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Realizing full-color emission plays a key role in exploring the luminescence mechanisms of carbon dots
(CDots) and promoting the applications of CDots in light-emitting diodes (LEDs). Herein, a synthesis strat-
egy for full-color emitting CDots was developed through the solvothermal reaction of citric acid and urea
with a constant mass ratio but varying reactant concentrations in solvent. With the reactant concen-
trations increasing, a dual regulation mechanism including an enhanced nucleation growth process and
subsequently increased C=O/C=N-related surface states should be responsible for the photo-
luminescence (PL) shift of CDots from blue to red. Relying on the hydrolyzation and condensation pro-
cesses of 3-aminopropyltrimethoxysilane, a simple and universal method was developed by chemically
dispersing the CDots into a cross-linked silica network on the surface of SiO, nanoparticles to produce
efficient full-color emitting SiO,/CDot composite phosphors with considerable PL quantum yields in the
range of 30—-60%. It was proved that the full-color emitting SiO,/CDot composite phosphors could be
flexibly applied in packaging white LEDs, releasing pure white light at the Commission Internationale de
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L'Eclairage (CIE) coordinates of (0.33, 0.33) with a color rendering index (CRI) of 80.4 and a high color-
rendering white light coming entirely from CDots with the CIE coordinates of (0.34, 0.36) and a CRI of
97.4, indicating promising application of the full-color emitting SiO,/CDot composite phosphors in the

rsc.li/nanoscale LED field.

much more attractive and showed significance in addressing
the luminescence origins and promoting the optical appli-
cations of CDots.*' *

Introduction

In recent years, carbon dots (CDots) have aroused widespread

concern and shown great application potential in many fields,
such as light-emitting diodes (LEDs),"'° bioimaging,' ™
energy storage,">'® photocatalysis,’”*® and sensors,**>* due
to their excellent luminescence properties, water solubility,
good stability, nontoxicity, and low cost.**” Studying the
luminescence properties of CDots has always been a hot and
crucial issue since the CDots were first discovered.'®?”~*°
Among previous studies, full-color emission of CDots was
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Recently, a variety of synthesis routes have been put
forward to meet the full-color emission of CDots by adjusting
the reaction methods, reaction parameters, reactants, surface
functional groups, and so on."*>®'%¥1733 I particular, citric
acid and urea as very low-cost reactants were widely chosen for
the preparation of full-color emitting CDots through a solvo-
thermal method.***° For example, Tian et al. obtained CDots
with tunable bandgap emissions ranging from the blue to red
spectrum by adjusting different solvents and their combi-
nations in the solvothermal reaction process.** Sun and co-
workers developed a method for synthesizing full-color emit-
ting CDots benefiting from adjustable graphitization and
surface functionalization by varying the solvothermal tempera-
tures and ratios of citric acid to urea.*® Zhu et al. synthesized
the seed CDots through a solvothermal reaction of citric acid
and urea, and invented a seed growth method to prepare mul-
ticolor emitting CDots with variable sizes through changing
the amount of seed CDots and the reaction time.** In addition,
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regulating the solvothermal reaction time of citric acid and
urea could also realize the full-color emission of CDots which
diverse emitting states were responsible for."® Moreover, we
found to our surprise that full-color emission of CDots could
also be realized via a one-step process by simply changing the
reactant concentrations of citric acid and urea with a constant
mass ratio in solvothermal reaction solvent.

The solid-state aggregation induced photoluminescence
(PL) quenching has seriously hindered the applications of
CDots in the photoelectric devices requiring solid-state
luminescence, especially in LEDs.*”*”?'33 Therefore, to
obtain efficient PL performance of CDots in the solid state has
been raising growing attention in the CDot-based LED field.
For this research, many strategies have been developed, for
instance, mechanically incorporating CDots in polymer
matrices for fabricating CDot-based photoluminescent films
or phosphors,>®?*3%11743 dispersing the CDots on the surface
of starch particles, as in our previous work,** and within in-
organic matrices or silica networks for preparing CDot-based
phosphors,”*>*°7*? and coating the CDots with a SiO, shell for
preparing CDot/SiO, phosphors.*® However, the feasibility to
realize full-color emission of CDots in the solid state in most
of the above strategies was not verified when they were
reported.”***° Meanwhile, common mechanical dispersion
into polymer matrices has become a popular and universal
method to prepare full-color emitting CDot-based photolumi-
nescent films or phosphors.*?*3%3 Nevertheless, simple and
universal methods for preparing efficient full-color emitting
CDot-based phosphors by favorable chemical dispersion are
still lacking at present, in consideration of the reality that
mechanical dispersion into polymer matrices generally suffers
from limited loading concentration of CDots.”

