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White fluorescent carbon dots (WCDs) were synthesized by combining red carbon dots (RCDs) with ethanol

or N-(B-aminoethyl)-y-aminopropyl methldimethoxy silane (AEAPMS) for the first time. Interestingly, the
RCDs have excitation-independent behavior while the WCDs exhibit excitation-dependent behavior.
These WCDs emit bright white light with quantum yields (QYs) of 50.8% and 57.1%. Solvatochromism
effects of the CDs were ascribed to the intermolecular charge transfer between the CDs and solvents.

The solvents further increase the charge carrier density and induce the charge transfer. Investigation of

the white fluorescence mechanism of the CDs revealed a multilevel emissive recombination channel,

which might be from the distribution of diverse surface-state PL centers. Additionally, because the latter

WCDs exhibit excellent optical properties and a great film-forming ability, workable white CD-based
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glass thin-films were constructed using facile screen-printing technology. Finally, the as-fabricated white

light-emitting diodes (W-LEDs) exhibited an optimized color coordinate (CIE) of (0.33, 0.34), color
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rsc.li/rsc-advances

1. Introduction

Carbon dots (CDs) have drawn attention due to their unique
properties in various applications, for example, bioimaging,
optoelectronic devices, photocatalysis and sensors.'” Particu-
larly, considerable efforts have been devoted to CD-based
materials in W-LEDs.*® It is interesting that CDs with the sol-
vatochromism phenomenon of changing from blue to red in
different solvents have been observed. Lin et al. reported that
CDs prepared from m-phenylenediamine exhibit emission at
400-500 nm in aqueous solution and PVA." Wang and
coworkers claimed that CDs synthesized from p-phenylenedi-
amine emit various lights (green to red, from 511 to 615 nm) in
different solvents." Graphene quantum dots were also
described to have different emissions from 475 to 515 nm in
a few solvents."” Yet, few literature studies have reported white
light CDs in solvents. Besides, there are only several studies on
CDs emitting white photoluminescence, which is expected for
commercial applications of W-LEDs.”® Wang and coworkers
developed a white-light CD solution and film illuminated with
407 nm light, and the highest QY of the CDs was 6%.” Chen’s
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rendering index (CRI) of 51 and correlated color temperature (CCT) of 6735 K. Therefore, the WCDs
reveal the strong feasibility of being used for lighting and displays.

group produced blue, orange and white emitting CDs (QY =
47%) using a single-step pyrolysis route in 2012.% Subsequently,
Dang reported white emission CDs with a QY of 28.3% after
treatment with KH570 using a one-step ultrasonic method.’
Furthermore, few studies have mentioned solid-state fluores-
cence of white CDs, such as white CD-based phosphors,"¢ and
all of these CDs did not present pure white emission under an
ultraviolet lamp. Even so, CDs suffer from a low QY and
complicated preparation procedures. It is well-known that
aggregation-induced luminescence quenching of CDs is the
main obstacle for their application in the solid state. In other
cases, white-light-emitting CDs are directly utilized with blue
chips."” Hence, effective methods should be proposed to
preserve the photoluminescence of CDs in the solid state.
Organosilane (AEAPMS) is a great passivator to avoid solid
quenching of CDs because of the chain network structure. CDs
can homogeneously disperse in AEAPMS to avoid aggregation.
Meanwhile, silane-amine based materials have a good film-
forming ability®'® due to the large surface area and surface
functional groups. Therefore, the obtained CDs dispersed in
AEAPMS have favorable photostability. It is desirable for
nitrogen-doping agents to endow nitrogen-doped CDs with
a promising QY and photostability.

Herein, we report a facile and economic solvothermal route
towards preparing red fluorescent carbon dots. Impressively,
WCDs with high performances were achieved through passiv-
ation by ethyl alcohol and AEAPMS. AEAPMS was chosen as the

This journal is © The Royal Society of Chemistry 2017
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solid state medium to avoid fluorescence quenching of the CDs.
Moreover, direct white emission CD-based glass thin-films can
be applied as an inexpensive color-changing layer in W-LEDs.
These results demonstrate the promising application of WCDs
in LEDs.

2. Experimental

RCDs were synthesized by a facile solvothermal method. First,
ammonium citrate (1 g, AC) was dispersed in 10 ml of DMF and
then transferred to a 20 ml Teflon lined stainless-steel auto-
clave. The reactor was heated at 180 °C for 3 h, resulting in the
RCDs. The products were purified with petroleum ether three
times. For the WCDs, combining the RCDs (0.8 ml) with ethyl
alcohol (10 ml) or N-(B-aminoethyl)-y-aminopropyl methldi-
methoxy silane (AEAPMS) (10 mL) produced the white lumi-
nescent CDs, which are denoted as WCDs-1 and WCDs-2.

