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Solvatochromism of bright carbon dots with
tunable long-wavelength emission from green to
red and their application as solid-state materials for
warm WLEDs
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Herein, we present a facile approach to produce long-wavelength emitting carbon dots (CDs). A shift of the
fluorescence emission wavelength of CDs from 630 nm to 520 nm can be easily acquired. The as-
synthesized CDs exhibit concentration-dependent PL property as well as the “solvatochromism”
phenomenon, which are rarely known in CDs. As the concentration or solvent polarity of the CDs
increases, the photoluminescence (PL) wavelength exhibits a red shift. More importantly, the QY of these
long-wavelength CDs is as high as 52.4%, which is considerably higher than that mentioned in other
reports. Moreover, on addition of an acid (HCl), the surface H*-functionalization on the CDs leads to
strong quenching of fluorescence emission, which is almost reversible after the addition of a strong base
(NaOH). Then, CDs based solid-state composites were fabricated using a combination of polyvinyl
butyral (PVB) and CDs. Finally, CDs/PVB composites were deposited on the Ce®*:Y:AlsOy, (Ce®*:YAG)
phosphor-in-glass (Ce-PiG) via a screen-printing technology. Warm white light-emitting diodes (WLEDs)
were then fabricated using these materials and GaN chips. The results indicate that these CDs possess
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1. Introduction

Carbon dots (CDs) exhibit excellent potential for applications in
bioimaging, printing inks, photocatalysis, sensors and light
emitting diodes (LED) owing to their remarkable properties.'*
Hence, innumerable raw materials and methods have been re-
ported for the synthesis of CDs. In most of the studies, the
photoluminescence (PL) emission spectra of CDs, with maxima
in the blue-green region and their absorption curves that show
gradual attenuation without significant absorption bands in the
visible region, are reported.®* However, it is difficult to prepare
long-wavelength (capable of single wavelength excitation) and
multicolor emissive CDs, and this greatly hinders their devel-
opment and practical applications.®** Acquiring fluorescence
emission across the entire visible spectrum has been admitted
as a crux of all practical applications, especially for LED and
bioimaging; hence there is a necessity to successfully synthesize
long-wavelength luminescent CDs. For example, an indoor
solid-state light correlated color temperature (CCT) lower than
4000 K and a color rendering index (CRI) higher than 80 are
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a potential for future applications in warm WLEDs.

strongly desired.*'® Pang et al. synthesized efficient red CDs
(centered at 608 nm, quantum yield (QY) of 1.8%) through
surface oxidation of large sized CDs."” Yuan and co-worker
developed multicolor CDs from blue to red with a QY up to
12% for red fluorescence.'® Lin et al.* developed a solvothermal
reaction method to synthesize long-wavelength CDs from
p-phenylenediamine using ethanol as the solvent. However,
these CDs should be separated by a silica gel column, which is
tedious and time-consuming and a quantum yield (QY) only up
to 26.1% is obtained. Therefore, there is an urgent need to
develop a method to synthesize long-wavelength CDs with high
PL and QY values.

White LEDs (WLEDs) have attracted considerable attention
due to their remarkable capability of energy conservation.*®
Nowadays, CDs have become a promising candidate of for the
fabrication of WLEDs. In some cases, CDs based WLEDs are
usually fabricated by combining blue CDs with yellow and red
CDs or GaN chips with yellow CDs.*® However, CDs always
undergo self-quenching in the solid state. Just like in organic
molecules, this phenomenon was ascribed to excessive reso-
nance energy transfer or direct -7 interactions."®>* Qu et al.**
developed a high QY orange emissive CDs (46% in solution), but
it still quenched in the solid-state aggregates. Compared with
solution, the solid state CDs exhibit outstanding properties.
However, among all reported red-emissive CDs, the fabrication
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of efficient solid state CDs with red emission have been scarce.
Therefore, the development of efficient and stable red-emissive
solid state CDs will have a significant impact on the application
of CDs.

