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A B S T R A C T   

Highly efficient full-color solid-state fluorescent carbon dots (CDs) are very critical for the construction of light- 
emitting diodes (LEDs), especially white light-emitting diodes (WLEDs), but achieving them is still a challenging 
task due to the serious self-quenching of CDs in the aggregation state and their complicated photoluminescence 
(PL) mechanism. Herein, we reported a one-step microwave-assisted method for the large-scale synthesis of solid- 
state silane-functionalized CDs (SiCDs) with self-quenching resistant and tunable full-color fluorescence. By only 
controlling the ratio of precursors, the PL emission of these SiCDs can be tuned in the visible region ranging from 
438 to 633 nm, accompanied by high quantum yields (QYs) of up to 26-57%. The multicolor emission of these 
SiCDs is ascribed to their differences in particle size and graphitic nitrogen content, which can be modulated by 
controlling the dehydration and condensation reactions among raw materials. In addition, based on their 
excellent optical properties, these SiCDs were directly utilized as phosphors combing with ultraviolet chips to 
prepare full-color LEDs and all types of WLEDs with adjustable correlated color temperature (CCT) from 3678 to 
8158 K and high color rendering index (CRI) of 90–94, demonstrating the tremendous potential for practical 
lighting applications.   

1. Introduction 

As newly-emerging luminescent nanomaterials, multicolor emissive 
carbon dots (CDs) have received increasing attention owing to their 
intrinsic merits of controllable photoluminescence (PL), high stability, 
outstanding biocompatibility, and low cost [1–6]. By far, remarkable 
progress has been achieved in the design and synthesis of CDs with 
efficient multicolor emission in solutions [7–9]. However, once in a solid 
or powder state, most CDs are self-quenched due to excessive fluores-
cence resonance energy transfer (FRET) or direct π− π interaction, 
making the obtained CD powders with weak or no fluorescence, thereby 
substantially limiting their direct use as phosphors for fabricating 
light-emitting diodes (LEDs) [10–12]. To preserve the multicolor fluo-
rescence of CDs in the solid state, the commonly used method is to 
disperse them into inert solid matrices, such as polymer, starch, sodium 

silicate, inorganic salt, and so on [13–19]. Nevertheless, the obtained CD 
composites still suffer from serious aggregation-induced PL quenching 
(AIQ) because the structural compositions of CDs are not altered in 
essence. In this case, the loading fraction of CDs in matrices is always 
rather low, and the fluorescence is identical to that of dilute CD solution, 
which fails to provide sufficient PL output or adjust emission color for 
high-performance photoelectric devices [20–22]. At the same time, 
these mixing methods are usually accompanied by other disadvantages, 
such as uneven dispersion, poor stability, low production yield, 
multi-step procedures, and tedious reaction time, which are very unfa-
vorable for the industrial production and practical applications of 
solid-state fluorescent CDs [23–25]. Thus, it is urgent and necessary to 
develop a fast, and one-step method for producing 
self-quenching-resistant solid-state CDs with high-efficiency multicolor 
emission on a large scale. 
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To this end, the underlying PL mechanism of CDs in the solid state 
should be deeply explored, which involves self-quenching resistance, 
emission color tuning, and quantum yield (QY) enhancement [18,26, 
27]. In recent years, a few research groups have produced matrix-free 
CDs with intense solid-state luminescence from various raw materials 
and tried to clarify the intrinsic relationship between the solid-state PL 
performances of CDs and their structural compositions. For example, 
Chen et al. prepared yellow emissive CD powders from poly(vinyl 
alcohol) (PVA) and ethylenediamine (EDA), and found that the PVA 
chains on the CD surfaces can segregate CDs to realize solid-state 
luminescence [28]. Zhu et al. produced CDs with tunable solid-state 
emission from 425 to 580 nm using polyvinylpyrrolidone (PVP) and 
urea as precursors, where the increment in the particle size and nitrogen 
content collaboratively resulted in a red shift in emission wavelength 
[29]. Wang et al. synthesized orange-emissive CDs with a solid-state QY 
of 39% through heating an aqueous solution of phloroglucinol, ethyl-
enediamine, and boric acid, whose strong luminescence was ascribed to 
a high content of graphitic nitrogen in the obtained CDs [23]. These 
preliminary works demonstrate that the solid-state PL performances of 
CDs can be modulated by synergistically controlling their chemical 
structures. Accordingly, if choosing suitable organic molecules as carbon 
sources, rationally regulating the dehydration and carbonization re-
actions between them would be a feasible strategy to produce 
self-quenching resistant CDs with desired solid-state luminescence. To 
the best of our knowledge, however, no report has been reported so far 
regarding the preparation of CDs with bright full-color solid-state 
luminescence by regulating their growth processes in a single reaction 