The WCDs-2 have a great film-forming ability. To investigate
the application of WCDs-2 as phosphors in LEDs, a CD-based
glass thin-film was fabricated. Firstly, the glass thin-film was
prepared by screen-printing the WCDs-2 solution on a glass
plate (commercial glass) with a diameter of 50 mm and thick-
ness of 0.2 mm. The acquired hybrids were subsequently dried
in air at 120 °C to eliminate bubbles and solidify the film.

For the W-LEDs, the CD-based glass thin-film was cut into
a 3.3 x 2.8 mm cullet. Then, the WCD-based LEDs were con-
structed by integrating the glass film with a UV LED chip (395
nm).

2.1 Characterization

The absorption spectrum was collected using a UV-2450 spec-
trometer. To confirm the microstructure and particle distribu-
tion of the CDs, a FEI Tecnai F20 transmission electron
microscope operating at 200 kV was adopted to acquire the
transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images. A Horiba Jobin Yvon Fluromax-4P
spectrophotometer equipped with absolute QY measurement
apparatus was used to obtain the fluorescence spectra and PL
QY. The QY measurements of the samples were conducted
using an integrating sphere. Two 10 mm quartz cuvettes were
used to separately fill an equal volume of the CD solution and
pure solvent (alcohol and AEAPMS) for contrast. Subsequently,
the WCD solution was excited with monochromatic light at the
optimal excitation wavelength (360 nm). The fluorescence
spectra were recorded in the ranges of 350-370 nm and 370-
710 nm. Moreover, the fluorescence spectra of pure solvent
(alcohol and AEAPMS) were recorded under identical condi-
tions. Finally, fluorescence software (HORIBA Jobin Yvon
Quantum Yield and Color Calculator) was used to calculate the
QY according to the spectra of the WCD sample and pure
solvent. To confirm the surface state and functional chemical
groups of the CDs, both X-ray photoelectron spectra (XPS) and
Fourier transform infrared (FTIR) spectra were recorded using
an Axi Ultra DLD spectrometer with monochromatic Al Ka as
the excitation source and a Bruke Equinox 55 FTIR spectrometer
in the range of 600-4000 cm ™', respectively. The luminescence
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properties of the LED device were determined with an inte-
grating sphere (PMS-50, Everfine, China) to gain the CIE, CRI
and CCT under a forward current of 20 mA.

3. Results and discussion

RCDs have been synthesized by a facile solvothermal method
using AC (ammonium citrate) as the C (carbon) source. A bright
red solution was observed under a UV lamp (365 nm, Fig. S1
(ESIY)). The as-obtained RCDs (Fig. 1(a) and (b)) exhibit a well-
dispersed and relatively homogeneous spherical shape with
sizes in the range of 3-8 nm. Clearly, the HRTEM micrograph of
individual RCDs illustrates that the RCDs exhibit lattice fringes
with a d-spacing of 0.21 nm, corresponding to the (100) plane
lattice of graphite.* Similar crystallinity with lattices of 0.21 nm
was also found in WCDs-1 (Fig. S2(b) (ESIf)) and WCDs-2
(Fig. S2(e) (ESIt)). Fig. S2(a)t shows that the WCDs-1 are well-
dispersed and highly monodispersed, along with having
particle sizes of 2-10 nm. Compared with the WCDs-2, the as-
prepared WCDs-1 tended to aggregate into “clusters” due to
the polarity of ethyl alcohol, as shown in Fig. S2(a).t Fig. 1(c)
gives the outline of the UV absorption spectra. The character-
istic absorption peaks located at 230 and 340 nm correspond to
the m—m* transitions of the C=C and C=N bonds in the high-
energy region (200-350 nm).*® Interestingly, as presented in
Fig. 1(c), the RCDs exhibited excitation-independent behavior.
Generally, the excitation-dependent behavior of CDs may be
derived from particles of different sizes in the sample and the
distribution of the different surface states.'* However, the TEM
images indicate that the size distribution of the RCDs ranges
from 4 to 8 nm, which is not greatly uniform. Therefore, the
excitation-independent behavior reveals that the PL properties
of the RCDs rely on the surface states rather than the
morphology. Hence, the surface states of the RCDs should be
rather uniform. To confirm the surface functional groups of the
RCDs, XPS and FTIR measurements were implemented
(Fig. 1(d)-(f)). As can be seen, three typical peaks, C 1s (285
eV), N 1s (400 eV), and O 1s (531 eV), were observed. The C 1s
band can be resolved into three peaks including sp® carbons
(C=C/C-C, 284.5 eV), sp® carbons (C-N, 285.7 eV), and carbonyl
carbons (C=O0, 287.7 eV), which is consistent with a previous
report.” The N 1s band at 399.6 eV is assigned to amino N. The
content of the nitrogen, oxygen, and carbon is detailed in Table
S1.7 The results further confirm that the incorporation of N in
the CDs is responsible for the red luminescence.® Besides, we
have characterized the WCDs-1 and WCDs-2 with an XPS test.
Similarly, as shown in Fig. S4,f the spectra of the WCDs-2
display C 1s, N 1s, O 1s and Si 2p peaks at 285.0, 400.0, 531.0,
and 101.0 eV, respectively, which are similar to those of the
WCDs-1, as shown in Fig. S3.T The N 1s (Fig. S3(d)}) band peaks
at 399.6 eV represent amino N. The location of the peak of Si 2p
(Fig. S4(d)t) indicates the groups of Si-O-Si. As characterized by
FTIR, the RCDs possess abundant hydrophilic groups like O-H
(3468 cm™'), N-H (3383-3163 cm™ '), C-O (1258 cm™ ') and
C=O0 (1628 cm ') on their surface. Besides, stretching vibra-
tions of C-H (2943 cm ™), C=N (1655 cm '), C-C (1524 cm ™),
and C-N (1388 and 1496 cm ') bonds were observed.*®*' This
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Fig.1 TEM image (a), HRTEM image (b), and UV-vis absorption spectra and emission spectra (c) of the RCDs. The inset in (a) shows the particle
size distribution histogram. The XPS full survey (d), a high-resolution XPS spectrum of C 1s (e), and the FTIR spectrum of the RCDs (f). The inset in

