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Full-color tunable photoluminescent carbon dots
based on oil/water interfacial synthesis and their

Hongchong Guo,? Bo You, {2 *2 Shuyan Zhao,? Yihao Wang,? Gang Sun,” Yujie Bai°

and Lei Shi®

Herein, we developed a facile method to produce high yield, full-color tunable photoluminescent (PL)
carbon dots (CDs) at the oil/water interface. This unique synthesis method for CDs involved the use of
the oil-soluble small molecule styrene as both the reactant and oil phase medium at low temperature
(60 °C) through a catalytic-oxidation reaction in an aqueous system, which resulted in a high product
yield (about 50 wt%). Interestingly, the hydroxy-rich CDs at the oil/water interface self-assembled into
nanospheres (N-CDs) spontaneously via hydrogen-bond interactions in the presence of styrene droplets.
Without any surface passivation, the N-CDs exhibited self-quenching-resistant and full-color tunable PL
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Accepted 15th June 2018 properties, which are highly desirable in the optoelectronic field. The mechanism of the formation of N-
CDs and their emission is proposed for the first time, which provides insight into the possible chemical
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processes occurring during the preparation. These distinctive CDs have potential novel applications in PL

rsc.li/rsc-advances coatings, smart wearable optoelectronic devices, light emitting diodes, full-color displays, and solar cells.
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Introduction

Carbon dots (CDs), a famous carbon-based nanomaterial,
represent an exciting new class of oxygen-containing carbo-
naceous emitters and have attracted intense attention.
Compared to traditional semiconductor quantum dots (QDs)
such as CdX (X = S, Se, and Te), PbS and organics dyes, CDs
have unique properties, such as low-cost, easy synthesis, good
water solubility, stable fluorescence, low toxicity and
biocompatibility," which are regarded as potential candi-
dates for the advancement of bio-imaging, sensing, photo-
catalysis, light-emitting diodes, full-color displays, and opto-
electronic devices.®'® Recently, a wide range of synthetic
approaches, including top-down and bottom-up methods,
have been pursued to produce CDs, such as arc-discharge,"
laser ablation,* pyrolysis,”*™® wet oxidation,"’*' ultrasound
synthesis,** microwave-assisted synthesis,*** hydrothermal
synthesis,* and electrochemical etching routes.>*** However,
the large-scale, controllable synthesis of multifunctional CDs
is still challenging.
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For example, most synthetic methods are unable to control
the lateral dimensions and surface chemistry, and are unsuit-
able for the large-scale production of CDs. Furthermore, effi-
cient and one-step strategies for the preparation of PL CDs are
still lacking in this field. Currently, the fluorescence emission
across the entire visible spectrum has been recognized as a key
requirement for implementing CDs in nearly all practical
applications.***> However, the as-prepared CDs covering the
entire visible spectrum are still inadequate.***® Moreover,
nearly all CD-related research has focused on fluorescence from
aqueous solution for bio-imaging or ion detection, while
numerous applications, e.g., functional films, fabrics and
optoelectronic devices and sensors, generally require PL mate-
rials emitting in the solid state.’”~** Thus, conventional CDs are
unable to support these applications. Despite the great success
in this area, it is still urgent to develop novel techniques for the
synthesis of high yield, full-color tunable PL CDs with unique
properties for photoelectric applications.

Oil/water interfacial synthesis is usually used for the fabri-
cation of nanocrystals such as noble metal (Au, Pt, and Ag),
semiconductors (CdS, PbS, and ZnS), rare earth fluorescence
(TiO,, CuO, ZrO,, SnO, and ZnO), and magnetic nanocrystals
(CoFe,0,).* Meanwhile, the lower surface tension and mini-
mized Helmholtz free energy of interfacial systems cause
nanoparticles to self-assemble into thin films (nano-layers),
vesicles and other two-dimensional (2D) structures for a broad
range of applications such as electronics, optics, catalysis and
sensors.*’** The interfacial synthesis and self-assembly of nano-
materials is facile, green, easy controllable and operation.

This journal is © The Royal Society of Chemistry 2018
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However, this method has rarely been reported for the fabrica-
tion of CDs.

