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Acidic reagents play an important role in the preparation of carbon dots (CDs). Therefore, we prepared
efficient green fluorescent CDs by potassium bisulfate, acetic acid and hydrochloric acid catalysis and
discussed why the acid catalyst induced a fluorescence redshift and improved the quantum yield of the
CDs. Furthermore, the concentration-dependent photoluminescence behaviour of the CDs was
characterized. CD/PVA composites emitting green to yellow light were obtained by exploiting the
fluorescence tunability of CDs. Based on different light-emitting diode substrates, green, yellow and
white light-emitting diodes with excellent performance were prepared.

Introduction

Since the first discovery of carbon dots (CDs) in 2004, which
represented a new breakthrough in the field of carbon
nanomaterials, research on fluorescent CDs has attracted
increasing attention from scientists." Due to their advantages
of a simple preparation method, low toxicity, good photo-
stability and high biocompatibility, CDs are widely used in
sensing, biological imaging, catalysis and lighting.>* Gener-
ally, the preparation of CDs is divided into top-down and
bottom-up approaches, and the solvothermal method, which
includes the polymerization, dehydration and carbonization
of carbon sources, is the most widely used bottom-up
synthesis method.*” Furthermore, acid catalysis has been
shown to be beneficial for the hydrolysis and carbonization
of carbon sources and to influence the photoluminescence of
CDs.* " Acidic reagents can increase the abundance of elec-
tron absorbing groups on the surface of prepared CDs,
increase the size of the particles, and redshift the photo-
luminescence wavelength,'™*> which are significant for the
design and synthesis of polychromatic fluorescent CDs.
Wang et al.** produced a series of CDs through a scalable
acidic reagent engineering strategy. Full-colour polymer
luminescent films and various white light-emitting diodes
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(LEDs) with high colour rendering indices were synthesized
by mixing various CDs in appropriate proportions, which
promoted the progress of carbon-based luminescent mate-
rials in the preparation of promising films and devices.

In many fields, CDs are used as down-conversion phosphors
for the preparation of white LEDs, and they have received
extensive attention.”*'® To optimize the properties of CDs,
much effort has been devoted to improving their potential
applications in white LEDs. A combination of a blue or ultra-
violet (UV) LED chip and multicolour fluorescent CDs is
commonly used to produce white light."*° In a blue-pumped
white LED, the blue light emitted by the chip is used as the
excitation light source for the CDs and participates in light
mixing as part of the white light spectrum, which reduces the
use of phosphors and the cost. A reduction in the number of
light conversions can also reduce light loss, thus improving the
efficiency of white LEDs.”***

In this study, we investigated the effects of three commonly
used acids as catalysts and m-phenylenediamine as a carbon
source on fluorescent CDs. The structures, chemical groups and
optical properties of the resulting CDs were characterized and
analysed, and the effects of different acid catalysts on the
fluorescence and functional group structure of the CDs were
studied. The fluorescence of the CDs was tuned by adjusting the
concentration of the CDs solution, and a wide spectral fluo-
rescence response range from green to yellow was observed. On
this basis, polychromatic CDs polystyrene (PVA) films were
prepared and successfully applied to colour LEDs. Green and
yellow fluorescent LEDs were prepared by covering 365 nm
luminescent ultraviolet LED chips with the CDs/PVA compos-
ites, and white fluorescent LEDs were prepared by covering
460 nm luminescent blue LED (B-LED) chips with yellow films.
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Materials and methods
Materials

Column chromatography was performed using 200-300 mesh
silica gel. m-Phenylenediamine (99.0%), ethanol (99.7%),
potassium bisulphate (99.0%), acetic acid (99.5%), hydrochloric
acid (38.0%), dichloromethane (99.0%) were provided by
Shanghai Titan Scientific Co., Ltd (Shanghai, China). All
reagents were used as received without further purification
unless otherwise specified. Deionized (DI) water was used
throughout this study.

Methods

Transmission electron microscopy (TEM) images was carried
out using a FEI Tecani G2 F20 operating at an acceleration
voltage of 200 kV. UV-vis spectra were recorded with a Shimadzu
UV-2600 spectrometer. Fluorescence measurements were collected
using a Shimadzu fluorescence spectrophotometer RF-6000.
Nanosecond fluorescence lifetime experiments were performed
by the time correlated single-photon counting (TCSPC) system
(HORIBA Scientific iHR 320). A 290 nm (<1 ns) and a 485 nm (<200
ps) nano-LED light source were used to excite the samples. CIE
chromaticity coordinate was measured by KONICA MINOLTA CS-
150 colorimeter. The Fourier transform infrared (FT-IR) spectra
were obtained in transmission mode on a Thermo Scientific
Nicolet iS5 spectrometer (Waltham, MA, USA) with the KBr pellet
technique, and 8 scans at a resolution of 1 cm™ " were accumulated
to obtain one spectrum. X-ray photoelectron spectroscopy (XPS)
was investigated by using K-Alpha spectrometer with a mono X-ray
source Al Ko excitation (1486.6 eV). Binding energy calibration was
based on C 1s at 284.8 eV.