(d) shows a high-resolution XPS spectrum of N 1s of the RCDs.

suggests that the RCDs exhibit excellent water solubility so that
the RCDs can be mutually solubilized with ethyl alcohol and
AEAPMS. This is in good agreement with the result of the FTIR
investigation of the WCDs-1 and WCDs-2, shown in Fig. S5.1
Compared with the WCDs-1, we can observe strong peaks at
about 1450, 1070-1098 and 790 cm ™" originating from the -CH,
bending, Si-O-Si stretching and Si-CH, stretching modes,
respectively. The Si-O-Si structure is a great passivator to avoid
quenching of the CDs because of the chain network structure,
which guarantees the stability of the WCDs-2.

Furthermore, the PL emission spectra of the WCDs with
excitation-dependent behavior are shown in Fig. 2(a) and (b).
Compared with the polarity of AEAPMS, that of ethyl alcohol is
relatively stronger. As mentioned above, the excitation-
dependent behavior is caused by the diverse surface states. It
is worth mentioning that the two kinds of WCD in ethyl alcohol
and AEAPMS solvents have different recombination processes,
which are illustrated in Fig. 2(c).

As a result, ethyl alcohol appears to benefit the aggregation
of the CDs, leading to the reduction of the PL QY from 57.1% to
50.8%. This aggregation will increase energy losses and reduce
the QY of the CDs.?* According to the above analysis, Fig. 2(c)
illustrates the differences between the two kinds of WCD. For
the pure RCDs, the particles could be retained among the
solution. After ethyl alcohol is injected, the solution environ-
ment is changed due to the polarity. Similarly, the solution
environment in AEAPMS is also altered by the protonation and
deprotonation of the CDs." This process happens quickly,
resulting in an increase of the viscosity of the mixed solutions.
Specifically, amine-based and oxygen-based groups in the
organosilane groups might be attracted to the surface states in

49544 | RSC Adv., 2017, 7, 49542-49547

the CDs. Therefore, excitation-dependent behavior of the WCDs
was observed, which is due to the diverse surface groups.
Fig. S6(a) and (b)} show the PL spectra (Ax = 400 nm) of the
WCDs dispersed in AEAPMS (solid state) for a variety of storage
times and a graph of the fluorescence intensity for a variety of
storage times (Ax = 400 nm). On increasing the storage time,
there is nearly no decrease of the fluorescence intensity or
shifting of the PL peaks. Therefore, we can conclude that the
obtained RCDs dispersed in AEAPMS have a favorable
photostability.

Although the fluorescence mechanism is unclear at present,
it continues to motivate researchers to conduct deeper investi-
gation. This may be attributed to quantum size effects and the
surface defects on the CDs according to previous reports.>*** In
our case, we believe the surface states to be the primary factor
considering the spectroscopy results along with the TEM
images (Fig. 1(a)). Solvent-dependent photoluminescence is
considered as a dipole induced surface electronic state change.
The excited states on the CD surface are strongly influenced by
the dipoles of the solvents.**** As shown in Fig. S7,7 for the CDs
with various surface states, except for the HOMO—2 () energy
level, two new HOMO—1 and HOMO energy levels are intro-
duced by the abundant surface functional groups, such as C=0
and C=N. Then, efficient electron transitions can occur in the
two new HOMO—1 and HOMO energy levels to the LUMO (7t*)
energy level. Shifting of the PL band to the long wavelength
region will occur while the electrons in the N-related defect
states return to the HOMO.* The WCDs were produced due to
the surface groups. More importantly, the multiple excitation
centres on every nanoparticle and surface energy trap are
created by the surface groups.'” It is believed that the surface

