reaction temperature and reaction time do play
a vital role in the tuning of PL peak. Interesting, in spite of this EDE
features, C-120 and C-140 still cannot obtain long-wavelength
emission. In contrast, the C-160, C-180 and C-200 can easy possess
long-wavelength emission. It is worth nothing that the shifted
peaks have much stronger PL intensity, which is quite different
to the previously reported. What’s the responsible for emission
red shift? It may be that the surface oxidation become more severe
at high temperature, resulting in the formation of more abundant
organic functional groups, such as C@O, C@N [12,18–20]. It is
believed that the surface states of Cdots are similar to a moecular



Fig. 4. The UV–vis spectra of Cdots.
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state, wherein various surface states correspond to a relatively
wide distribution of different energy levels, extending the excita-
tion wavelength range and causing the EDE. The abundant surface
functional groups, such as C@O and C@N, can efficiently introduce
new energy levels for electron transitions and result in the contin-
uously adjustable full color emissions [21], and meanwhile the
possible energy level structures responsible for EDE was proposed,
as schematically shown in Fig. S3 [19,20]. In addition, the quantum
yields (QY) of Cdots in alkaline solution reached 45.6%, 48.5%,
46.2%, 29.6% and 28.7% respectively. Impressively, the QY of full-
Fig. 5. (a) The typical TEM image of C-200. The inset in (a) is the HRTEM micrograph of
mica.

Table 1
XPS elemental analysis results of the C-160, C-180, C-200 samples.

Sample C (mol%) O (mol%)

C-160 55.3 24.4
C-180 52.8 25.4
C-200 51.5 26
color light-emitting Cdots is quite high compared with others mul-
ticolor Cdots [12–14].

The UV–vis absorption spectra are depicted in Fig. 4, which rev-
eled that the reaction temperature can affect the absorption prop-
erties. C-120 shows two strong absorption bands (centered at
284 nm and 333 nm), while a very weak absorption band in the
region of 400–500 nm is detected for C-140. In addition, intense
multi-state absorption including 284, 333, 421, 547 nm absorption
bands are observed for C-160, C-180 and C-200. Importantly, the
band at 547 nm is obviously increased from C-160 to C-200. These
distinct absorption bands indicating that these Cdots possess dif-
ferent surface states, and because of this, these Cdots possess dif-
ferent PL property [22]. The typical absorption band in the region
of 200–300 nm is attributed to the p-p⁄ transition of C@C bonds,
while the bands in the region of 300–500 nm and 500–600 nm
are attributed to the C@O bonds and C@N bonds respectively
[17]. Therefore, high temperature will induce more defect states
on the surface of the Cdots. As a result, the red emission Cdots will
occur at higher temperature.

TEM is used to characterize the morphology of the product. The
dark spots in Fig. 5a correspond to the Cdots. It reveals that they
are uniformly distributed and the size of Cdots is ranging from
2 nm to 4 nm (Fig. S4a). Furthermore, HRTEM image (inset of
Fig. 5a) show clear-cut lattice fringes, which confirmed the crys-
talline feature of the as-synthesized Cdots. The lattice spacing is
calculated as 0.241–0.243 nm, which is corresponds to the d-
spacing of graphene {1�100} planes [11,23]. Interestingly, all
samples are dispersed with similar average particles sizes (as
shown in Fig. S5). The TEM dates clearly demonstrate that the
quantum size effects are not the dominating element to cause
the red-shift phenomenon [24]. Simultaneously, the AFM image
an individual.C-200; (b) the AFM image of the C-200 deposited on freshly cleaved

N (mol%) O/C (%) N/C (%)

20.3 44.1 36.7
21.8 48.1 41.3
22.5 50.5 43.7



Fig. 7. The FTIR spectra of C-120, C-140, C-160, C-180 and C-200 (from top to
bottom).
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of Cdots indicates their heights was around to 3 nm, revealing that
the Cdots possess eight to ten layers of graphene-like sheets [11].
The XRD pattern of Cdots is exhibited in Fig. S6, the broad peak
at around 2h = 26� is attributed to (002) diffractions of graphitic
carbon [25,26].