In this study, we report the synthesis of new long-wavelength
CDs via a solvothermal route using o-phenylenediamine/
p-phenylenediamine as a starting material and N,N-dimethyl
formamide (DMF) as the solvent, which is carried out without
any separation process. Clearly, the obtained CDs exhibit two
unique characters: one is the concentration-dependent photo-
luminescence property and the other is the intense solvent-
dependent property. This indicates that the obtained CDs can
shift gradually from 520 nm to 630 nm with an increase in their
concentration in solution or a change in solvent polarity.
Moreover, to solve the issue of fluorescence quenching of CDs
in solid state, PVB is chosen as the solid-state matrix of the as-
synthesized CDs. A series of tunable color, tunable thickness
and tunable shape CDs based solid-state materials could be
conveniently acquired. Finally, due to the controlled width of
wavelength, its thickness and its compatibility with industrial
processes, the screen-printing technology was adopted to
fabricate CDs films (CF coated on Ce:YAG phosphor-in-glass
(Ce:PiG) substrate (PiG-CF)). The results show that these CDs
have a promising application as red color converter in solid-
state warm WLEDs.

2. Experimental

2.1. Synthesis of CDs

The different color CDs were prepared by hydrothermal
method; p-phenylenediamine or o-phenylenediamine was
chosen as the C source and N source and DMF was used as the
solvent. Different combinations of p-phenylenediamine and
o-phenylenediamine result in diverse luminescence, as tabu-
lated in Table 1. Typically, p-phenylenediamine or o-phenyl-
enediamine (0.05 g) were separately heated in 10 mL N,N-
dimethyl formamide (DMF) solvent at 200 °C for 4 hours in an
autoclave, and the obtained samples were denoted as P-CDs and
O-CDs. Without tedious purification, the bright long-
wavelength CDs were obtained.

2.2. Preparation of CDs-based on solid-state materials

Herein, 1 g PVB powder was dissolved in 10 mL ethanol, and the
P-CDs and O-CDs were separately added into the solution under
sonication for 5 min to form homogeneous solutions. Next,
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each of the hybrid homogenized solutions was poured into the
matrix to form films (noted as PCF and OCF) or bulk materials
at room temperature. Finally, CDs-based on solid-state material
were acquired.

2.3. Fabrication of warm WLEDs

The PiG with a of diameter 10 mm and thickness of 0.6 mm was
fabricated using Ce:YAG yellow phosphor (4 wt%) and the
TeO,-ZnO-Sb,0;-Al,03-B,0;-Na,O glass via a two-step melt-
quenching route, as previously reported by our group.' To
achieve the stacking configuration, a facile screen-printing
technology was adopted to deposit the CDs embedded on PVB
film onto the upper surface of the PiG plate, followed by drying
at room temperature. Finally, the LED was fabricated using
PiG-CF as the luminescent material and GaN chips.

2.4. Characterization

To study the microstructure of CDs and the distribution of
particle size, transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images were obtained using FEI
Tecnai F20 operating at 200 kV. To study the surface functional
chemical groups, the Fourier transform infrared (FTIR) spectra
were obtained, in which each sample was ground with KBr
powder, and measured using a Bruker Equinox 55 FTIR spec-
trometer from 500 to 4000 cm™'. Furthermore, to study the
surface structures of the CDs, X-ray photoelectron spectroscopy
(XPS) analysis was carried out using an AXI Ultra DLD spec-
trometer with monochromatic Al Ko as the excitation source.
UV-vis spectra were recorded with a UV-2450 spectrometer, in
which each sample was placed in cuvettes (1.0 cm path length).
Fluorescence spectra and PL quantum yield (QY) were acquired
using a Horiba Jobin Yvon Fluromax-4P spectrophotometer
equipped with absolute QY measurement apparatus. The QY of
the samples was tested using an integrating sphere. First, in
order to minimize internal filter effects, CDs solution was
diluted to an absorption intensity below 0.08 at the optimal
excitation wavelength (O-CDs: 460 nm; P-CDs: 520 nm). Then,
two 10 mm fluorescence cuvettes were separately used to fill
equal volumes of CDs solution and pure solvent as a contrast.
Subsequently, the CDs solution was placed in the integrating
sphere and excited with monochromatic light at the optimal
excitation wavelength. The fluorescence spectra were recorded
in the ranges of 450-470 nm; 480-650 nm; 510-530 nm and
535-750 nm. Similarly, the fluorescence spectra of pure solvent
were recorded under identical conditions. Finally, fluorescence