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 PL emission spectra of the WCDs-1 (a) and WCDs-2 (b). (c) Schematics of the formation of the RCDs dispersed in ethyl alcohol and

AEAPMS.

states of the CDs are similar to the molecular states, wherein
various surface states correspond to a relatively wide distribu-
tion of different energy levels. The emission band shape of the
WCDs is asymmetric with small shoulder peaks in the visible
region. These phenomena suggest that the PL of the WCDs is
related to the diverse surface states. Similarly, the absorption
spectra of the WCDs (Fig. S81) exhibit a broad band in the
region of 250-500 nm, implying that multiple energy levels exist
in the CDs. The white light may be attributed to the overlap of
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diverse light emissions induced by the electron transitions in
the multiple levels. It is believed that the surface states of CDs
doped in ethanol and AEAPMS are analogous to the molecular
states. The various surface states correspond to a relatively wide
distribution of different energy levels, which extends the exci-
tation wavelength range and causes the excitation-dependent
behavior. These oxygen and nitrogen structures increase the
charge carrier density and induce the charge transfer of elec-
trons towards the different energy levels. The white fluorescence
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(a) Schematic of the fabrication with screen-printing. (b) Schematic diagram of the W-LED from the combination of a UV LED chip with the

superposed WCD layers. (c) The CIE coordinates of the WCD-based LED devices. Insets show the corresponding EL spectra and the lumi-

nescence photographs in operation.
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Table 1 Photoelectric parameters of the W-LEDs

CIE

coordinates

——  LE(Im
Samples  Thickness X Y w1 CCT (K) CRI
WCDs-1 0.2 mm 0.33 0.34 25.63 6735 51.0
WCDs-2 0.32 0.32 25.37 6794 50.8
WCDs-3 0.32 0.33 25.50 6780 50
WCDs-4 0.34 0.33 25.58 6784 50
WCDs-5 0.33 0.34 25.61 6737 50.8

mechanism of the CDs revealed a multilevel emissive recom-
bination channel, which might be from the distribution of
diverse surface-state PL centers. In this case, the presence of
alcohol and AEAPMS might further promote the increase of the
QY of the WCDs, which is consistent with our test. Therefore,
the overlapping of emissions by multiple levels is proposed to
explain the white fluorescence.

Notably, the silane-amine based CDs have a great film-
forming ability.® Moreover, the organosilane could hold the
WCDs to avoid the aggregation of the WCDs. The QY of the
white CD-based glass thin-film was measured to be 56.3%.
Hence, the WCDs-2 are a satisfactory candidate material. To
investigate the potential application in W-LEDs, a low-cost
screen-printing technique was used to form a homogeneous
WCD layer on the glass plate, as displayed in Fig. 3(a). Mean-
while, the construction of a W-LED by combining the hybrid of
the WCD film and glass matrix together with a commercially
available UV LED (centered at 395 nm) is illustrated in Fig. 3(b).
The related electroluminescence (EL) spectrum of the con-
structed LED presents an emission band peaking at 395 nm
from the UV chip and a broad white emission band from the
WCD film, as shown in Fig. 3(c). To validate the reproducibility
of the parameters of the obtained W-LED, we have tested these
with extensive experiments. After multiple tests, the optimal
photoelectric parameters are a CIE of (0.33, 0.34), a CCT of 6735
K and a CRI of 51, as shown in Table 1. These results demon-
strate that the CDs provide a significant advancement in W-
LEDs.

4. Conclusion

In summary, excellent WCDs emitting bright white light with
a QY of 57.1% have been developed. A series of characteriza-
tions have been implemented to confirm the structure and
properties of the CDs. To our knowledge, this is the first report
on RCDs displaying white fluorescence in an alcohol and
AEAPMS. The excitation-dependent behavior and sol-
vatochromism phenomenon of the RCDs result from the diverse
surface defect sites. Efficient and stable WCDs in AEAPMS were
produced, which confirms that AEAPMS is a great passivator to
avoid the fluorescence quenching of CDs. Furthermore, the
excited states on the CD surface are strongly influenced by the
dipoles of the solvents, which can promote the QY of the CDs.
White fluorescence was achieved from the overlapping of
emissions by multiple levels. Moreover, feasible white CD-based
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glass thin-films were constructed. The optimal W-LED exhibited
a CIE of (0.33, 0.34), with a CRI of 51 at a CCT of 6735K. This
demonstrates that the efficient and stable WCDs would be
a promising candidate material for W-LEDs.
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