Herein, we present a facile and one-step strategy for the
synthesis of PL CDs at the oil/water interface using the oil-
soluble small molecule styrene as both the reactant and oil
phase medium, which results in a high product yield (ca.
50 wt%) and distinctive characteristics. Different from the
conventional interfacial synthesis, this strategy uses the small
organic molecule styrene as both the reactant and oil phase
medium, copper sulfate (CuSO,) as the catalyst dissolved in the
water phase and hydrogen peroxide (H,0,) as the oxidant and
the initiator. The products are generated at the interface of the
styrene droplets and water through a catalytic-oxidation process
at a reaction temperature as low as 60 °C. Besides, other
benzene series including benzene, benzyl alcohol, xylene can
also be converted to CDs under the same conditions. Since the
final products are CDs and water, this reaction is environmen-
tally friendly and significant. Interestingly, the high concen-
tration of CDs at the oil/water interface self-assemble into
nanospheres (N-CDs). The PL emission of the N-CDs can be
tuned by varying the reaction time, temperature and concen-
tration of oxidants, resulting in self-quenching-resistant and
full-color tunable PL properties (400 to 800 nm). Without any
surface passivation, the acquired products exhibit good
dispersion in waterborne polymer latex systems and polar
organic solvents (such as methanol, ethanol, acetonitrile,
acetone tetrahydrofuran, and methylene chloride). Moreover,
the colloidal CD ethanol solution can also be used to dye various
textiles knitted from PET, nylon, cotton and iron wire without
fluorescent quenching, which is extremely promising for many
applications, e.g., light-emitting diodes, full-color displays, and
optoelectronic devices.

Experimental

In a typical procedure for the synthesis of diamond-like CDs,
styrene (0.208 g, Aladdin, purity >98%) and H,0, (400 mM) were
added to a CuSO, (20 mM) solution of DI water (10 mL) at 60 °C
under stirring for 12 h. The final aqueous dispersion of brown
particles was purified by centrifugation and washed with water
several times to remove the supernatant including the residual
organic molecules and inorganic impurities. Then the purified
brown CDs were dried at 60 °C for structural characterization
and measurements. The synthetic procedure for the CDs using
other benzene compounds was similar to that of the styrene-
CDs except for the addition of different benzene compounds
in the same media: 0.2 mol L™ benzene, 0.2 mol L™ benzyl
alcohol and 0.2 mol L™" xylene.

TEM and HRTEM observations were performed on an
aberration-corrected TEM (FEI Tecnai G2 F20 S-Twin) operating
at an acceleration voltage of 200 kV. Absorption and fluores-
cence spectra were recorded at room temperature on a Hitachi
4100 spectrophotometer and QM40 fluorescence spectropho-
tometer, respectively. > CNMR spectra of the sample powders
were collected on a 400M Bruker AVANCE III HD instrument.
BC-NMR spectra of the CD powder and liquid "H-NMR spec-
troscopic measurement were collected on a 400M Bruker
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AVANCE III HD instrument. FT-IR spectra of dried sample
powders were recorded with a Bruker VERTEX 70 spectrometer.
Raman spectra were recorded on a XploRA in plus laser Raman
spectrometer with lexc 1/4 638 nm. XPS spectra were collected
using a PHI 5000C & PHI5300 X-ray photoelectron spectrometer.
The PL QY of CD ethanol solutions from the benzene series was
determined by comparing the integrated PL intensities (excited
at 365 nm) and the absorbance values (at 365 nm) using quinine
sulfate in 0.10 mmol L™ H,SO, as the reference.

Results and discussion

The preparation of the CDs was readily accomplished, where
the oil-soluble small molecule styrene was added to deionized
water first, which formed a two-phase system including an oil
phase and a transparent aqueous phase. Then, CuSO, and H,O,
were used to initiate the reaction at 60 °C (Fig. 1a). The mixture
solution was stirred for the entire process. After 30 minutes, the
solution turned yellow and egg-yellow products were suspended
on the surface of the solution. About six hours later, more and
more brown product was suspended on the oil/water interface,
as shown in Fig. 1a. The products were purified by centrifuga-
tion and washed with water several times to remove the
supernatant including the residual organic molecules and
inorganic impurities, and then dried in a vacuum oven.