Table 1 Synthesis of CDs by different combinations of C source and their color

Sample Carbon source Solvent Color Emission peak
P-CDs p-Phenylenediamine (0.05 g) DMF Orange 610 nm
P-CDs-0.01 p-Phenylenediamine (0.01 g) DMF Orange 580 nm
P-CDs-0.005 p-Phenylenediamine (0.005 g) DMF Orange 575 nm
O-CDs o-Phenylenediamine (0.05 g) DMF Green 550 nm
0-CDs-0.01 o-Phenylenediamine (0.01 g) DMF Green-yellow 530 nm
0-CDs-0.005 o-Phenylenediamine (0.005 g) DMF Yellow 520 nm

This journal is © The Royal Society of Chemistry 2017
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software was used to calculate the QY according to the spectra of
both sample and pure solvent. Time resolved PL lifetime
measurements were performed using a time-correlated single-
photon counting (TCSPC) lifetime spectroscopy system with
a picosecond-pulsed diode laser (EPL-400 nm) as the single
wavelength excitation light source. Optical properties such as
color rendering index (CRI), color coordinates (CIE), correlated
color temperature (CCT) and luminous efficacy (LE) were eval-
uated employing an integrating sphere (PMS-50, Everfine,
China) under a forward current of 20 mA.

3. Results and discussion

The schematic for the synthesis of different CDs is depicted in
Fig. 1a. Clear red and yellow solutions (P-CDs and O-CDs
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AR \

Fig. 1
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respectively) were obtained when they were dispersed in DMF
(as shown in Fig. 1b), and yellow and orange colors under UV
irradiation (365 nm, Fig. 1c) were observed. Then, the
morphology and size of P-CDs and O-CDs were characterized by
TEM. As presented in Fig. 1d-g, the two samples exhibit
uniform nanoparticles with average sizes of about 5.5 nm
(O-CDs) and 7.1 nm (P-CDs). The HRTEM images (inset in
Fig. 1d and f) of an individual CD exhibit well-resolved lattice
fringes with a typical d-spacing of 0.21 nm, which corresponds
to the d-spacing of graphene {1—-100} planes.>*** Knowing the
surface groups can help understand their luminescence mech-
anism, the FTIR and XPS analyses were performed to determine
the surface elemental characteristics of O-CDs and P-CDs. The
similar FTIR spectra obtained for the two samples revealed the
existence of similar chemical compositions (Fig. 2a). Notably,

Sizes (nm)

Size (nm)

(a) The schematic diagram of fabrication of long-wavelength CDs; (b) the images of P-CDs and O-CDs under sunlight and (c) under UV

light; (d and f) TEM images of P-CDs and O-CDs, the insets are those of HRTEM; (e and g) the distribution of particles size.
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few new peaks emerged in comparison to the starting mate-
rial.”® The broad brand at 3535 cm ™! is attributed to O-H/N-H;
peaks emerging at 2934 cm ™~ ' and 2862 cm ™" are ascribed to C-
H, and the absorption bands at 1447 cm™* and 1245 cm™ " are
assigned to C=N and aromatic ether, respectively. Large
hydrophilic groups endow these CDs excellent dispersibility in
various solvents, such as water, ethanol and DMF. The Fig. 2b
and c exhibit the XPS full spectra of O-CDs and P-CDs, which
demonstrate that the two CDs have the same elemental
composition (C 1s (~285 eV), N 1s (~400 eV) and O 1s
(~532 €eV)). It is obvious that N peak of P-CDs is stronger than
O-CDs. The content of nitrogen, oxygen and carbon is tabulated
in Table 2. In the high resolution spectra C 1s peak (Fig. 2d and
2), the C 1s band has been clearly resolved into three peaks at
284.7 eV, 285.1 eV and 286.7 eV, representing C=C/C-C, C-N
and C-O, respectively. The expanded spectra of O 1s illustrates
two peaks at 531.7 eV and 533 eV, corresponding to C=0 and
C-0, respectively (Fig. 2e and h). The N 1s is fitted into two
peaks at 399.7 eV and 401.8 eV, which are assigned to the
pyrrole N and graphite N, respectively (Fig. 2f and i).>