In this work, a new strategy for full-color emitting CDots
through a one-step process by changing the reactant concen-
trations of citric acid and urea with a constant mass ratio in
solvothermal reaction solvent has been put forward. With the
reactant concentrations increasing, the PL of the CDots shifted
gradually from blue to red. A dual regulation mechanism
including the effects of particle size and C=O/C=N-related
surface states was found to be responsible for the full-color
emission of CDots via morphology, structure, and spectro-
scopic characterizations. To overcome solid-state PL quenching
of CDots, a simple and universal method was developed to fab-
ricate efficient full-color emitting SiO,/CDot composite phos-
phors by chemically dispersing the CDots into a cross-linking
silica network on the surface of SiO, nanoparticles after the
hydrolyzation and condensation of aminosilane. Using the
full-color emitting phosphors and InGaN chips with different
peak wavelengths, flexible packaging schemes for white LEDs
(WLEDs) were designed, in which pure white light at the
Commission Internationale de L’Eclairage (CIE) coordinates of
(0.33, 0.33) with a color rendering index (CRI) of 80.4 and a
high color-rendering white light with CIE coordinates of (0.34,
0.36) and CRI of 97.4 were realized, indicating significant
application potential of the SiO,/CDot composite phosphors
in the LED field.

15824 | Nanoscale, 2020, 12, 15823-15831

View Article Online

Nanoscale

Experimental section

Materials

Citric acid (99.5%), urea (99.5%), N,N-dimethylformamide
(DMF, 99.8%), petroleum ether, ethyl acetate (99.0%), and
3-aminopropyltrimethoxysilane (APTMS, 97.0%) were pur-
chased from Aladdin Chemistry Co., Limited, China.
Hydrophilic SiO, nanoparticles with average diameters of
15-20 nm were also purchased from Aladdin Chemistry Co.,
Limited, China. The InGaN chips (peak wavelengths: 365, 395,
and 450 nm) were purchased from Shenzhen Looking Long
Technology Co., Limited, China. Epoxy silicone resin A and B
components were purchased from Ausbond (China) Co.,
Limited. Potato starch was purchased from the supermarket.
All the chemicals and reagents were directly used after being
bought without further processing.

Synthesis of full-color emitting CDots

Full-color emitting CDots were prepared by changing the reac-
tant concentrations in the reaction solvent through a solvo-
thermal method. Typically, citric acid and urea (mass ratio:
1:2) were dissolved in DMF with various concentrations of 6,
12, 20, 40, 60, 90, 120, and 240 mg mL™", corresponding to
CDots A, B, C, D, E, F, G, and H, respectively. Each of the above
mixed solutions (25 mL) was added into 40 mL Teflon-lined
stainless-steel autoclaves. The autoclaves were transferred to
an oven and kept at 160 °C for 8 h. The reaction solutions were
centrifuged at 12 000 rpm for 10 min to remove agglomerated
particles. The supernatants were added into excess mixed sol-
vents of petroleum ether and ethyl acetate (volume ratio: 3: 1),
and centrifuged at 8000 rpm for 10 min to wash off residual
organic molecules. In this process, the supernatants of CDots
A-C were concentrated using a rotary evaporator at 50 °C
before being added into petroleum ether and ethyl acetate.
The dark solids were then dried in a vacuum oven at 50 °C for
24 h. The resulted CDots were kept in a vacuum oven at room
temperature for further characterization.

Preparation of full-color emitting SiO,/CDot composite
phosphors

A certain amount of CDots A-H original solutions (centrifuged
at 12000 rpm for 10 min to remove agglomerated particles)
and APTMS were added into the appropriate amount of DMF.
Typically, 40, 30, 20, 15, 10, 8, 6, and 3 mL CDots A-H original
solutions were mixed with 10 mL APTMS, respectively, and the
appropriate amount of DMF was then added to form 50 mL
mixed solutions under continuous stirring for 5 min.
Afterwards, 3 g SiO, nanoparticles were added. The mixed
solutions were then stirred at room temperature for 3 h. The
reaction mixtures were centrifuged at 8000 rpm for 10 min to
remove unbonded CDots and APTMS, and the precipitated
solids were solidified in a vacuum oven at 50 °C for 24 h. Full-
color emitting SiO,/CDot composite phosphors (named phos-
phors A-P, B-P, C-P, D-P, E-P, F-P, G-P, and H-P) were then
obtained after grinding the dried blocks. The starch/CDot
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phosphors were also prepared according to the above method
by just replacing the SiO, nanoparticles with starch powder.