The morphology of the CDs was characterized via trans-
mission electron microscopy (TEM) and high resolution trans-
mission electron microscopy (HRTEM), as shown in Fig. 1b-d.
The HRTEM images indicate that the size of a single carbon dot
is about 2-3 nm and several carbon dots “hand in hand” self-
assembled into nanospheres (N-CDs) with diameters in the
range of about 50-200 nm (Fig. 1c). The obvious lattice spacing
is observed to be about 0.208 nm, and the selected area electron
diffraction (SAED) pattern reveals that the ratio of squares of the
ring radius is 3 : 8 : 11, which corresponds to the {111}, {220},
and {311} planes of cubic diamond (the inset of Fig. 1d). These
results indicate the as-synthesized CDs might have a diamond-
like crystalline structure.***¢ The ultraviolet-visible (UV-Vis)
absorption spectrum of the CDs display a broad absorption
band (200 to 800 nm) (Fig. 1e), which indicates a broad size
distribution in this system, which is a general phenomenon of
the bottom-up synthetic strategy.”” Additionally, the present
method can also be applied to other oil-soluble small molecules
in the benzene family such as benzene, benzyl alcohol and
xylene (see the ESI, Fig. S11). Without any surface passivation,
the PL quantum yields of the CDs synthesized using benzene,
styrene, benzyl alcohol and xylene were 0.26, 2.44, 0.39 and 0.43,
respectively, under 360 nm excitation using quinine sulfate in
0.10 mmol L™ H,S0, as a reference (Fig. $21).*® These values
are much higher than that of CDs without surface passiv-
ation.*”** Photographs of the terminal reaction solution and the
powders of the CDs synthesized using different benzene
compounds as the carbon source are shown in Fig. 1f and g,
respectively.

Furthermore, the PL emission spectra obviously show that
CDs have multi-emission properties, which depend on the
excitation wavelength (Fig. 2a). Upon excitation of the CDs at
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Fig.1 Preparation and structural characterization of CDs. (a) synthetic procedure; (b) TEM images of CDs; (c) HRTEM images and SAED of CDs;
(d) UV/Vis absorption spectrum and PL emission spectra of a raw CDs aqueous solution excited at 420 nm (inset: photographs of a raw CDs
aqueous solution under sunlight and 405 nm laser pointer). (e) Optical photographs of the terminal reaction solution (after 24 h) (f) and (g) the
powders of the carbon dots synthesized by benzene, styrene, benzyl alcohol and xylene.

varying wavelengths ranging from 300 to 600 nm, their emitted
fluorescence maximum red shifted from 400 to 800 nm and the
highest fluorescence intensity was observed at 420 nm excita-
tion. The Raman spectrum shows a D band at 1360 cm ™", which
reflects the disorder or defects in the graphite carbon or glassy
carbon, and a strong signal for the G band assigned to the sp*
carbons at 1590 cm ™' (Fig. 2b).*® This suggests that the CDs may
contain a percentage of graphite structure on the surfaces of
diamond cores.”* Moreover, the existence of sp*-and sp’-
hybridized carbon atoms is confirmed from the solid "*C NMR
spectrum (Fig. 2c). The signals in the range of 25-50 ppm (6 =
38 ppm) correspond to aliphatic (sp®) carbon belonging to the
diamond core,**** while that in the range of 50-100 ppm (6 = 79
ppm) are assigned to oxygen-doped carbon atoms modified on
the surface of the diamond cores. The signals in the range of
90-150 ppm indicate sp>-hybridized carbon atoms. Besides the
3C NMR spectrum, the "H NMR spectrum further verifies the
sp> aromatic proton resonance signals of the CDs, which are in
the range of 6-8 ppm. Also, the signals in the range of 150-
200 ppm in the ">C NMR spectrum are mainly attributed to the
carbonyl groups on the surface of the CDs (Fig. S3t). Based on

24004 | RSC Aadv., 2018, 8, 24002-24012

these results, the CDs obtained most probably consist of
a nanocrystalline sp® core that features diamond carbon and
a graphitic shell, which are stabilized by transforming into sp>
carbons and functionalization with carbonyl moieties on the
particle surface.