system. 
In this study, we report a fast, and one-step microwave-assisted route 

to acquire solid-state SiCDs with highly efficient full-color emission 
using citric acid (CA), p-phenylenediamine (p-PDA), and (3-amino-
propyl) triethoxysilane (APTES) as raw materials. Thereinto, the APTES 
can serve not only as the carbon sources of CDs but also as the surface 
passivation agents to inhibit the AIQ effect. Just by adjusting the p-PDA 
amount in reactions, the particle size and graphitic nitrogen content of 
SiCDs are modulated over a wide range, both of which trigger the 
observed PL red shift from 438 to 633 nm, covering the entire visible 
spectrum. This is the first time to realize the synthesis of tunable full- 
color solid-state fluorescent CDs by using the single factor variable 
method. In addition, these solid-state SiCDs have a high PLQY of up to 
57%, a high production yield of up to 84%, and excellent photostability. 
Finally, these phosphors are combined with an ultraviolet (UV) chip to 
fabricate multicolor light-emitting diodes (LEDs), and all types of white 
LEDs (WLEDs), including warm-WLEDs, standard-WLEDs, and cool- 
WLEDs. 

2. Experimental section 

2.1. Materials 

Citric acid (CA), p-phenylenediamine (p-PDA), and (3-aminopropyl) 
triethoxysilane (APTES), ethanol, and polyvinyl alcohol (MW = 96,500) 
were purchased from Shanghai Maclin Biochemical Technology Co., 
LTD. Ethanol was obtained from Xilong Scientific Co., Ltd. GaN LEDs 

Fig. 1. (a) Schematic diagram of the preparation of SiCDs with full-color solid-state fluorescence. Optical images of SiCDs synthesized with different molar ratios of 
CA/p-PDA/APTES: (b) initial solutions before (up) and after (below) centrifugation, and (c) collected powders under visible light (up) and under 365 nm UV light 
(below). (A colour version of this figure can be viewed online.) 
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chips without phosphor coating were offered from Shenzhen Zhanlong 
Technology Co., LTD. Ultrapure (Milli-Q) water was made in the labo-
ratory. All the chemicals were analytical grade and used as received 
without further purification. 

2.2. Characterizations 

The morphologies of SiCDs were observed by a MAIA3 LMH scanning 
electron microscope. Transmission electron microscope (TEM) and high- 
resolution TEM (HRTEM) images were collected on an FEI-Tecnai G2 
transmission electron microscope at an acceleration voltage of 200 kV. 
Ultraviolet–visible (UV–vis) absorption spectra were obtained on a 
Shimadzu UV-3101 PC spectrophotometer. PL spectra of SiCDs were 
measured on an F-4600 Hitachi fluorescence spectrometer. Fourier- 
transform infrared (FTIR) spectra were recognized using a Magna IR- 
560 FTIR spectrometer. Raman spectra were gathered with an XploRA 
Raman spectrometer under 785 nm of laser irradiation. X-ray photo-
electron spectra were measured with an AXIS Ultra DLD spectrometer. 
Time-resolved fluorospectroscopy was detected using an FLS 920 spec-
trometer. Photographs of SiCDs powders were taken with a camera 
(Canon EOS 800D) at an excitation wavelength of 365 nm. The emission 
spectra, Commission Internationale de L’Eclairage (CIE) coordinates, 
color rendering index (CRI), and correlated color temperature (CCT) of 

LEDs were measured on a HAAS-2000 spectroradiometer. 