Quantum yield measurements

QYs of the obtained three CDs were determined by a relative method.
The CDs ethanol solution was placed in a colorimetric dish to
determine its QY, and the solvent ethanol was used as a blank sample
for reference determination. Rhodamine 6G (QY = 95% in ethanol)
was chosen as a reference, with an emission range of 480-560 nm.

The QY of a sample was then calculated according to the
following equation:

& = Dp(Ar/A)IIR)(*ng?)

where @ is the QY of the testing sample, I is the testing sample's
integrated emission intensity, n is the refractive index (1.36 for
ethanol), and A is the optical density. The subscript “R” refers to the
referenced fluorescence dyes of known QYs. Adjust the concentra-
tions of the CDs and reference fluorescent dye solutions so that the
optical absorbance values were between 0 to 0.1 at 365 nm.

Synthesis of CDs

m-Phenylenediamine as precursor and acid reagent as auxiliaries,
CDs was synthesized by solvothermal method. Potassium bisulfite
(0.1 g) was added to 10 mL ethanol containing m-phenylenedi-
amine (0.5 g) under intense stirring, then transferred to a poly-
tetrafluoroethylene (PTFE) lined autoclave and heated at 180 °C for
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12 hours. Cool naturally to room temperature to obtain a dark
green solution. The preparation process of the other two CDs is the
same as above, except that potassium bisulfite is changed into
acetic acid (1.0 mL) and concentrated hydrochloric acid (0.5 mL) to
obtain the other two green fluorescent suspensions. After the pH
value of the suspensions is adjusted to 7, the three CDs solutions
were dried by rotary evaporation in vacuum, then redissolved with
dichloromethane, and then purified by silica gel column chro-
matography with a mixture of dichloromethane and ethanol as
eluent (dichloromethane : ethanol = 9:1). This process is
repeated three times to remove excess impurities and unreacted
precursors. After solvent removal and further vacuum drying, three
kinds of CDs were obtained with a yield of 10-20 wt%.

Preparation of polychromatic CDs-1/PVA films

Green to yellow-orange fluorescent CDs-1/PVA thin films were
prepared by a simple method. Dissolve 1.0 mg, 5.0 mg, 10.0 mg
and 20.0 mg CDs in 2.0 mL PVA aqueous solution (5% by
weight), stir to fully dissolve the CDs, and ultrasonic continued
to form a uniformly dispersed solution. Pour CDs-1/PVA solu-
tion into a glass mold and dry it in a confined space at room
temperature for 12 h. Four CDs-1/PVA films with different
fluorescence colors were obtained.

Fabrication of LEDs

The emission peaks of UV-LEDs and B-LEDs chips are located at
365 nm and 420 nm, and the operating voltage is 3.0 V. 5.0 mg
and 50 mg CDs samples were mixed with 5.0 mL poly (vinyl
alcohol) (PVA) aqueous solution (5% by weight) respectively.
After stirring evenly, the resulting mixture solution was applied
to the UV-LED chip with 2 to 4 drops. The LED chips containing
CDs/PVA composite fluorescent matrix were then dried at room
temperature for 24 h. As a result, green and yellow fluorescent
LEDs were achieved. A white fluorescent LED was prepared on
a B-LED chip by mixing 50 mg CDs with a PVA solution with
a total volume of 5.0 mL.

Results and discussion

High-efficiency green fluorescent CDs were prepared by a sol-
vothermal method with m-phenylenediamine as the raw material
under acidic conditions. Three common acids, potassium bisul-
fate (weak inorganic acid), acetic acid (organic acid) and hydro-
chloric acid (strong inorganic acid), were selected as catalysts for
CDs synthesis. For simplicity, the CDs prepared in the above three
acidic reagents were labelled CDs-1, CDs-2 and CDs-3. For
comparison, the blue fluorescent CDs synthesized with m-phe-
nylenediamine as the raw material under neutral conditions were
named CDs-0.> The obtained CDs exhibited good solubility in
water, ethanol, chloroform and other common solvents and could
be dispersed in ethanol to form a fluorescent solution (Fig. 1),
which glowed bright green under ultraviolet light.