Fabrication of LEDs from SiO,/CDot composite phosphors

Epoxy silicone resin A and B components (mass ratio: 1:4)
were mixed and mechanically vibrated for 15 min. The SiO,/
CDot composite phosphors from A-P to H-P were mixed with
the transparent epoxy silicone resin with mass ratio of 1:1,
respectively, mechanically vibrated for 5 min, and kept in a
vacuum oven to remove air bubbles. The phosphors used
below were the mixtures of SiO,/CDot composite phosphors
and transparent epoxy silicone resin. For the fabrication of
monochromatic LEDs, the phosphors from A-P to H-P were
respectively dropped on the InGaN chips (peak wavelength:
395 nm), and dried in a vacuum oven at 60 °C for 1 h and
80 °C for 6 h. For the WLEDs, three packaging schemes were
available. Firstly, the InGaN chip (peak wavelength: 450 nm)
was covered with the phosphor H-P, dried in a vacuum oven at
60 °C for 1 h, and then the phosphor D-P was dropped and
dried in a vacuum oven at 80 °C for 8 h. The mass ratio of
phosphor H-P to D-P was 1:3. The phosphors D-P and H-P
were respectively dropped on 450 nm InGaN chips to obtain
the reference LED devices. Secondly, different amounts of
yellow-emitting phosphor E-P were dropped on 450 nm InGaN
chips, followed by drying in a vacuum oven at 60 °C for 2 h
and 80 °C for 6 h. Thirdly, a 365 nm InGaN chip was covered
with phosphor H-P, dried in a vacuum oven at 60 °C for 1 h,
and then the phosphor B-P were dropped and dried in a
vacuum oven at 80 °C for 8 h. The mass ratio of phosphor H-P
to B-P was 1:5. The 365 nm InGaN chips were respectively
coated by phosphors B-P and H-P to obtain the reference LED
devices.

Characterizations

The UV-Vis absorption spectra were recorded on a UV-2700
spectrophotometer (Shimadzu). The PL quantum yields (QYs)
of CDots were measured using an Otsuka QE-2000 with an
integrating sphere. The PL spectra were recorded on a Hitachi
F-7000 spectrophotometer and the PL QYs of SiO,/CDot com-
posite phosphors were measured using this spectrophotometer
with an integrating sphere. The time-resolved PL spectra were
recorded on a spectrofluorometer (Horiba Jobin Yvon
Fluorolog-3) with a 405 nm picosecond pulsed diode laser as
the excitation source. Transmission electron microscopy (TEM)
images were recorded on a Philips Technai G2 transmission
electron microscope. The X-ray photoelectron spectroscopy
(XPS) spectra were recorded on a Thermo Fisher Scientific
ESCALAB 250Xi spectrometer with monochromatic Al Ka as
the X-ray source. The Fourier transform infrared spectroscopy
(FT-IR) spectra were recorded on a VERTEX 70 FT-IR spectro-
meter. The Raman spectra were recorded on a Horiba LabRAM
HR Evolution Raman spectrometer with a laser excitation of
785 nm. The energy-dispersive X-ray spectroscope (EDX)
spectra were recorded on an Oxford Instruments X-MAX. The
CIE coordinates, CRI, and correlated color temperatures (CCT)
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of the phosphor-based LEDs were measured using a PR-705
spectra scan spectroradiometer.

Results and discussion

Realizing full-color emission is increasingly crucial to promote
the optical applications of CDots.*'** Common citric acid and
urea have attracted great interest as reactants for fabricating
CDots, due to their low toxicity and cost. The solvothermal
reaction of citric acid and urea has been demonstrated to be
an available route to acquire full-color emitting CDots by
adjusting the reaction solvents, ratios of citric acid to urea,
temperatures, and time.*>™*° Here, full-color emitting CDots
were prepared by a one-step solvothermal reaction of citric
acid and urea (constant mass ratio) with controlled reactant
concentrations in DMF. Typically, the mixtures of citric acid
and urea (mass ratio: 1:2) were added into 25 mL DMF with
controlled concentrations in the range of 6-240 mg mL™},
corresponding to blue-red emitting CDots (CDots A, B, C, D,
E, F, G, and H). After stirring, the mixed solutions were kept in
40 mL Teflon-lined stainless-steel autoclaves at 160 °C for 8 h.
For purification, the resulted solutions were centrifuged at
12 000 rpm for 10 min to remove agglomerated particles. The
supernatants were added into excess mixed solvents of pet-
roleum ether and ethyl acetate, and centrifuged at 8000 rpm
for 10 min to wash off residual organic molecules. The full-
color emitting CDots were obtained by drying the dark precipi-
tates in a vacuum oven at 50 °C for 24 h.