Knowing the surface functional groups of Cdots can help under-
stand their luminescence mechanism. Therefore, XPS measure-
ment is implemented to investigate the surfaces states of these
Cdots. The Fig. S7 shows the full spectra of C-160, C-180 and C-
200, which present three typical peaks: C 1s (�285 eV), N 1s
(�400 eV) and O 1s (�532 eV) respectively. The strong N 1s peak
reveals that the urea and DMF participates the reaction to synthe-
size the N-doped Cdots. Obviously, with an increase in reaction
temperature, the nitrogen content and oxygen content gradually
increase and the detailed dates are tabulated in Table 1. According
to the reported by Hu, with O content increasing, a series of multi-
state absorption are gradually increased, which is consisted with
UV–vis [10]. Additionally, the emission of Cdots gradually red
shifted as the result of higher temperature. In the high resolution
spectra C 1s peak (Fig. 6a, d, g), the C 1s band has been mainly
resolved into two peaks, representing graphitic sp2 carbons
(C@C/CAC, 284.5 eV) and carbonyl carbons (C@O 287.6 eV) [27].
The O 1s spectra (Fig. 6b, e, h) can be deconvuluted into two peaks
located around at 531.7 eV and 533 eV, which are correspond to
C@O and CAO respectively [28]. The spectra of N 1s are also mea-
sured and shown in Fig. 6c, f, i. The N 1s is fitted into two peaks at
Fig. 6. The high resolution XPS spectra of (a,d,g) C 1s, (b, e, h) O
399.7 eV and 401.8 eV, which are assigned to pyrrolic N and gra-
phitic N [29]. The presence of graphitic N centers induces pro-
nounced red-shift in the Cdots’ absorption spectra, which is
caused by an electron-doping effect that reduces the magnitude
of the electronic gap [29].
1s and (d, f, i) N 1s of C-160, C-180 and C-200 respectively.



Fig. 9. The fluorescence lifetimes excited at 540 ns of CF-0.01, CF-0.02 and CF-0.03.

200 S. Lin et al. / Chemical Engineering Journal 324 (2017) 194–202
As a supplement, FTIR spectra are characterized. As presented in
Fig. 7, these five Cdots possess abundant hydrophilic groups, such
as OAH (3450 cm�1), NAH (3350 cm�1), CAO (1388 cm�1), which
endow their excellent dispersibility in various solution (water,
ethanol, DMF and so on). Meanwhile, stretching vibrations of
C@O (1625 cm�1) and C@N (1675 cm�1), CAH2 (1388 cm�1) are
observed, which is consisted with XPS results.

Although the PL mechanisms for Cdots remain vague, the amaz-
ing PL of Cdots continues to motivate researchers to conduct dee-
per explorations. Basing on UV–vis, TEM, AFM, FTIR, XPS dates, a
series of results are summarized as follows: i) Short-wavelength
luminescent Cdots more easily synthesized at low temperature
while long-wavelength luminescent Cdots formed at high temper-
ature. ii) High nitrogen contents and high oxygen contents are
responsible for the long-wavelength emission.

3.2. Photoluminescence properties of Cdots films (CF)

Flurorescence is well-known to be often quenched when aque-
ous dispersion Cdots are drying. This shortcoming, explained by
excessive resonance energy transfer or direct p-p interactions, sig-
nificantly limits the wide applications. Hence, it is high time to
establish effective method to preserve the PL abilities of Cdots in
solid-state. In this paper, OSi is chose to as the precursor for a silica
matrix for following reason. 1. OSi can be well compatible with
Cdots because of abundant hydrophilic groups. Therefore, Cdots
can be homogeneously dispersed in OSi to avoid aggregation,
which overcomes poor dispersion of Cdots in traditional curing
agent. 2. The two methoxy groups in OSi can be transformed into
Fig. 8. (a) The FTIR spectra of OSi and CF; (b)-(d) the PL images of CF-0.01, CF-0
silanol groups after hydrolysis. 3. OSi neither competes for UV light
with Cdots nor absorbs the emission of Cdots, the optical proper-
ties of Cdots can be unaffected after solidification. Therefore, Cdots
embedded into OSi can be directly fabricated to form film through
heat-treatment without other curing agent. Therefore, OSi can be
directly established efficient red solid-state films and monoliths.
Basing on the excellent property, the CF with different weight rate
of C-160 are successfully fabricated.
.02 and CF-0.03 under the excitation wavelengths from 380 nm to 500 nm.



Fig. 10. (a)-(d) The normalized EL spectra for the fabricated the PiG-CF; (e) CIE color coordinates of the white LEDs fabricated by coupling the 460 nm blue light with PiG-CF.
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Fig. 8a shows the OSi posses abundant hydrophilic group such
as OAH (3450 cm�1), NAH (1590 cm�1), thereby vouchsafing the
excellent water solubility of the OSi, and because of this, Cdots
solution can be fully mixed with OSi. Different from the pure OSi,
these samples CF-0.01 to 0.03 exhibit typical band that located at
around 1635 cm�1, which is ascribed to the C = ONR vibration.
Fig. 8b-d show the PL spectra of the CF at several excitation wave-
lengths from 380 nm to 500 nm, and the PL emission peak clearly
red-shifts with the increasing the Cdots contents. It can be attrib-
uted to the concentration of Cdots. For Cdots, the uniform disper-
sion in solvents at high concentrations could be unstable because
of the extremely short distances between Cdots and high surface
energy, which can cause dendritic aggregation. Such
concentration-induced morphological changes finally caused red-
shift.