The FTIR spectrum (Fig. 2d) also shows that the surface of
the CDs has abundant oxygen-containing functional groups.
The broad absorption band at 3100-3500 cm ™' is assigned to
»(O-H), and the absorption peaks at 1717 cm™ " and 1234 cm ™"
are attributed to the C=0 and C-O-C groups, respectively,
which indicate the CDs have an oxidized surface. Furthermore,
the peaks at 1616 cm ™" and 835 cm ™" are assigned to the sp®
aromatic C=C units and aromatic CH, rocking, respectively.
The asymmetric and symmetric stretching, and out-of-plane
and in-plane bending vibrations of CH; and CH, on the CDs
are located at 2926, 2855, 1375 and 1454 cm™ * bands. The bands
in the range of 1000-1300 cm ' correspond to the C-OH
stretching and -OH bending vibrations, which imply the exis-
tence of a large number of residual hydroxyl groups.*® The
typical X-ray photoelectron spectroscopy (XPS) data shows that
the CDs only contain two elements, about 77% carbon and 23%

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Characterization of the microstructure and surface state of the as-synthesized CDs. (a) PL emission under different excitation wave-
lengths, (b) Raman spectrum, (c) *C-NMR spectrum, (d) FTIR spectrum, (e) XPS spectrum and (f) C 1s XPS spectrum of the CDs. The sample was

prepared using styrene with 400 mM H,O, and 20 mM CuSOg,.

oxygen (Fig. 2e). The C 1s spectrum reveals two carbon atom
peaks at ca. 284.8 eV (C=C or C-C) and 288.2 eV(C=0) (Fig. 2f).
All these results prove the chemical structure and surface
functional groups involved in the CDs, which are favorable for
their stability in aqueous systems.

Furthermore, the intrinsic PL properties of the CDs were
thoroughly investigated. The PL decay trace of the CDs in
ethanol solution could be fitted well using a mono-exponential
function with an average lifetime in the range of 2.22-2.43 ns,
which were prepared with s lower degree of oxidation
(<600 mmol L™ H,0,) (Table S1t). In contrast, the PL decay of
the CDs with a higher degree of oxidation (>600 mmol L™
H,0,) is fitted well to a bi-exponential function with an
increased average lifetime of 2.50 ns, which is comparable to
that of previously reported CDs (Fig. S4at).”” This further

This journal is © The Royal Society of Chemistry 2018

demonstrates that the emission is contributed by two compo-
nents, ie., surface fluorophores and diamond cores. Besides,
they demonstrated high photostability for a period of 1000 s
(Fig. S4bt) and possessed reversible thermo-sensitivity when
the temperature varied from 293 K to 393 K (Fig. S4ct). Another
interesting phenomenon of this pH-dependent behavior is that
the PL intensities of the CDs decrease in solution with a high or
low pH value, whereas they remain almost stable when the pH
changes from 5 to 9 (Fig. S4d+).

To gain more insight into the origin of the CDs, we tried
different techniques to illustrate the possible mechanism of
their formation. HRTEM was employed to observe the growth of
the CDs. At the beginning of the reaction with H,O, oxidation,
a few CDs were generated. Subsequently, with an increase in
reaction time, large quantities of CDs were produced, and self-

RSC Adv., 2018, 8, 24002-24012 | 24005
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assembled into nanospheres (N-CDs) simultaneously (Fig. 3a-
c). Additionally, their time-dependent UV-Vis absorption
spectra were also monitored during the initial process, which
indicate an increase in UV-Vis absorption (<600 nm) with an
increase in the amount of nanoparticles produced (Fig. S57).
Meanwhile, the fluorescence emission intensity was enhanced
until the maximum at 210 minutes and then declined slightly
(Fig. 3d). This suggests that the high concentration of CDs
contributed to the increased luminescence intensity until the
intensity almost did not change, which implies high photo-
stability without self-quenching. Fig. 3g shows the possible
dynamic process. Since the oil-soluble styrene is not miscible
with water by mixing, two phases were formed initially. After
continuous stirring, styrene formed a variety of oil-droplets with
different sizes in the water phase as both the reactant and oil
phase medium. With the addition of CuSO, and H,0,, CDs were
produced at the interface of the styrene droplets and water via
a catalytic-oxidation process. Under H,0, oxidation, more and
more CDs were endowed with large quantities of carbonyl and
hydroxy groups. Finally, the hydroxy-rich CDs at the oil/water
interface self-assembled into nanospheres via hydrogen-bond
interactions until the styrene droplets were totally converted

View Article Online
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into N-CDs in reaction equilibrium, while maintaining the
minimum Helmholtz free energy.*®