Optical characteristics and structure

The UV/Vis absorption spectra of the CDs were measured in
ethanol, as shown in Fig. 2. In the high-energy absorption

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematicillustration of the preparation of four CDs. Right: four
kinds of CDs dispersed in ethanol under ultraviolet light at 365 nm.

region, all four CDs exhibited strong absorption. The absorption
peaks at 200-280 nm were attributed to the eigenstate (t—*) tran-
sition in the aromatic domain (C=C).* The absorption peaks at 280~
350 nm were assigned to the C=O0 eigenstate (n—7t*) transition.”
Compared with that of CDs-0, the absorption peaks of CDs treated
with acid were significantly redshifted, especially those of CDs-1 and
CDs-3. In the low-energy region, the absorption peaks of the three
CDs treated with acid appear between 420 and 520 nm because of the
surface defect state of the CDs. The absorption peak between 420 and
520 nm is attributed to the defect state transition caused by surface
functional groups, which may be due to the catalytic action of acid, so
that a large number of functional groups adhere to the surface of
CDs.* These groups may be amine groups, hydroxyl groups or other
oxygen-containing functional groups on the CDs surface, resulting in
samples with a surface state different from that of CDs-0. In addition,
CDs-1 and CDs-3 gave rise to obvious broad absorption peaks in the
low-energy region compared with CDs-2.

Fig. 3b-d shows the fluorescence emission (PL) spectra of
three kinds of CDs recorded in ethanol solution. The emission
peaks of CDs 1-3 were observed at 502, 500, and 513 nm,
respectively. The emission centre remained almost the same as
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Fig. 2 Absorption spectra of CDs-0, CDs-1, CDs-2 and CDs-3 in
ethanol. The inset is the enlarged absorption spectra (c = 0.1 mg
mL™Y).
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Fig. 3 (a) Fluorescence spectra of CDs-0 in ethanol at different
excitation wavelengths; (b—d) fluorescence spectra of CDs-1, CDs-2
and CDs-3 in ethanol at different excitation wavelengths (c = 0.1 mg
mL™Y).

the excitation signal increased, showing an excitation-
independent characteristic. Compared with that of CDs-
0 (Fig. 3a), the maximum emission peaks of CDs 1-3 changed
from 400 to 500 nm, and the fluorescence colour changed from
blue to bright green. In addition, the quantum yield of CDs-
0 was 4.8%,” and the quantum yields of CDs 1-3 were 46.2%,
14.6% and 36.4%, respectively. These results show that the
preparation of CDs with an acid catalyst can not only cause
a redshift in the fluorescence spectrum but also significantly
improve the fluorescence quantum yield of the CDs. In partic-
ular, the quantum yield of CDs-1 was as high as 46.23%.
Compared with CDs-2 and CDs-3, CDs-1 has better fluores-
cence, nearly ten times higher than the optical performance of
4.8% observed for CDs-0.

The morphology of the prepared samples was examined by
transmission electron microscopy (TEM). Representative TEM
images of CDs-1, CDs-2 and CDs-3 are shown in Fig. 4a-c,

Fig. 4 (a—c) TEM images of CDs-1, CDs-2 and CDs-3. lllustration:
histogram and Gaussian curve of the particle size distribution of CDs-1,
CDs-2 and CDs-3; (d-f) HR-TEM images.
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Fig. 5 (a) FT-IR spectra of CDs-1, CDs-2 and CDs-3; (b) photo-
luminescence lifetime attenuation patterns of CDs-1, CDs-2 and CDs-
3inethanol (c = 0.1 mg mL™Y) (Aex = 500 nm); (c) XPS spectra of CDs-1,
CDs-2 and CDs-3; and (d) high-resolution C 1s spectra of different
CDs.

respectively. We can clearly see the uniform spherical particle-
type morphology of these samples, and they show good mono-
dispersity. The average particle sizes of CDs-1 to CDs-3 were
5.5 nm, 3.4 nm and 5.2 nm, respectively. Similar to the fluo-
rescence of the CDs, the particle size of the CDs was found to be
proportional to the fluorescence yield, indicating that the
quantum size effect has a certain influence on the fluorescence
properties of the CDs. Fig. 4d-f shows HRTEM images of CDs-1
to CDs-3, showing a well-resolved lattice spacing of 0.21 nm,
close to the (100) diffraction phase of the crystal plane to
graphite carbon, which indicates that well-crystallized CDs have
been successfully synthesized.>