2.3. Synthesis of SiCDs with full-color emission 

These SiCDs with tunable solid-state emissions from blue to red were 
produced from CA, p-PDA, and APTES via a one-step microwave-assisted 
method. In detail, 0.48 g of CA (2.5 mmol), 0.11 g of p-PDA (1 mmol), 
and 1.12 g of APTES (5 mmol) were added to 30 mL of ethanol aqueous 
solution (the volume ratio between ethanol and water is 1:1), and son-
icated at room temperature for 5 min then heated at 400 W for 10 min in 
a domestic microwave oven (MDS-6G). After the reaction, the resulting 
precipitates were collected by centrifugation at 3000 rpm for 10 min, 
followed by washing with a mixed solution of ethanol and water (vol-
ume ratio of 2:1) by four times, and finally dried in a vacuum oven at 
40 ◦C overnight to obtain the blue-emitting SiCD powders. For other 
samples, their preparation processes were almost the same as above 
except that the amount of p-PDA added was changed to 0.12, 0.14, 0.18, 
and 0.30 g for green, greenish-yellow, yellow, and red emission SiCDs, 
respectively. 

2.4. Fabrication of multicolor and white LEDs 

Commercially available UV chips (365 nm) with an operating 

Fig. 2. (a) The absorption spectra and (b) normalized PL emission spectra of the four selected SiCDs. PL spectra of (c) B-SiCDs, (d) G-SiCDs, (e) Y-SiCDs, and (f) R- 
SiCDs excited by different wavelengths of light. (A colour version of this figure can be viewed online.) 
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voltage of 4.0 V were used as an excitation source for fabricating all 
types of LEDs. Specifically, 0.1 g of B-, G-, Y-, and R-SiCDs powders were 
mixed, respectively, in a total volume of 10 mL of silicone resin. Sub-
sequently, the mixed colloid was thoroughly stirred until homogeneous, 
coated on the surface of a GaN UV-LED chip, and then dried in an oven 
for 1 h at 100 ◦C. Finally, the multicolor LEDs were obtained. Similar 
procedures were followed to fabricate the white LEDs only with different 
weight ratios of B-SiCDs, G-SiCDs, and R-SiCDs dispersed in silicone 
resin. 

3. Results and discussion 

These SiCDs with tunable full-color solid-state fluorescence were 
synthesized from CA, p-PDA, and APTES by a facile one-step microwave- 
assisted heating method (Fig. 1a). These precursors are carefully 
selected because each one is essential for the successful production of 
SiCDs. For example, when the reaction proceeded without adding CA or 
APTES, the obtained two kinds of CDs emit strong yellow and blue 
luminescence in the solution state, respectively, indicating that the 
addition of p-PDA can result in red-shifting the emission of CDs (Fig. S1) 
[30]. However, the corresponding CD powders are self-quenched under 
UV light (Fig. S3), which is contrary to the CDs synthesized in the 
absence of p-PDA (Fig. S2), suggesting that CA and APTES are crucial to 
inhibiting the AIQ effect [31]. The results of control experiments 
demonstrate that CA, p-PDA, and APTES work together to produce the 
final SiCDs with tunable solid-state luminescence. By controlling the 
molar ratio of CA/p-PDA/APTES to 1:0.4:2, 1:0.46:2, 1:0.52:2, 1:0.67:2, 
and 1:1.1:2, five powdered SiCDs emitting blue, green, yellowish-green, 
yellow, and red fluorescence, were obtained, which are named B-SiCDs, 
G-SiCDs, YG-SiCDs, Y-SiCDs, and R-SiCDs, respectively. These SiCD 

powders show a dramatic color change from light-yellow to brown in the 
daylight (Fig. 1c, top) and red-shifted fluorescence colors from blue to 
red under a UV light of 365 nm (Fig. 1c, down). It should be noted that 
the resulting SiCDs were insoluble in this ethanol-water reaction me-
dium with a volume ratio of 1:1, and could be easily collected as a 
powder after centrifugation (Fig. 1b). With respect to the feeding mass of 
raw materials, the production yields of the obtained samples are 
calculated to be 68%, 84%, 79%, 76%, and 80% for B-, G-, YG-, Y-, and 
R-SiCDs, respectively, providing a promising possibility for their 
industrial-scale production. To understand the effect of reaction condi-
tions on the PL emission and structural compositions of these SiCDs, four 
types of powdered SiCDs, including B-, G-, Y-, and R-SiCDs, are selected 
as model samples for further characterizations. 