To the best our knowledge, the reaction mechanism of the
as-produced CDs formed in the CuSO,/H,0, catalytic-oxidation
system is notably different from the mechanism that usually
explains the formation of iron-based photo-Fenton systems.*
The possible nucleation mechanism of the CDs may be that
under CuSO, catalysis, H,O, is rapidly decomposed, which
produces a large amount of active intermediate -OH species in
water when the pH is about 3-4 (Fig. S61) and then the solution
turns yellow.*® The possible reaction proposed is as follows ((1)-

(4):*

Cu(u) + H,O, = Cu(1) + HO,"+ H* 1)

HO," = 0, + H* (pK, — 4.8) 2)

Cu(n) + O," (or HOy") = Cu(1) + O, (or O, + H)  (3)
Cu(i) + H,0, — Cu(ii) + ‘OH + OH™ (4)

In the first step, Cu(u) is reduced to Cu(i) by H,0,, which
produces a hydroperoxyl radical (HO,") (reaction (1)). HO," or its

a b
d ¢ f
———> Red-shift =——0min 55 Ls7o E
= s . £ Oxidation
g ] £ §
o lseo B &
2 — 45 ‘/ S o
@ = e ¢ g o
c < [ 4 T <
[7] 40 550 > ©
= k=4 E E
= 2 ® s
= 2. L i
o -@-Yield (%) o c
304 -@-Emission Wavelength (nm) D o
® o
500 600 700 800 0 100 200 300 400 500 600 700 800 900 W 4000 3500 3000 2500 2000 1500 1000
Wavelength (nm) H,0, concentration (mM) Wavenumber (cm™)
g
000,
Styrene = ;". s C e
CDs «—* R ' st)s @
{ SD o st , . e &
= — - H,0,/CuSO;, '/,/ Assembly:\ 5 ’sD. S J«S? _ After %
= - - > ° ( > (
60C stiring A 3 \ St). ' 5 : ‘% * | reaction %
= = _ Y FE 3 zg‘
o / *
Water - - Water , -'\ SD;*Styrene droplet| Water e & Water %

Fig. 3 HRTEM image of the CDs formed at (a) 30 min (b) 120 min and (c) 180 min. (d) PL emission spectra of the CDs as a function of reaction
time. (e) Yield and PL emission wavelength versus concentration of H,O, excited at 420 nm in ethanol solution. (f) FTIR spectra with different
concentrations of H>O, (100 mmol L™, 200 mmol L™, 400 mmol L% 600 mmol L™, and 800 mmol L™3). (g) Schematic for the formation of N-

CDs.
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conjugate base (superoxide radical anion, O,"") can reduce
another molecule of Cu(u) (reaction (3)). Then, the irreversible
reaction of Cu(r) with H,O, produces -OH. In this process, the
overall kinetics depends on the rate of the reduction of Cu(xu) to
Cu(1), which is governed by reaction (1) (ie, the rate-
determining step). Upon mechanical agitation and active
group oxidation, many styrene droplets are decomposed to form
C,, C;, CyH,, and other small radicals (Fig. 3g).®* With the
significant production of H', the acidity of the solution
increases (pH < 2) (Fig. S61) and some small radicals rapidly
form dense carbon clusters and crystallize into CDs rather than
be further oxidized into CO,. This is due to the slow generation
rate of -OH in acidic media upon the reversible reaction process
of the intermediate Cu(u) with H,0,. Some water soluble
organics (such as citric acid, ascorbic acid, and ethylene glycol)
can also be carbonized to CDs by this catalytic-oxidation
method (see Fig. S77T). Therefore, surface-bonded hydrogen,
which remains from the hydrocarbon molecules, contributes to
the irregular shape of the CD particles, as previously reported.
Furthermore, due to the presence of surface hydrogen, the CDs
are energetically favoured over aromatic compounds without
the need for high pressures or extreme kinetic conditions.****
After continuous oxidization, the sp® diamond cores finally
stabilize through termination with some percentage of graphite
shell sp® carbon.®* Thus, the formation of graphite (amorphous
carbon) and diamond is possible, and the yield of which may be
determined by reaction kinetics.®® Furthermore, the fluores-
cence wavelength of the CDs obtained at a given time displayed
a red-shift as larger N-CDs were considered (Fig. 3d). These
results illustrate that the N-CDs in this system may play a key
role in the fluorescence emission, and the size of the N-CDs
might affect the red-shift of the fluorescence wavelength
maxima. Accordingly, we speculate that the reason why and how
the CDs can resist self-quenching is probably as follows: firstly,
the diamond cores with hardness cannot directly contact with
each other, and the repulsion keeps the CDs an appropriate
interval (within the Forster distance, R,) between the inner
particles.®” Secondly, the self-assembled CDs as building blocks
interacted through weak forces: van der Waals and hydrogen
bonding. The formed N-CDs enhanced luminescence intensity
more than the single carbon dots and induced a red-shift om
the emission. Some researchers have attributed this phenom-
enon to the conjugate effect or quantum-size effect;*** never-
theless, the mechanism remains an open question. Therefore,
compared with the conventional graphitized CDs, the existence
of diamond-like cores prevented m-m interactions in the pure
graphitic structure, and the N-CDs resisted self-quenching in
the aggregation state in the aqueous system and give rise to
a red-shift in the emission simultaneously. In other words,
without any complex surface modification to solve the issue of
CD aggregation, self-quenching can be effectively avoided,
which reduces the cost compared with existing methods.