Meanwhile, the thermal stability PL spectra of CF under the
excitation at 460 nm in the range of 298 K to 438 K were character-
ized and shown in Fig. S8: the PL intensity decreased with
increased temperature. It also exhibited no peak shift for CF. Com-
pared with Cdots solution, the improved thermal quenching
behavior of CF also demonstrates that solid-state CF is superior
to Cdots solution in the potential applications.

The average lifetime of CF are determined using the TRPL tech-
nique. The TCSPC spectra excited at 540 nm of the CF with different
Table 3
Photoelectric parameters of warm WLEDs with different contents of C-160 under the ope

Samples CCT (K) CRI

PiG 5037 69.3
PiG-CF-0.01 4072 76.4
PiG-CF-0.02 3222 85.5
PiG-CF-0.03 2561 92.6

Table 2
The PL lifetime and QY of the CF.

Sample kex (nm) s (ns) QY (%)

CF-0.01 540 6.25 19.2
CF-0.02 6.51 22.2
CF-0.03 6.76 25.8
doping weigh of Cdots are shown in Fig. 9. The fitted parameters
are summarised in Table 2. The similar luminescent lifetime indi-
cated the similar luminescent process [11]. Importantly, the CF
QY is up to 19.2%, 22.2% and 25.8% respectively, further confirming
that the CF, to some extent, can be used to overcome the fluores-
cence quenching when the Cdots are drying. In addition, different
color solid-state materials can be easy acquired through adjusting
Cdots and the above described solid-state composites can be easily
mold-formed as different shapes, they may be attractive materials
for various potential applications, including LED, biomedical imag-
ing and even UV protection for optical devices.
4. Application for warm WLED

Currently, the major commercial WLED, which contained GaN
chip and yellow/green phosphor, suffers from high CCT and low
CRI, owing to the lake of effective red component. To realize warm
WLED, a Ce: PiG coated with CF (PiG-CF) was adopted as the color
converter to construct a warm WLED. The TeO2-ZnO-Sb2O3-Al2O3-
B2O3-Na2O glass system was chosen as the optimal glass matrix for
embedding Ce3+: YAG phosphor, as previously reported by our
group [30]. The related PL and PL excitation (PLE) exhibit in
Fig. 9S. As demonstrated in Fig. 10a-10d, the concentration-
dependent electroluminescent (EL) spectra of the WLED, exhibit
an emission band peaking at 460 nm from the GaN chip, a broad
yellow emission from YAG and a red emission from CF. Obviously,
the higher red Cdots content (as shown in Fig. 10a-d), the higher
red component intensity and the weaker yellow intensity, which
is due to to the absorption of blue light by the increasing of red
Cdots.Content. As a result, the CCT of WLED decreases from
5037 K to 2561 K, while the CRI increases from 69.3 to 92.6. The
related photoelectric parameters are listed in Table 3. The CIE
ration current of 20 mA.

LE (lm/W) Chromaticity coordinates

122.1 (0.3473,0.3895)
83.2 (0.3820,0.3930)
66.9 (0.4191,0.3917)
30.6 (0.4595,0.3925)
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(Fig. 10e) of white LED shifts from cold white toward warm white
with the increasing of Cdots contents. These results demonstrate
that the color properties of light from WLED can be easily con-
trolled by adjusting red Cdots content in the tape-casting tech-
nique and the PiG-CF can be a promising candidates for the
solide-state indoor lighting applications.

5. Conclusion

In conclusion, multicolor Cdots were successfully synthesized
via a simple method. By controlling reaction temperature, Cdots
with different oxygen contents, nitrogen contents and different
luminescent emitting could be observed. The PL QY of C-120 to
C-200 in alkaline solution reached 45.6%, 48.5%, 46.2%, 29.6% and
28.7% respectively. In addition, the as-synthesized red Cdots were
used to fabricate solid-states materials with OSi. The achieved QY
of CF was as high as 25%. By tape-casting technology, a series of
PiG-CF specimens for warm WLED were successfully fabricated.
Impressively, PiG-CF encapsulated WLED exhibits a tunable chro-
maticity by simple adjusting the relative red Cdots content in a
proper layer. Benefiting from effectively red luminescence, the
Cdots were demonstrated to have potential applications in warm
WLED.
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