The ultraviolet–visible (UV/Vis) absorption spectra of the four SiCDs 
are shown in Fig. 2a. Different from CDs in the solution state [32–34], 
our powdered SiCDs present weak absorption in the UV region but 
strong absorption in the visible region, which may be related to the 
abundant silicon chains on the surface of CDs [20]. In the UV region, two 
distinct absorption peaks appear at 225 and 258 nm, which are attrib-
uted to the π− π* transitions of C=C and C=N bonds in carbon cores, 
respectively [35]. However, in the visible region, the four SiCDs exhibit 
distinct absorption bands at about 380, 396, 426, and 435 nm, respec-
tively, which are assigned to the n–π* transitions of C− N/C=N or 
C− O/C=O bonds on the surface of SiCDs [30]. The PL spectra of the four 
samples in Fig. 2c–f demonstrate an excitation-independent behavior 
with peaks at 438, 514, 577, and 633 nm for B-SiCDs, G-SiCDs, Y-SiCDs, 
and R-SiCDs, respectively [36]. The PL excitation spectra of these SiCDs 
are observed to be well overlapped with their corresponding absorption 
bands in the visible region (Fig. S4), indicating that the blue, green, 
yellow, and red-light emissions originate from their different 

Fig. 3. SEM images of (a) B-SiCDs, (b) G-SiCDs, (c) Y-SiCDs, and (d) R-SiCDs. TEM and HRTEM images (inset) of (e) B-SiCDs, (f) G-SiCDs, (g) Y-SiCDs, and (h) R- 
SiCDs. Particle size distribution diagrams of (i) B-SiCDs, (j) G-SiCDs, (k) Y-SiCDs, and (l) R-SiCDs. (A colour version of this figure can be viewed online.) 
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luminescent centers [37]. Under their optimal excitation wavelengths, 
the absolute fluorescent QYs of B-SiCDs, G-SiCDs, Y-SiCDs, and R-SiCDs 
measured by an integrating sphere are determined to be 41%, 33%, 
57%, and 26%, respectively, which are much higher than those of other 
previously reported multicolor solid CDs (Table S1). Furthermore, the 
optical properties of each sample were further investigated by the 
time-resolved PL decay spectra. The results in Fig. S5 and Table S2 show 
that the PL decays of the four samples are well fitted by a 
double-exponential function, comprising a fast component of τ1 (1.0 ns) 
and a slow component of τ2 (7.0 ns), which are corresponding to the 
recombination pathways of the core states and surface states, respec-
tively [33]. It is not difficult to see that from B-SiCDs to R-SiCDs, as the 
average lifetime decreases from 4.33 to 3.04 ns, the τ1 weight increases 
from 37.13 to 64.63%, indicating that the radiative recombination of the 

core states dominantly contributes to the PL red shift of these SiCDs 
[35]. The above data demonstrate that these SiCDs we present here 
possess favorable and uniform solid-state fluorescence properties and 
their multicolor emission result from the change of carbon cores regu-
lated by the different mole ratios of p-PDA in reactants. 