The optical images of the CDots A-H in DMF under room
light and ultraviolet light are shown in Fig. S1,} exhibiting that
the emission colors of CDots could be regulated gradually
from blue to red by increasing the reactant concentrations in
DMEF. For further study on the full-color PL properties, the PL
and UV-Vis absorption spectra of the CDots were recorded and
are shown in Fig. 1a and b, respectively. As seen from Fig. 1a,
the PL peaks shift from 455, 500, 535, to 650 nm, resulting in
the change of emission colors from blue, blue-green, green,
yellow, orange, orange-red, to red for CDots A-H with the PL
QYs of 33.0%, 34.6%, 33.2%, 38.3%, 48.1%, 45.9%, 38.1%,
and 35.7% in DMF (Table S17), respectively. Fig. 1b exhibits
the UV-Vis absorption spectra of CDots A-H. For blue-emitting
CDots (CDots A and B), an obvious absorption band in the
320-420 nm range is observed, which should be attributed to
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Fig. 1 (a) PL (400 nm excitation) and (b) UV-Vis absorption spectra of
CDots A—H in DMF.
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the n-n* transition of C=O-related surface states of
CDots.'*?%3930753 Meanwhile, the absorption spectra of green-
emitting CDots (CDots C and D) show an apparent red shift in
the range of 320-500 nm compared with blue-emitting CDots.
Even more noteworthy is that another two characteristic
absorption bands near 530 and 570 nm appear and gradually
strengthen for CDots E-H (emission colors from yellow to red),
as seen from Fig. 1b.

According to previous reports, regulating the PL wave-
lengths of CDots could be generally realized by two main
methods, which are the effects of particle sizes (the origin is
sp>-domain sizes) and surface states induced by the functional
groups of CDots."**"**?3 Here, to investigate the influences of
reactant concentrations on the full-color emission of CDots,
three representative CDots A, D, and H were selected for
further research, with typical blue, green, and red emissions.
Fig. 2a-c show the TEM images of CDots A, D, and H, exhibit-
ing that the three CDots possess spherical morphology and
relatively monodisperse sizes. The high-resolution TEM
(HRTEM) images in the insets of Fig. 2a-c indicate that the
three CDots have similar lattice fringes with an interplanar
spacing of 0.21 nm, which are assigned to the (100) plane of
graphitic carbon.”?*!**> Meanwhile, the particle sizes of CDots
A are about 3.7 nm, obviously less than those of CDots D and
H, which have almost similar sizes close to 5.0 nm, as shown
in Fig. 2d-f. The TEM results suggest that the full-color emis-
sion of the resulted CDots is possibly related to different regu-
lation mechanisms. Meanwhile, the mechanisms of the syn-
thesis strategy for full-color emitting CDots by adjusting the
reactant concentrations in reaction solvent have become
complicated.

To address these queries, some spectroscopy measurements
were carried out as shown in Fig. 2g-i. As seen from Fig. 2g,
the Raman spectra of the three CDots show two characteristic
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Fig. 2 (a—c) TEM images and (d—f) particle size distributions of CDots
(@ and d) A, (b and e) D, and (c and f) H, insets in the bottom right
corners of (a—c): HRTEM images of corresponding CDots A, D, and H.
(g) Raman, (h) FT-IR, and (i) XPS spectra of CDots A, D, and H.
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peaks of D and G bands at around 1350 and 1570 cm™", due to
disordered carbon structures or defects and graphite carbon
structures, respectively.>***** The intensity ratios of Ip/lg
between D and G bands decrease from 0.99 to 0.80 and then
increase to 1.02 for CDots A, D, and H. The decreased Ip/I; is
associated with increased graphitization degree or sp> domain
sizes, agreeing well with the increased particle sizes, which
should be responsible for the red-shifted PL from CDots A to
D.** Meanwhile, the increased Ip/lg suggests that the red-
shifted PL of CDots H relative to CDots D is closely related to
disordered carbon structures or defects on the surface of
CDots, in consideration of their similar particle sizes.*® The
FT-IR spectra in Fig. 2h exhibit that the CDots possess abun-
dant surface functional groups, including stretching vibrations
of O-H (3409 c¢cm™"), N-H (3205 cm™'), C-H (2940 and
2878 em™'), C=0 (1719 cm™"), C=N (1662 cm™ ), and C=C
(1605 cm™'), demonstrating the formation of aromatic struc-
tures containing C=O and C=N-related groups in CDots
resulted from the dehydration reaction of citric acid and urea
during the solvothermal process.®'***3:3> According to pre-
vious reports, abundant surface functional groups containing
C=0/C=N could red-shift the PL of CDots besides particle
size effects.'®339°9733 Therefore, for more precise surface
chemical composition and valence state analyses, XPS spectra
of the three CDots were recorded as shown in Fig. 2i. The three
CDots all contain C, N, and O elemental components, with
typical binding energy peaks at 285.0, 400.0, and 532.0 eV,
attributed to C 1s, N 1s, and O 1s, respectively.’’**> Table S2
lists the relative atomic concentrations of C, N, and O elemen-
tal components and their ratios to C content from the XPS
spectra. The relative ratios of N to C atoms decrease from
20.6% to 7.7% for CDots A and D. Meanwhile, the O to C ratio
is 31.1% in CDots A, and it reduces to 25.8% for CDots D. In
addition, the ratios of N and O to C for CDots D and H
increase from 7.7% and 25.8% to 13.1% and 32.3%, respect-
ively. High-resolution N 1s and O 1s XPS spectra of the three
CDots are further exhibited in Fig. 3. N 1s can be fitted with
three peaks as seen from Fig. 3a-c, including pyridinic N
(C=N-C, 398.9 eV), pyrrolic N (C,-NH, 399.8 eV), and graphi-
tic N (N-C3, 401.7 eV).>*"**>* The ratios of graphitic N to C
decrease from CDots A to H. While, the relative contents of
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Fig. 3 High-resolution (a—c) N 1s and (d—f) O 1s XPS spectra of CDots
(aand d) A, (b and e) D, and (c and f) H. "BG" stands for background line.
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Table 1 Ratios of pyridinic N, pyrrolic N, graphitic N, C=0, C-OH, and
C-0 to C contents in CDots A, D, and H