The UV-vis absorption and PL measurements are performed
for determining optical properties of CDs. As shown in Fig. 3a
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Table 2 XPS elemental analysis results of the O-CDs and P-CDs

Sample C (mol%) O (mol%) N (mol%)
O-CDs 63.61% 24.71% 11.68%
P-CDs 56.14% 26.12% 17.74%

and c, UV-vis absorption spectra of O-CDs and P-CDs have
a broad absorption that extends to the visible region, including
two peaks at 250 nm and 298 nm in the UV region and a peak in
the visible region. The peaks at 250 nm and 298 nm are ascribed
to the m—m* transition of the aromatic sp> domain and C=N,
respectively. In comparison to O-CDs, the lower-energy and
higher-energy absorption bands of the P-CDs exhibit a red-shift
phenomenon, that is, A =298 nm to 318 nm and A = 450 nm to
520 nm, respectively. The peak at 520 nm is attributed to Mie
scattering caused by CDs, which represents the typical absorp-
tion of an aromatic system and indicates an extended conju-
gation in the CDs structure.”” These red-shifts of the electronic
absorption transitions demonstrate that the P-CDs contain
smaller electronic band gaps than O-CDs, which are responsible
for longer emission of P-CDs. Then, the PL properties of the
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(e and h) O 1s and (f and i) N 1s of two samples.
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(a) The FTIR spectra of samples; (b and c) XPS full survey of the O-CDs and P-CDs; the high resolution XPS spectra of (d and g) C 1s,
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Fig. 3 (a and c) The UV-vis spectra of samples and the insets are UV-vis spectra in visible region; (b and d) the PL spectra of samples under

different excitation wavelengths.

O-CDs and P-CDs were thoroughly investigated. The emission
wavelengths of O-CDs and P-CDs are A = 550 nm and 610 nm
respectively (Fig. 3b and d). Even with an increase in excitation
wavelength (A.), the PL emission peaks remain nearly unshif-
ted, which demonstrate the excitation-independent property of
CDs. Further, the PLQY were measured by the absolute method.
The QY of O-CDs and P-CDs solutions (DMF chromatographic
grade) are up to 58.8% and 52.4%, respectively (see Fig. S17).
These QY values are higher than those of long wavelength
emitting CDs as obtained in previous reports.’* The fluores-
cence decay is one of the intrinsic characteristics of an emitting-
state. As a consequence, it is generally accepted that diverse
emitting-states will exhibit different decay behaviors. As these
two CDs exhibit very different PL spectra, P-CDs and O-CDs
should also exhibit different PL decay behaviors. The PL decay
of O-CDs and P-CDs are mono-exponential with lifetimes of 3.3
and 9.4 ns respectively (Fig. S2). Furthermore, the concentra-
tion of the starting materials (p-phenylenediamine or o-phe-
nylenediamine) was investigated in detail. The corresponding
PL spectra were measured, and are depicted in Fig. S31 and
Table 1. When the amount of p-phenylenediamine was reduced
from 0.05 g to 0.005 g, the observed PL spectra blue shifts from
610 nm to 575 nm. Analogously, on decreasing the amount of
o-phenylenediamine from 0.05 g to 0.005 g, the PL peak blue
shifts gradually from 550 nm to 520 nm. For each concentration
type, different but strong emission peaks through small PL
shifts with varying excitation are observed in low concentration
samples (Fig. S3at), which are similar to previous reports.”® It is