The Fourier transform infrared (FTIR) spectrum shown in
Fig. 5a shows that the surface of all CDs samples is rich in polar
functional groups, such as O-H/N-H (peaks at 3400 cm %),
C=0O0 (peaks at 1620 cm ') and C-O (peaks at 1050 cm '), thus
ensuring the excellent solubility of these CDs in polar solu-
tions.?® In addition, tensile vibrations of the C=0 (1620 cm ™)
and C=N (1500 cm ) bonds were observed for each sample,
indicating that a polyaromatic structure was formed in the CDs
during the reaction.”?® It is worth noting that CDs-2 shows a very
strong carbonyl signal peak, which may have a negative impact on
the fluorescence performance.* In addition, significant differences
in fluorescence emission mechanisms were identified by
measuring the fluorescence lifetimes (Fig. 5b). The fluorescence
lifetimes of CDs-1, CDs-2 and CDs-3 were determined to be 4.92,
3.74, and 4.82 ns, respectively. The fluorescence lifetime of CDs-2
was much shorter than those of CDs-1 and CDs-3.

X-Ray photoelectron spectroscopy (XPS) was used to further
investigate the surfaces of these samples. The full spectra pre-
sented in Fig. 5¢ show three typical peaks: C 1s (285 eV), N 1s
(400 eV), and O 1s (531 eV).* These findings indicate that the
samples consisted of the same elements. CDs-2 has the lowest
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content of C element, which may not be conducive to the
formation of conjugated structure. In the high-resolution
spectra (Fig. 5d), the C 1s band can be decomposed into three
peaks, corresponding to the C=C/C=N bond (284.8 eV), the C-
N/C-O bond (286.3 eV) and the C=0 bond (288.2 eV).** The
higher C=C/C=N ratios of CDs-1 and CDs-3 indicating the
formation of more sp” carbon domain in CDs, which may lead
to higher fluorescence efficiency (Table 1).*

Concentration-dependent wide spectral range response

Surprisingly, in addition to the fluorescence redshift and the QY
improvements, acid-catalysed CDs exhibit a concentration-
dependent redshift in the fluorescence.** As shown in Fig. 6a,
a series of CDs with different concentrations were prepared in
ethanol (c = 0.1, 1.0, 2.0, 5.0, 10.0, 20.0 mg mL ") for direct
observation. With increasing CDs concentration, the colour of
the solution changes from almost transparent to dark green in
the sun. In addition, upon excitation with 365 nm ultraviolet
light, the CDs in ethanol showed concentration-regulated
fluorescence. With increasing concentration, the fluorescence
of the CDs changed from green to yellow (Fig. 6b). Normalized
photoluminescence spectra of the CDs were obtained by fluo-
rescence detection of CDs-1 solutions with six different
concentrations. The photoluminescence peaks were observed at
approximately 502, 511, 524, 540, 552 and 575 nm (Fig. 6d),
showing a wide spectral response characteristic similar to that
of panchromatic CDs. Upon adjusting the CDs concentration,
the photoluminescence peaks varied in the range of 502-
575 nm, and the fluorescence colour ranged from green to
yellow. Increasing the CDs concentration promoted the aggre-
gation of CDs and led to cross-linking and a fluorescence
redshift, and no fluorescence self-quenching occurred. To
investigate the mechanism of the concentration-dependent
fluorescence redshift of the CDs, the UV absorption spectra of
CDs solutions with six different CDs concentrations were
measured. As mentioned above, the whole absorption spectrum
can be divided into three bands, at 263, 305 and 490 nm
(Fig. 6¢). As the concentration increased, the value of I 90/I563
increased from 0.11 to 0.35, indicating that the absorption ratio
of the surface state increased significantly.*” It can be seen from
the above results that the aggregation of CDs leads to an
increasing interaction of surface states between the CDs and the
redshift of the fluorescence.

Table 1 Elemental proportions and chemical bonds in CDs-1, CDs-2
and CDs-3

CDs1 (%) CDs-2 (%) CDs-3 (%)
C1s 76.3 64.3 92.4
O 1s 5.3 12.4 5.5
N 1s 18.4 23.3 2.1
C=C/C=N 88.0 75.0 85.0
C-N/C-0O 11.0 6.0 14.0
C=0 1.0 19.0 1.0

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Optical images of different concentrations of CDs-1 in ethanol
under natural light (a) and ultraviolet light (b) (from left to right, c = 0.1,
1.0, 2.0, 5.0, 10.0, 20.0 mg mL™Y), (c) UV/Vis absorption spectra and (d)
fluorescence spectra.