Ratios of each content to C (%)

Sample Pyridinic N Pyrrolic N GraphiticN C=0O C-OH C-O

A 2.5 8.0 10.1 11.9 2.4 16.8
D 0.3 2.2 5.2 4.3 4.5 17.0
H 3.1 5.9 4.1 12.3 10.7 9.3

pyridinic N to C reduce from CDots A to D, they exhibit an
obvious increase from CDots D to H, as seen from Table 1. O
1s can be resolved into three components including C=0
(531.2 eV), C-OH (532.5 eV), and C-O (534.5 eV), as shown in
Fig. 3d-f."* The ratios of O in C=0 to C decrease from CDots
A to D, and then an increase is observed from CDots D to H
(Table 1). All the above results indicate that the red-shifted PL
of CDots D results from larger particle size relative to CDots A,
rather than the changes in surface functional groups. In
addition, the increases of N in C=N and O in C=O contents
should be the origin of red-shifted PL for CDots H in consider-
ation of the similar particle sizes of CDots D and H, as pre-
vious reports have suggested,'*3%3%:50733

The TEM, Raman, FT-IR, and XPS results of the CDots are
extremely consistent with their optical properties. The CDots
A, D, and H possess their own characteristic PL bands locating
at 455, 535, 585 and 650 nm, respectively, as displayed in
Fig. 1a. For blue-emitting CDots A, the emission band at
455 nm can be effectively excited at the excitation range from
350 to 400 nm with almost no shift in the PL peak wavelength,
and the emission reaches the maximum under 390 nm exci-
tation, as exhibited in Fig. S2a.f Meanwhile, an obvious peak
shift from 455 to 500 nm and intensity weakness appear when
the excitation wavelength is beyond 400 nm. These results
indicate that the PL band at 455 nm for blue-emitting CDots A
comes from the absorption band in the 350-400 nm range
(Fig. 1b), benefiting from the n-n* transition of C=O-related
surface states.'*?3*39°9733 The PL spectra move from blue to
green wavelength ranges (from 455, 500 to 535 nm) step by
step for CDots A-D along with red-shifted absorption spectra
in the range of 320-500 nm as shown in Fig. 1a and b, attribu-
ted to the effect of increased particle sizes."'***** Moreover,
almost no peak wavelength shift is observed for the dominant
PL band at 535 nm for green-emitting CDots D with the exci-
tation wavelengths varying, as seen from Fig. S2b.7
Meanwhile, an optimized excitation range from 400 to 500 nm
is clearly detected (Fig. S2bt), matching well with the red-
shifted absorption band of green-emitting CDots D relative to
blue-emitting CDots A (Fig. 1b). The emerging PL bands at 585
and 650 nm should be responsible for yellow and red emis-
sions of CDots E-H (Fig. 1a). The PL bands at 585 and 650 nm
of red-emitting CDots H also exhibit excitation wavelength
independence under the excitation range from 400 to 570 nm
with the most preferred excitation wavelength at 530 nm as
seen from Fig. S2c.T Therefore, the emerging PL bands at 585
and 650 nm should be attributed to the new characteristic
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absorption bands near 530 and 570 nm (Fig. 1b) assigned to
increased n-n* transitions of C=0 and C=N-related surface
states, respectively, for CDots H relative to CDots D.?*3%1%°0733
The typical green emission band at 535 nm is also detected in
CDots H at excitation wavelengths ranging from 400 to
500 nm. Fig. S31 shows the time-resolved PL spectra of CDots
A at 455 nm, CDots D at 535 nm, and CDots H at 585 and
650 nm. After being fitted, the average PL lifetimes of them are
different and estimated to be 4.05, 9.59 12.47, and 12.88 ns as
listed in Table S3,f respectively, verifying that the multicolor
PL bands should belong to diverse state transitions.®**>%%