41556 | RSC Adv., 2017, 7, 41552-41560

believed that the uniform dispersion of the CDs in a solvent at
high concentrations could be unstable because of the extremely
short distance between individual CDs and its high surface
energy, which eventually leads to aggregation. Such
concentration-induced aggregation consequently causes a red-
shift. It should be noted that when the amount of p-phenyl-
enediamine is increased up to 0.1 g, the obtained samples show
a dark red color due to serious aggregation, while the fluores-
cence suffers severe quenching. When the amount of o-phe-
nylenediamine is increased up to 0.1 g, the fluorescence still
exhibits a yellow color, confirming that the red fluorescence is
closely linked to the starting material (as seen in Fig. S4f).
Furthermore, it is interesting to find that the emission peaks of
these CDs clearly show a red-shift when dispersed in water. As
shown in Fig. 4, the PL peaks of O-CDs (0.005 g, 0.01 g, 0.05 g)
can shift from 520 nm, 530 nm, 550 nm to 540 nm, 550 nm and
580 nm, while, the PL peak of P-CDs (0.005 g, 0.01 g, 0.05 g) shift
from 575 nm, 580 nm, 610 nm to 600 nm, 608 nm and 630 nm,
respectively. The color of the samples also changes visibly (inset
in Fig. 4). This solvent-dependent phenomenon is very similar
to the “solvatochromism” in organic dyes. This effect is
common for organic dyes, but is rarely known in CDs.* This
solvent-dependent fluorescence is regarded as “dipole induced
surface electronic state change”. According to XPS data, these
CDs have abundant N and O elements. In addition, many N
atoms are bonded to the edge of the sp*-hybridized carbon core
in their pyridine and pyrrole forms. The N and O elements
present in the respective structures enhance the charge carrier

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The PL spectra of (a) O-CDs-0.005, (b) O-CDs-0.01 (c) O-CDs, (d) P-CDs-0.005, (e) P-CDs-0.01 and (f) P-CDs dispersed in DMF (black
line) and H,O (red line) solution. The insets are the samples under UV light.

density and induce the charge transfer of electrons towards the
edge. As the solvent polarity increases, the dipole moment
significantly affects the surface electronic structure. Further, it
reduces the energy gap, resulting in a red shift of fluorescence
emission wavelength.*>** Thus, we could acquire tunable CDs
through adjusting starting materials, their amounts as well as the
solvent. The QY of O-CDs and P-CDs in their aqueous solutions
was also investigated and noted in Table S1.f Accompanying with
evident red-shift, the fluorescence of these solutions had lowered
slightly. Finally, the pH of the P-CDs and O-CDs solutions also
affected the PL properties (Fig. S51); significantly strong optical
responses were observed when the pH of the solutions was varied.
Under a strong acid solution (HCI, pH = 2), the PL quenched
rapidly, but further on addition of a strong alkaline solution, such
as NaOH solution (pH = 14), the quenched CDs recovered their
fluorescence instantaneously.

Although the mechanism for long-wavelength emission from
the CDs is unclear, the amazing PL of CDs continues to motivate
researchers to conduct deeper explorations. In general,
researchers believe that the large size of particles and high
nitrogen content are responsible for the efficient long-wavelength
emission.”” Through careful examination of the characterization
data such as those of TEM, XPS and FTIR, it was observed that the
particle size and nitrogen content of the two CDs were found to
be distinct. This suggests that a conjugate effect or quantum-size
effect” and higher nitrogen content, could be ¢ partly responsible
for the red emission of the P-CDs. However, further in-depth
studies are required to address this issue.

It is well known that fluorescence is often quenched when
the aqueous dispersion of CDs are dried because of the direct
-7 interactions, which is due to a major Forster resonance
energy transfer (FRET) process that is observed in aggregated

This journal is © The Royal Society of Chemistry 2017

CDs. Hence, it is high time to establish an effective method
to preserve the PL abilities of CDs in solid-state. In this
study, PVB was found to be the best material for fabricating
solid-states CDs such as CDs film (CF). The reasons are as
follows:

(1) PVB possesses large chain structures that can keep
appropriate distance between each other, so that the solid
quenching can be restrained.

(2) PVB could be well compatible with CDs because of the
abundant hydrophilic groups. Therefore, CDs can be homoge-
neously dispersed in PVB to avoid aggregation, which over-
comes poor dispersion of CDs in a traditional curing agent.

'y Squeegee

/ CDs/PVB Mesh
/! .

P-CDs film PiG Substrate

Fig. 5 (a) The composites of combined CDs solution and PVB in
ethanol; (b) the sample of Ce:YAG PiG; (c) the schematic of fabrication
process of red CDs stacked PiG (PiG-CF) plate via screen-printing
technology.
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(3) PVB neither competes for UV light with CDs nor absorbs
the emission obtained from CDs; the optical properties of CDs
can remain unaffected after solidification.