Colourful fluorescent CDs/PVA film

By exploiting the adjustable fluorescence characteristics at
different concentrations, we prepared green to yellow lumi-
nescent CDs/PVA composite films by adjusting the concen-
tration of CDs in PVA in solution. It can be seen from the
photographs (Fig. 7a and b) that by adjusting the concentra-
tion of CDs-1 in PVA, a green to yellow luminescent CDs/PVA
composite film was obtained, consistent with the fluores-
cence behaviour in the solution. As shown in Fig. 7c-f, the
fluorescence spectrum shows fluorescence emission peaks of
the CDs/PVA composite film at 500, 512, 527 and 550 nm as
the concentration of CDs-1 in the film increased from low to
high. The redshift of the fluorescence induced by the aggre-
gation of CDs-1 in the PVA films shows that CDs-1 has great
application potential in the preparation of colour fluorescent
films.
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Fig. 7 Image of a CDs fluorescent film under visible light (a) and
ultraviolet light (b) at 365 nm; (c—f) fluorescence spectra of the film
(corresponding to the film optical images from left to right and top to
bottom).
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Multicolour LED

In order to explore the stability of the fluorescence of CDs, we
studied its spectral changes in different visible and ultraviolet
light continuous irradiation time. The maximum attenuation
rate of the fluorescence intensity of the CDs under visible light
for 7 days is less than 10% (Fig. 8a). Meanwhile, the attenuation
rate of the fluorescence intensity of the CDs is less than 15%
after 3 hours of continuous ultraviolet light (1 = 365 nm)
(Fig. 8b).

Based on the fluorescence stability of CDs-1 and its unique
excitation behaviour in solid polymer matrix, the prepared CDs-
1 can be used as light-emitting diode material. To verify that
CDs-1 is excited by a UV-LED chip as a phosphor, we prepared
green fluorescent and yellow fluorescent LEDs by coating CDs/
PVA composites with different concentrations of CDs on a UV-
LED chip (365 nm excitation). The fluorescence photographs
and EL spectra are shown in Fig. 9a and c. The maximum
emission peak of the green LED is 500 nm, while the wide
emission peak of the yellow LED is concentrated at 550 nm.
Therefore, we can use the yellow fluorescence behaviour of CDs-
1 at high concentrations to prepare white LEDs by combining
CDs-1/PVA composites with a blue LED chip (B-LED, 460 nm
excitation). The B-LED emits blue light after the power is turned

Fig. 9 (a) Photoluminescence photograph (I-Il1); (b) CIE chromaticity
coordinates (I-111); and (c) PL emission spectra (I-1ll) of green, yellow
and white LEDs.
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on, and some of the blue light is absorbed by CDs-1 and con-
verted into yellow light.>** Another portion of the blue light
passes through the CDs-1/PVA composite and mixes with yellow
light to form white light. Fig. 9¢(III) shows the emission spec-
trum of the white LED. The emission peaks near 460 nm and
550 nm were attributed to the B-LED chip and CD-1/PVA
composite, respectively. As shown in Fig. 9b, the CIE coordi-
nates of the green, yellow and white LEDs are (0.22, 0.41), (0.38,
0.47) and (0.50, 0.43). The above results show the potential
application of acid-catalysed CDs in the field of LEDs.

Conclusions

In conclusion, efficient green fluorescent CDs were synthesized
by a solvothermal method with m-phenylenediamine as the raw
material and acid as the catalyst. Under the catalysis of an acidic
reagent, the fluorescence of CDs prepared by m-phenylenedi-
amine changed from blue to green, accompanied by a signifi-
cant increase in the quantum yield. The fluorescence of CDs-1
prepared with potassium bisulfate was the best, with a quantum
yield of 46.2%. In addition, by adjusting the concentration of
CDs-1 solution and enhancing the interaction of the CDs
surface states, the fluorescence of CDs-1 could be tuned from
green to yellow without fluorescence self-quenching. Using this
fluorescence characteristic, a series of colour CDs-1/PVA
composites were prepared with fluorescence from green to
yellow. In addition, green and yellow fluorescent LEDs were
prepared by coating the CDs-1/PVA composites on UV-LED
chips, while white fluorescent LEDs were prepared by coating
yellow fluorescent CDs-1/PVA composites on B-LED chips. This
study provides a new method for the development of efficient
green fluorescent CDs, which have excellent application
potential in optoelectronic devices.
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