All these signs demonstrate that these CDots have multi-
state PL and absorption features. The blue PL band at 455 nm
comes from the absorption band in the range of 350-400 nm,
attributed to the n-n* transition of C=O-related surface states
of CDots. The green PL band at 535 nm is aligned with the
red-shifted absorption band ranging from 400 to 500 nm, due
to larger particle sizes of green-emitting CDots compared with
blue-emitting CDots. Meanwhile, the yellow and red PL bands
at 585 and 650 nm are attributed to the emerging character-
istic absorption bands near 530 and 570 nm, resulted from the
reduced band gap width induced by increased C=O and
C=N-related surface states for red-emitting CDots relative to
green-emitting CDots.>>*%>%3%53  Therefore, the possible
mechanisms of the synthesis strategy for full-color emitting
CDots by simply changing the reactant concentrations in DMF
should be clarified as illustrated in Scheme 1. The growth
process of CDots will end as the amounts of reactants are
below the nucleation growth concentration. Therefore, low
reactant concentrations result in the blue-emitting CDots with
smaller particle sizes. Afterwards, the CDots can grow larger in
sizes with the reactant concentrations increasing, leading to a
red shift in absorption and PL spectra. Meanwhile, excess reac-
tants can no longer make contribution to the nucleation
growth of CDots, but can enhance the surface oxidation and
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Scheme 1 Possible synthesis mechanisms for full-color emitting
CDots.
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nitridation of CDots, resulting in more surface functional
groups containing C—=0 and C=N for red emission.

The surfaces of CDots are rich in functional radicals such
as carboxyl, hydroxyl, and amino."****” Hydrophilic nano-
silica with low cost and nontoxicity should be an ideal dis-
persion matrix to prevent the solid-state PL quenching of
CDots.>® Meanwhile, there is no report as yet about direct dis-
persion of the CDots on the surface of SiO, nanoparticles
through hydrogen bonding to restrain the solid-state PL
quenching of CDots. For this, 15 mL CDots D original solution
and 3 g hydrophilic SiO, nanoparticles were added into 35 mL
DMF with stirring for 24 h to form SiO,/CDot powders after
centrifugation, drying, and grinding processes. Nevertheless,
the SiO,/CDot powders exhibit a weak green emission as seen
in Fig. S4a and b.{ Fig. S4ct shows the FT-IR spectra of the
Si0,/CDot powders, SiO, nanoparticles, and CDots D, illustrat-
ing that the amount of CDots D bonded on SiO, nanoparticles
through hydrogen bonding are definitely slight. Therefore, the
aminosilane coupling agent could be an extremely suitable
intermediary for chemically dispersing the CDots on SiO,
nanoparticles through amide bonds to suppress the solid-state
PL quenching of CDots.”*®" Here, a simple and universal
preparation strategy for full-color emitting SiO,/CDot compo-
site phosphors was put forward. Typically, a controlled amount
of full-color emitting CDots A-H original solutions, 10 mL
APTMS, and 3 g SiO, nanoparticles were simply added into the
appropriate amount of DMF to form 50 mL mixed solutions
with mechanical stirring for 3 h. After centrifugation, solidify-
ing, and grinding processes, efficient full-color emitting SiO,/
CDot composite phosphors (named phosphors A-P, B-P, C-P,
D-P, E-P, F-P, G-P, and H-P) were obtained with the structure of
bonded CDots into cross-linked silica network on the surface
of SiO, nanoparticles after the hydrolyzation and condensation
of APTMS. The possible formation mechanisms of the SiO,/
CDot composite phosphors are illustrated in Scheme 2.

The inset in Fig. 4a exhibits the optical images of the
resulted full-color emitting SiO,/CDot composite phosphors
under room light and ultraviolet light. As seen in the inset, the
emissions are strong and a gradual red shift from blue to red
is observed from phosphors A-P to H-P. Fig. 4a shows the PL
spectra of the phosphors at 400 nm excitation. The PL spectra

Scheme 2 Possible formation mechanisms of the SiO,/CDot compo-
site phosphors by chemical dispersion.
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Fig. 4 (a) PL spectra of full-color emitting SiO,/CDot composite phos-
phors at 400 nm excitation (inset: optical images of the SiO,/CDot com-
posite phosphors under room light and ultraviolet light of 365 nm). (b)
FT-IR spectra of SiO,/CDot composite phosphor D-P, SiO, nano-
particles, and CDot D. TEM images of (c) SiO, nanoparticles and (d)
SiO,/CDot composites. (e) HRTEM image of SiO,/CDot composites.

of the CDots in solid phosphors are almost similar to those in
solutions, indicating that the building process of the SiO,/
CDot composite structure via APTMS has almost no impact on
the PL properties of CDots. Meanwhile, the PL peaks at the
short wavelength range of CDots become significantly weak in
the phosphors F-P-H-P possessing two major emission bands
at 535 and 650 nm (Fig. 1la and 4a), attributed to the self-
absorption of closer CDots in the solid state probably in con-
sideration of the preferred excitation wavelength at 530 nm for
the PL band at 650 nm (Fig. S2¢t).** The PL QYs of the SiO,/
CDot composite phosphors are in the range of 30-60%,
superior to those of the corresponding CDots in solutions as
shown in Tables S1 and S47 (except for the red-emitting phos-
phor H-P), which should be attributed to favorable chemical
dispersion of CDots. In addition, the time-resolved PL spectra
of the CDots A, D, and H under different conditions were
recorded, including in DMF, DMF mixed with APTMS, and
SiO,/CDot composite phosphors, as shown in Fig. S5.f The
average PL lifetimes of CDots A and D vary slightly under the
three conditions, but the PL dynamic processes of CDots H
have become obviously fast after surface modification with
APTMS, as shown in Fig. S5 and Table S5,f irrespective of
whether in solution or solid state, indicating that the red PL
band at 650 nm of CDots H originating from the n-n* tran-
sition of C=N-related surface states could possibly be affected
partly by surface modification, leading to the only sample with
reduced PL QY for phosphors H-P (Tables S1 and S47).