(4) PVB powders readily dissolve in solutions at room
temperature, which provides a facile and convenient method to
fabricate films in comparison to other polymers such as PVA,
and epoxy resin. As presented in Fig. 5a and b, tunable colors,
tunable thickness, and tunable shapes could be easily acquired.
Furthermore, the PL property of CF is depicted in Fig. S6.7 It is
observed that the solid state CDs continue to exhibit bright
fluorescence after storage in air for two months, indicating their
excellent stability. Moreover, the PL stability of these CFs in
acidic solutions was tested under 1 h of UV irradiation, and
almost no PL attenuation was observed (Fig. S71). Compared
with CDs solutions in acidic medium, PVB can prevent the
quenching of PL of CDs, and the improved acid-resistance
behavior of CFs also demonstrates that solid-state CFs are
superior to CDs solution in several potential applications.

To explain the phenomenon, a mechanism of PL self-
quenching in solid state CDs and the resistance against solid-
state quenching of CDs embedded into PVB are illustrated in
Fig. S8.1 The TEM result shows CDs particles dispersed homo-
geneously in solution, which leads to the large separation
among individual CDs. Hence, the CDs solutions always exhibit
intense PL. However, the distance among individual CDs on
drying is shortened to less than R, (R,: Forster distance), and
the FRET eventually leads to PL self-quenching. In CDs/PVB
composites, the distance among individual CDs is embedded
into the long chain of PVB. Therefore, individual CDs can keep
an appropriate distance between each other, avoiding the FRET
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and consequently the solid-state CDs continue to exhibit
bright PL.

4. Application for warm WLED

To fabricate warm WLEDs, screen-printing technology was
adopted to fabricate PiG-CF composite material (the schematic
depicted in Fig. 5). The TeO,-ZnO-Sb,0;-Al,0;-B,0;-Na,O
glass system was chosen as the optimal glass matrix for
embedding Ce®":YAG phosphor, as previously reported by our
group.”* The related PL and PL excitation (PLE) exhibited by
PiG-CF composite is shown in Fig. S9.t As demonstrated in
Fig. 6¢ and d, the electroluminescence (EL) spectra of the con-
structed WLEDs, presents an emission band peaking at 460 nm
from the GaN chip and a broad yellow emission band from PiG.
A different form of pure PiG (Fig. 6¢) and PiG-CF (Fig. 6d)
exhibits an obvious red emission band, which is attributed to
the red CDs. As shown in Fig. 6e, the color coordinates of CIE
shifted from (0.3399, 0.3594) to (0.3943, 0.3869), the CCT is
reduced from 5220 K to 3722 K, LE decreased from 122.1 Im
W' to 66.17 Im W™, and the CRI increased from 75.2 to 83.
The related photoelectric parameters are tabulated in detail in

Table 3 Photoelectric parameters of warm white LEDs under the
operation current of 20 mA

Sample CCT(K) CRI LE(ImW!) Chromaticity coordinates
PiG 5220 752 1221 (0.3399, 0.3594)
PiG-CF 3722 83 66.17 (0.3943, 0.3869)

x 05 06 07 08

(@ and b) PCF, OCF under sunlight and UV light; (c and d) the normalized EL spectra for the pure PiG and PiG-CF; (e) CIE color coordinates

of the warm white LEDs fabricated by coupling the 460 nm blue light with PiG and PiG-CF.
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Table 3. These results demonstrated that the CDs have potential
application in in-door lighting.

5. Conclusion

In summary, multicolor CDs were synthesized via hydrothermal
method using p-phenylenediamine or o-phenylenediamine as
a precursor and DMF as the solvent. Moreover, O-CDs and
P-CDs show a high QY of 58.8% and 52.4%, respectively. These
CDs exhibited different fluorescence emission colors when the
amount of the carbon source was altered or when the CDs were
dispersed in different solvents. In addition, the CDs solutions
exhibited varying optical responses on adjusting the pH of
solutions. The PL intensity rapidly decreased in acidic condi-
tions, while it recovered immediately after adding an alkaline
solution. Impressively, a series of tunable colors, tunable
thickness and tunable shape CDs based solid-state materials
could be easily acquired via mixing PVB and CDs. Finally,
screen-printing technology was used to fabricate PiG-CF
composite materials that could be employed to construct
warm WLEDs on combining them with GaN chips.
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