Our results also show the surface-state-tunable PL emission
of CDs with different degrees of surface oxidation, which is
consistent with previous reports.” Fig. 3e displays not only that
a high yield of CDs can be acquired by increasing the concen-
tration of H,O, but also the fluorescence peak wavelength

This journal is © The Royal Society of Chemistry 2018
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maximum red-shifts. However, no obvious changes are
observed when more CuSO, is added under the same conditions
(Fig. S8a and S8b+t). The FTIR spectra prove that the carbonyl
group (C=0) was gradually formed on the surface of the CDs by
oxidation with a higher concentration of H,O, (Fig. 3f).” This
means that the predominant emission with the maximum
transition on the CDs is probably associated with H,0, oxida-
tion through the one-step oxidation process. The higher
concentration of H,0, may result in a higher degree of surface
oxidation states, which further facilitate the formation of CDs
with long-wavelength emissions. Additionally, the intensity
ratios of the D-bands to G-bands (I, to I;) of the Raman signal of
the CDs oxidized by increasing the concentration of H,0, were
0.42, 0.47, 0.49, 0.54, and 0.56, respectively (Fig. S91), which
indicates a growing fraction of defects on the CDs.” The surface
defects created by surface oxidation serve as capturing centers
of excitons, thereby giving rise to surface-state-related fluores-
cence. Therefore, the higher degree of surface oxidation, the
more surface defects on the CDs. Consequently, this change
narrows the energy levels and causes a red-shifted emission in
the CDs.”>”* All these results manifest that the emission is
possibly attributed to the surface oxidation state of the CDs, and
a higher degree of the surface oxidation resulted in a longer
wavelength emission.” Therefore, controllable full-color PL
CDs can be acquired by tuning the size and surface oxidation
degree of the N-CDs.”"°

Interestingly, we noticed that the optimal emission was red-
shifted from 450 nm and 560 nm to 660 nm, when the CD
powder was re-dispersed in ethanol with an increased solute
concentration (Fig. S10a-dt), which means full-color PL emis-
sion can be realized by varying the CD concentration, which is
more controllable than the use of excitation-independent crys-
talline organic molecules.”””® Besides, distinctive luminescence
emission of the CDs in different polar solvents (such as meth-
anol, ethanol, acetonitrile, acetone tetrahydrofuran, and
methylene chloride) could be achieved (Fig. S10f}), which also
confirms their high content of surface polar organic groups.”
Therefore, CDs/polyacrylate coating films can be fabricated by
mixing the CDs with polyacrylate latex in different ratios. The
coating films are so transparent with a good optical properties
that the Fudan Logo is clearly observed on a metallic substrate
in the visible light region, with a transmittance (7) of ca. 80% at
in the wavelength range of 400-800 nm for a 1.33 wt%
concentration of CDs in the coating film, which is much higher
transparency than that of other CD composites (Fig. 4a-f and
Fig. S11at).®° Hence, the good transparency of the coating films
further demonstrates the uniform dispersion of CDs in the
waterborne polyacrylate latex and complete absence of
agglomerated CDs in the polymer matrix, which avoids the
usual Rayleigh scattering and luminescence quenching.®*