To explore the structure of the SiO,/CDot composite phos-
phors, various characterization studies were carried out such
as TEM, FT-IR, and XPS. The SiO, nanoparticles have a
uniform particle size distribution in the range of 15-20 nm, as
seen from Fig. 4c. Compared with pure SiO, nanoparticles, the
sizes of the SiO,/CDot composites obviously grow up to about
25-40 nm with the boundary between each other blurring, as

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0nr02021d

Published on 02 July 2020. Downloaded by Changchun Institute of Optics, Fine Mechanics and Physics, CAS on 4/7/2021 7:15:23 AM.

Nanoscale

shown in Fig. 4d, indicating that a cross-linked network silica
layer is formed around SiO, nanoparticles due to the hydroly-
zation and complicated condensation processes of
APTMS.”***%"*% Fig. 4e shows the HRTEM image of the SiO,/
CDot composites, showing that CDots are bonded into the
cross-linked silica network. The FT-IR spectra further provide
credible proofs consistent with the TEM results. As seen from
the FT-IR spectrum of SiO,/CDot composite phosphor D-P
compared with those of SiO, nanoparticles and CDot D in
Fig. 4b, the three obvious absorption peaks at 2934, 2876, and
1389 cm™' correspond to the antisymmetric stretching, sym-
metrical stretching, and bending vibrations of C-H,'*3>%%:3¢
and the emerging stretching vibration of the Si-C bond
(701 em™) also appears,***® ensuring the presence of APTMS
in the SiO,/CDot composite phosphors. The peak at 1605 cm™"
for the stretching vibration of C=C verifies the content of
CDots in the phosphors.”'*?* Notably, a significant increase
in the peak ratio of 1667 to 1719 cm™ " is observed due to the
transformation from C=O stretching vibration in COOH of
CDots to CONH, suggesting the bonding of CDots with APTMS
through CONH.”***®> Moreover, some changes in the Si-O-
Si vibrations in SiO,/CDot composite phosphors emerge com-
pared with SiO, nanoparticles, for example, a new peak at
1020 cm ™" for antisymmetric stretching vibration of Si-O-Si is
observed and the symmetrical stretching vibration peak of Si-
0-Si shifts from 805 to 783 cm™", indicating the formation of
fresh Si-O-Si due to the coupling of APTMS on SiO, nano-
particles accompanied by a certain crosslinking between
APTMS molecules after the hydrolyzation of APTMS with the
trace amount of water in the CDot original solutions,”»**>*%48:°¢
which are consistent with the TEM morphology. The increased
bending vibration of S-OH at 924 cm™' further confirms the
hydrolyzation of APTMS.”*® These results uniformly demon-
strate that the CDots are chemically dispersed into a cross-
linked silica network on the surface of SiO, nanoparticles
through CONH after the hydrolyzation and complicated con-
densation processes of APTMS, as displayed in Scheme 2.
Fig. S67 displays the XPS full spectra of the SiO,/CDot compo-
site phosphor D-P, SiO, nanoparticles, and CDot D, showing
that the SiO,/CDot composite phosphors contain C, N, O, and
Si elements. The relative atomic concentrations of SiO,/CDot
composite phosphors and SiO, nanoparticles are listed in
Table S6,1 as evaluated by EDX (Fig. S7t). The high-resolution
Si 2p and O 1s XPS spectra of SiO, nanoparticles are shown in
Fig. S8a and b.t Fig. S8c and dt exhibit the high-resolution Si
2p and C 1s XPS spectra of the SiO,/CDot composite phos-
phors. It can be seen that the XPS results are basically consist-
ent with the FT-IR data. In addition, the starch/CDot phos-
phors were also prepared via this method by just replacing the
SiO, nanoparticles with starch powder, as shown in Fig. S9,f
demonstrating great flexibility of this preparation strategy for
full-color emitting CDot-based phosphors.