The morphologies and sizes of the four typical SiCDs were observed 
by scanning electron microscope (SEM) and transmission electron mi-
croscopy (TEM). As shown in Fig. 3a–d, the SEM images exhibit that the 
four SiCDs are all uniform quasi-spherical particles with irregular ag-
gregation. The TEM images presented in Fig. 3e–h illustrate that these 
particles are evenly distributed nanodots with a rather broad size dis-
tribution (Fig. 3i–l). By counting more than 100 particles, the average 
lateral sizes of B-SiCDs, G-SiCDs, Y-SiCDs, and R-SiCDs are estimated to 
be approximately 1.6, 2.7, 3.5, and 4.6 nm, respectively, indicating that 
the different emission colors of these samples are caused by the quantum 
size effect [38]. The high-resolution TEM (HRTEM) images reveal that 
there is only one kind of well-resolved lattice fringe in these SiCDs with a 
lattice distance of 0.21 nm, which corresponds to the (100) in-plane 
lattice of graphene [39]. The powder X-ray diffraction (XRD) patterns 
of the four samples are characterized by a broad peak at about 21◦ with 
the interlayer spacing of 0.41 nm (Fig. S6), which is greater than that in 
the bulk graphite (0.32 nm), suggesting the presence of polymer chains 
on the graphene edge [40]. The increase in the diffraction intensity 
implies that the degree of graphitization is increasing from B-SiCDs to 
R-SiCDs, which is also corroborated by the Raman spectra. In Fig. 4, two 
peaks are observed at 1362 and 1,586 cm− 1, which are ascribed to the 
disordered or defective carbon (D band) and the well-organized 
graphitic carbon (G band) of the CDs, respectively [41]. The intensity 
ratio of ID/IG decreases from 0.94 to 0.83 for B-SiCDs to R-SiCDs, 
meaning a gradual increase in the size of sp2-domains in these SiCDs, 
which agrees well with the above SEM, TEM, and XRD results. 

The chemical compositions and functional groups of the four SiCDs 
are further investigated by Fourier transform infrared (FTIR) spectra and 
X-ray photoelectron spectroscopy (XPS). In Fig. 5, the FTIR results 
display several similar absorption peaks in the range of 500–4000 cm− 1, 
indicating that the four SiCDs have similar chemical compositions. To be 
specific, the absorption bands at 3526-3200 cm− 1 are ascribed to the 

Fig. 4. Raman spectra of the four selected SiCDs. (A colour version of this 
figure can be viewed online.) 

Fig. 5. FTIR spectra of the four selected SiCDs. (A colour version of this figure can be viewed online.)  
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stretching vibration of –OH and –NH2. The intense absorption peaks at 
2984 cm− 1, 1603 cm− 1, and 1578 cm− 1 correspond to the presence of 
C− H, − CONH, and C=C, respectively, which reveals that the APTES is 
linked to the surface of carbon cores through amide bonds [40]. The 
absorption peaks located at 1159 cm− 1, 1034 cm− 1, and 917 cm− 1 

belong to the signal of Si− O− Si, Si− O− C, and Si− O− H, respectively, 
suggesting the formation of a cross-linked “Si− O− Si” network structure 
on CD surfaces due to the hydrolysis and condensation of APTES 
(Fig. S7) [42,43]. Remarkably, the stretching vibration intensity of C=O 
bonds at 1698 cm− 1 gradually decreases from B-SiCDs to R-SiCDs, 
indicating these SiCDs have an increased carbonization degree with 
their red-shifted PL emission. In Fig. S8, the full XPS spectra show four 
major peaks at 102, 284, 400, and 532 eV, signifying all samples have 
the same elemental composition comprising C, N, O, and Si [44]. In the 
high-resolution XPS spectra (Fig. 6), the C 1s band can be deconvoluted 
into five peaks corresponding to C− Si at 283.6 eV, C− C at 284.5 eV, 
C− N at 285.2 eV, C− O at 285.8 eV, and C=O at 287.4 eV. The N 1s band 
can be decomposed into four peaks at 398.6, 399.3, 400.1, and 400.9 eV 
for pyridinic N, pyrrolic N, graphitic N, and amino N, respectively [45]. 

The Si 2p band can be divided into three peaks at 101.1, 101.8, and 
102.4 eV, representing Si− C, Si− N, and Si− O, respectively (Fig. S9) 
[20]. The O 1s spectra display two oxygen types of C=O at 531.8 eV and 
C− O at 532.7 eV. The relevant data in Tables S3–5 obtained by XPS 
results reveal two important observations. One is that the atomic ratio 
between oxygen and carbon decreases from 49.5% of the B-SiCDs to 
35.47% of the R-SiCDs, implying an increasing degree of carbonization 
in these SiCDs, which is consistent with the FTIR results. The other is 
that the sp2 carbon content increases from 30.56% to 33.75% as the 
graphitic N content increases from 25.62% to 28.86% for B-SiCDs to 
R-SiCDs, again proving that the size of the conjugated π-domain in-
creases with the red shift of emission [46]. The above results indicate 
that the generated polymer chains and network structure on the surface 
of SiCDs can prevent the graphitized nuclei from π–π interactions and 
then achieve solid-state luminescence, and that the differences in carbon 
cores of these SiCDs are associated with their red-shifted PL emission 
from blue to red. 