Significantly, bright visible blue, green, yellow and red
emission from the CDs/polyacrylate fluorescence coating films
were achieved upon excitation by a single wavelength (Fig. 4i-v),
while the pure polyacrylate latex coating films could only reflect
ultraviolet light (Fig. 4ii). As the loading fraction of CDs
increased, color changes were observed (Fig. 4iii-iv). Addition-
ally, the fluorescent coatings can be painted on the substrate,

RSC Aadv., 2018, 8, 24002-24012 | 24007
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Fig. 4 Optical photographs of acrylic resin doped with various ratios of carbon dots upon visible light (a—f) and full-color fluorescent coatings
(blue, green, yellow, red CDs with UV light (i-v): (a) CDs in ethanol. (b) Acrylic resin without CDs (control). (c) Acrylic resin with 0.67 wt% CDs. (d)
1.33% CDs. (e) 1.33% CDs acrylic resin coated on the middle of the metallic school badge (d = 2cm). (f) large-area coatings (1.33% CDs) 30 mL on
the 50 x 32 cm PET films under visible light. The fluorescence microscopy images (green, yellow, red) were obtained through band-pass filters at
different wavelengths: 500 nm, 550 nm, and 600 nm.
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Fig. 5

Fluorescence images (i—iii) and bright-field image (iv) of textiles dyed with colloidal CDs ethanol solution. The PL textiles knitted by (a)

PET, (b) nylon, (c) cotton, (d) iron fibers (insets) were captured under UV, blue, and green excitation; the fluorescent dyes used here was CDs

ethanol solution. Scale bars: 200 um.

such as the PET film with only 1.33 wt% loading fraction of CDs,
which will greatly satisfy large-area applications for coating
films, fabrics and solid-state flexible optoelectronic devices
(Fig. 4f and Fig. S11bt).**> Moreover, the good dispersion in
polar solvents and excitation-wavelength-dependent PL prop-
erties of the CDs make full-color PL-tunable textiles possible.
The colloidal CD ethanol solution could directly dye various
textiles knitted from PET, nylon, cotton, and iron fibers, which
exhibited stronger adhesion properties and brighter lumines-
cence than conventional graphitic CDs (Fig. 5i-iv).** Such
outstanding full-color PL textiles are expected to be an ideal
alternative for wearable PL devices such as smart wearable solar
cells instead of costly, toxic heavy metals complexes and

This journal is © The Royal Society of Chemistry 2018

mutagenic, carcinogenic, persistent organic dyes.* Therefore,
unlike traditional quantum dots, which need to be surface
functionalized via quite sophisticated methods, the CDs with
a large amount of hydroxyl and carbonyl groups on their surface
exhibit unique optical properties, which endow them with
potential large-area applications in PL coatings, smart wearable
optoelectronic devices, light emitting diodes, full-color displays,
and solar cells.

Conclusion

In summary, we have demonstrated a facile, green, simple and
controllable approach to fabricate CDs at the oil/water interface

RSC Adv., 2018, 8, 24002-24012 | 24009
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using a CuSO,4-H,0, catalytic-oxidation system. This is the first
time the general synthesis of CDs is proposed using an oil/water
two-phase system. The characteristic feature of the synthesis is
that neither harsh conditions nor surface passivation is needed.
In particular, the oil-soluble small molecule styrene acts as both
the reactant and oil phase medium. The yield of CDs was about
50 wt%, which is a relatively high yield for the production of
quantum dots in comparison to traditional synthetic methods.
Furthermore, the self-assembly of CDs via hydrogen-bond
interactions at the oil/water interface results in self-
quenching-resistant and full-color tunable PL properties,
which can be controlled by varying the reaction time, temper-
ature, concentration of oxidants and assembly sizes. This will
expand the novel applications of CDs in coating films, wearable
optoelectronic  devices, light-emitting diodes, full-color
displays, and solar cells. More importantly, this synthesis for
converting benzene compounds into CDs prevents the emission
of greenhouse gases such as CO, from thermal oxidation (1000
°C), Fenton reactions and UV/O; oxidation systems, which will
open a new area for the degradation of industrial volatile
organic compound (VOC) pollutants.
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