Benefiting from the merits of high PL QYs and full-color
emission, the SiO,/CDot composite phosphors have great
application potential in LEDs. Fig. 5 shows the optical images
and emission spectra of monochromatic LEDs from blue to

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Optical images and emission spectra (under 3.0 V) of the mono-
chromatic LEDs (A-L1-H-L1) fabricated from full-color emitting SiO,/
CDot composite phosphors (A-P—H-P).

red (named A-L1, B-L1, C-L1, D-L1, E-L1, F-L1, G-L1, and
H-L1), prepared by depositing the mixtures of full-color emit-
ting SiO,/CDot composite phosphors and epoxy silicone resin
on commercial InGaN chips with the peak wavelength at
395 nm. The monochromatic LEDs exhibit the characteristic
emission colors of corresponding SiO,/CDot composite phos-
phors from blue, green, to red, with emission peaks from 455,
540, to 685 nm. The emission spectra of the CDots in LEDs
exhibit a red shift relative to those of SiO,/CDot composite
phosphors, as seen from Fig. 4a and 5, attributed to enhanced
self-absorption for the emitted light of CDots in the propa-
gation process from the inside of InGaN chips to the outside.
For the fabrication of WLEDs, the phosphors H-P and D-P
mixed with epoxy silicone resin were successively deposited on
a 450 nm InGaN chip to prepare the WLED device named
W-L2. Fig. 6a and b show the optical images of the colored
pens under room light and the W-L2. The emission spectrum
of the W-L2 was measured under 3.0 V as shown in Fig. 6f,
along with the emission spectra of reference devices based on
phosphors D-P and H-P, named D-L2 and H-L2, respectively.
The CIE coordinates of W-L2 are (0.33, 0.33), indicating extre-
mely pure white light with a CRI of 80.4 and a CCT of 5381 K,
as seen from the CIE chromaticity chart in Fig. 6d. In view of
the broad PL spectrum of yellow-emitting CDot E, the phos-
phor E-P with three increasing amounts was respectively
dropped on the InGaN chips with the emission peak at
450 nm for the WLEDs (named E-L2-1, E-L2-2, and E-L2-3).
Fig. S10a and bt display their CIE coordinates and emission
spectra. Nevertheless, the white light emissions of the above
WLEDs assuredly rely on the blue light from the basal InGaN
chips. Therefore, based on the 365 nm InGaN chip, the blue-
green and red-emitting phosphor B-P and H-P were selected to
prepare the WLED device (named W-L3), in which white light
was emitted absolutely from the SiO,/CDot composite phos-
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Fig. 6 Optical images of the colored pens under (a) room light, (b)
W-L2, and (c) W-L3. (d and e) CIE chromaticity charts and (f and g) emis-
sion spectra (under 3.0 V) of (d and f) W-L2, (e and g) W-L3, and refer-
ence devices (D-L2 and H-L2 based on phosphors D-P and H-P via
450 nm InGaN chips, B-L3 and H-L3 based on phosphors B-P and H-P
via 365 nm InGaN chips, respectively).

phors. Fig. 6¢ shows the optical image of colored pens under
the WLED device W-L3. Fig. 6g shows the emission spectra of
the W-L3 and reference devices (B-L3 and H-L3, based on
phosphors B-P and H-P, respectively) under 3.0 V, indicating
the full spectrum coverage in the visible-light range from 400
to 760 nm for the W-L3 as compared with the sunlight spec-
trum in Fig. S11.7 As a result, white light with an excellent CRI
of 97.4 and CIE coordinates of (0.34, 0.36) is realized (Fig. 6e).
These results prove significant application potential of the full-
color emitting SiO,/CDot composite phosphors in the LED
field.

Conclusions

In conclusion, we have put forward a new synthesis strategy for
full-color emitting CDots through a one-step solvothermal
reaction of citric acid and urea with constant mass ratio by
simply altering the reactant concentrations in DMF. The
nucleation growth became intensive meaning larger particle
sizes of CDots with the reactant concentrations increasing,
leading to the shift for the PL spectra of CDots from blue to
green. Meanwhile, excess reactants could no longer make a
contribution to the nucleation growth of CDots, but could
promote the generation of C=O and C=N-related surface
states, which was responsible for further PL shift of CDots
from green to red. To suppress the solid-state PL quenching of
CDots, a simple and universal method was developed via
chemically dispersing CDots into a cross-linked silica network
on the surface of SiO, nanoparticles after the hydrolyzation
and condensation processes of APTMS for efficient full-color
emitting SiO,/CDot composite phosphors with considerable
PL QYs in the range of 30-60%. Flexible packaging schemes
were designed for WLEDs based on the full-color emitting
SiO,/CDot composite phosphors, representatively including a
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pure white light at the CIE coordinates of (0.33, 0.33) with a
CRI of 80.4 and a high color-rendering white light coming
entirely from CDots at the CIE coordinates of (0.34, 0.36) with
a CRI of 97.4, indicating significant application potential of
the full-color emitting SiO,/CDot composite phosphors in the
LED field. We anticipate that this work could develop a new
route for the preparation of full-color emitting CDot-based
luminescent materials.
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