Taken together, it is clear that these SiCDs are N doped, coated with 
abundant polymer chains and network structure, and have a highly 

Fig. 6. High-resolution C 1s, N 1s, and O 1s XPS spectra of (a) B-SiCDs, (b) G-SiCDs, (c) Y-SiCDs, and (d) R-SiCDs, respectively. (A colour version of this figure can be 
viewed online.) 
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graphitized core, yielding intense solid-state PL emission. Taking a step 
further, we deduce a possible growth process for these SiCDs, which is 
proposed in Scheme 1a. At the initial reaction stage, the carboxyl groups 
of CA react with the amine groups of both p-PDA and APTES to produce 
polymer aggregate nanoparticles through dehydration and condensation 
reaction [47–49]. Then, these self-crossing polymer nanoparticles are 
partially carbonized at elevated reaction temperatures and pressures, 
yielding CDs with a graphitized core embedded in the entangled orga-
nosilicon polymers via amide bonds [50,51]. In the meantime, the sur-
face APTES also undergo hydrolysis and condensation reactions and 
form a “Si− O− Si” network structure to wrap the generated CDs. When 
the content of p-PDA added is increased, more benzene rings will be 
fused together to generate a large-sized rigid π-conjugated structure in 
carbon cores through dehydration and condensation reaction between 
CA and p-PDA. As a result, different-sized silane-functionalized CDs can 
be achieved by just changing the amount of p-PDA in the reaction 
system. 

In order to further disclose the origins of multicolor emission of these 
SiCDs, the aggregation degree of CDs in the “Si− O− Si” network struc-
ture was further measured by thermogravimetric analysis (TGA). In 
Fig. S10, these SiCDs possess three decomposition stages. The initial 
weight loss before 150 ◦C results from the evaporation of physically 
adsorbed water [52]. The subsequent weight losses during 290–430 ◦C 
and 500–650 ◦C should correspond to the decomposition of organic 
species and oxidized sp2 structures in the“Si− O− Si” matrix, respectively 
[43]. When the temperature exceeds 800 ◦C, the weight loss of these 
samples decreases slightly in the order of B-SiCDs, G-SiCDs, Y-SiCDs, and 
R-SiCDs, meaning nearly the same CD loading fraction in these SiCDs 
composites, which is different from previously reported CDs-based 
hybrid materials with multicolor emission [20,25]. Besides, the fluo-
rescent characteristics of these SiCDs were investigated after etching 
their “Si− O− Si” network structure on surfaces with an alkaline solution 
(pH = 13). In Fig. S11, all the alkali-treated samples are shown to be 
self-quenched in solid state, again confirming that the polymer matrixes 
play a dominant role in reducing the AIQ effect. However, when they are 
dispersed in ethanol, these alkali-treated SiCDs exhibit a 

concentration-independent emission, with the fluorescent colors and PL 
peaks similar to those of the corresponding SiCDs powders (Figs. S12 
and 13). These data clearly prove that the multicolor emissions of our 
SiCDs arise from their significant changes in structural components, 
rather than the aggregation-induced PL red-shift due to FRET or reab-
sorption [25]. It has been reported that both the larger π-electron system 
and the higher graphitic nitrogen content would create narrowed energy 
gaps between the highest occupied molecular orbital and the lowest 
unoccupied molecular orbital, consequently tuning the PL emission of 
CDs toward longer wavelength regions [33]. Based on these results and 
conclusions, it is concluded that the adjustment of emitting color of 
these solid SiCDs can be achieved by increasing both the sp2-conjugated 
domain and graphitic N content in their carbon cores (Scheme 1b). 
Remarkably, due to the improved content of graphitic N, these SiCDs do 
not exhibit a significant downward trend in PL QYs with their PL red 
shift, which is contrary to other reported CDs with a surface-state 
emission [21,25]. This is because graphitic N not only can donate 
delocalized electrons to increase the probability of the radiative process 
but also can enhance the rigidity of aromatic domains to reduce the 
probability of nonradiative processes (i.e. molecular vibrations) [23,33]. 
As a result, these SiCDs maintain high solid-state PL QYs across the 
entire visible spectrum. 

Benefiting from their full-color emission, high solid-state QYs, and 
high production yields, these SiCDs can be employed as color-converting 
layers to fabricate LEDs. Before this application, the fluorescent stability 
of these SiCDs powders at high temperatures or long-time storage under 
ambient conditions was first tested. All the results in Figs. S14 and 15 
show that these SiCDs are quite stable without distinct PL fluctuation, 
which is important for their practical applicability in LEDs [40]. Four 
types of monochrome LEDs were obtained by coating 365 nm UV chips 
with thermal-curable silicone resin containing B-, G-, Y-, and R-SiCDs, 
respectively. In Fig. 7a–d, the obtained LEDs devices produce luminous 
blue, green, yellow, and red light with peaks at 439, 520, 565, to 628 
nm, respectively (Fig. S16), and CIE coordinates of (0.22, 0.27), (0.30, 
0.53), (0.44, 0.51), and (0.60, 0.31), respectively (Fig. S17). The 
broadband luminescent properties of these monochromatic LEDs inspire 

Scheme 1. Schematic illustration of the four selected SiCDs for their (a) formation mechanism and (b) PL mechanism.  
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us to further construct WLEDs using B-, G-, and R-SiCDs. When the mass 
ratio of B-, G-, and R-silica/CDs is fixed at 0.6:1.0:1.3, a warm WLED is 
obtained with CCT of 3678 K, CIE coordinates of (0.39, 0.38), and CRI of 
94 (Fig. 7e). The emitted bright warm white light is highly desired for 
indoor illuminates due to their comfortable ambient lighting [53]. When 
the mass ratio is changed to 0.9:1.3:1.2, a standard WLED with CIE 
coordinates of (0.33, 0.33) is achieved (Fig. 7f), which generates white 
light close to natural sunlight. The CCT (5337 K) and CRI (92) of the 
pure WLED perform better than those of most CD-based WLEDs [54–56]. 
Finally, a cool WLED is acquired with a mass ratio of 1.4:1.0:0.7. Their 
CCT, CIE coordinates, and CRI are 8158K, (0.29, 0.29), and 90, 
respectively (Fig. 7g). The emission spectra of the three types of WLEDs 
are shown in Fig. 7h–j and cover the entire visible light region from 380 
to 780 nm. More importantly, after continuously operation over 96 h, 
the three types of WLEDs remain 90% of the initial PL intensity, sug-
gesting their excellent photostabilities (Fig. S18). Wholly, these 
full-color SiCDs have great practical applications in solid-state lighting 
devices. 

4. Conclusion 

In summary, we have successfully achieved the large-scale synthesis 
of highly efficient full-color solid-state fluorescent SiCDs via the one-step 
microwave-assisted heating of the carefully selected precursors of CA, p- 

PDA, and APTES. The surface polymer chains and network structure can 
effectively prevent the π-π interaction between the graphitized cores, 
thus resisting the self-quenching of SiCDs in the aggregation state. 
Meanwhile, the emission colors of these SiCDs can be tuned from blue to 
red by adjusting the amount of p-PDA in the reaction system to control 
the size of sp2-conjugated domains and the content of graphitic nitrogen 
in carbon cores. To our knowledge, this is the simplest way to acquire 
solid-state CDs with efficient full-color emission on a large scale. The 
resultant SiCDs are characterized by full-color emission, high yield, high 
solid-state QY, and good photostability, allowing us to fabricate full- 
color LEDs and multiple types of WLEDs with adjustable CCT from 
3678 to 8158 K and high CRI of 90–94. This work provides a facile, 
controllable, and efficient route to produce CDs-based phosphors with 
excellent fluorescence properties and high production yields, giving CDs 
widespread potential in the practical application of lighting devices. 
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