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Red, green, and blue CDs were successfully prepared by a sol-
vothermal method using gallic acid as the raw material. The distinct
optical features of these CDs are based on the differences in the size of
their sp?>-domains, which can be governed by reaction solvents.

Carbon dots (CDs) are widely used in biosensing, bioimaging,
fluorescent labeling and other fields due to their good fluores-
cence properties and biocompatibility.”® Compared with
traditional fluorescent dyes, CDs have the advantages of a wide
excitation range, strong fluorescence intensity, and good fluo-
rescence stability.* There are also many methods for preparing
CDs, such as oxidation, hydrothermal synthesis, and microwave
synthesis.*” Biomass has also been used to prepare CDs with
excellent characteristics because it has many sources, is non-
toxic and has renewable characteristics.®*°

To date, studies have used different solvents to develop
multicolor wavelength-emitting CDs."*™ Recently, the mecha-
nism of solvent discoloration has attracted attention.**** The
research and characterization results show that the reaction in
different solvents will produce differently sized sp>-domains of
the prepared CDs, and the solvent not only acts as a reaction
medium, but also as a reaction precursor, which affects the
CDs. When preparing carbon dot materials with unique fluo-
rescence properties, specific solvents can be used in the
synthesis."'*”

CDs have been synthesized from many kinds of biomass
materials. Aromatic hydrocarbons were selected as the carbon
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source from among many precursor materials to obtain high-
quality CDs. Gallic acid (GA) is a naturally derived polyphenolic
compound with a benzene ring (Fig. 1) and is widely found in
fruits and plants. Although its structure is very favorable for the
preparation of CDs, multicolor luminescent CDs based on GA
have not been reported because it is difficult to obtain an
extended conjugated structure with only the phenolic hydroxyl
group of GA.**?°

Herein, we report the preparation of multicolor luminescent
CDs based on GA, which can react with o-phthalaldehyde via the
aldol condensation reaction.?"** The high reactivity between the
phenol hydroxyl group and benzaldehyde group can ensure the
formation of a relatively large conjugated system in the process
of CD formation, and promote the redshift of the fluorescence
wavelength. By testing a variety of solvents, such as methanol,
ethanol, acetone, octane, toluene, THF, and DMF, we found that
GA and o-phthalaldehyde can produce stable CDs with orange-
red emission under alkaline conditions with methanol as the
solvent; the use of acetone as a solvent can result in stable CDs
that emit green light. With the same precursor and under
identical alkaline conditions, DMF was used as the solvent to
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Fig. 1 Solvent engineering strategy for the synthesis of multicolor
fluorescent CDs using gallic acid and o-phthalaldehyde as starting
materials under alkaline conditions.
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prepare blue-emitting CDs. However, the fluorescence of the
CDs prepared in ethanol, toluene, octane and THF was very
weak (Fig. S17). Three typical CD samples with blue (by DMF),
green (by acetone), and red (by methanol) fluorescence were
chosen for further characterization and were labelled B-CDs, G-
CDs, and R-CDs, respectively. At the beginning of the experi-
ment, the effects of (0-, m-, and p-) phthalaldehyde on the
synthesis of CDs were also studied. It was found that the latter
two compounds could not form fluorescent CDs when reacted
with GA. The obtained RGB-CDs can be dispersed in various
common organic solvents to obtain a clear solution. For
example, clear RGB-emitting solutions were formed when the
CDs were dispersed in ethanol under UV irradiation (Ax = 365
nm; Fig. 1).

Transmission electron microscopy (TEM) was performed to
examine the morphologies of the prepared CD samples. As
shown in Fig. 2a—c, the TEM image shows that the R-CDs, G-CDs
and B-CDs were monodisperse, and their sizes were 2.2 nm, 2.7
nm, and 2.9 nm, respectively. The high-resolution TEM images
(Fig. 2d-f) of the samples show well-resolved lattice fringes of
graphitic carbon with an interplanar spacing of 0.22 nm, similar
to the (100) crystal plane of graphitic carbon.'* Obviously, the
similar particle size of the three samples suggests that the
quantum size effect was not the dominant mechanism
responsible for the chromatic emissions.

The UV/Vis absorption spectra of the CDs were measured in
ethanol, as shown in Fig. 3a. In the UV region, absorption peaks
were observed at 254, 225, and 220 nm for R-CDs, G-CDs, and B-
CDs, respectively; these peaks corresponded to the m—m* tran-
sitions of the C=C bonds in the carbon cores.”® Moreover,
typical B absorption bands (269 and 273 nm) were observed for
G-CDs and B-CDs, indicating the retention of the isolated
aromatic structure within the carbon cores. In contrast to the G-
CD and B-CD spectra, the spectrum of the R-CDs did not have
a B absorption band, which means that they had a longer
conjugated structure. Unlike many other reported CDs,* ours
did not exhibit surface-defect state absorption in the visible
region. Fig. 3b-d shows the fluorescence emission (PL) spectra

Fig. 2 (a—c) TEM images of R-CDs, G-CDs, and B-CDs. Inset: histo-
grams and Gaussian fittings of the particle size distribution and (d-f)
enlarged TEM images of R-CDs, G-CDs, and B-CDs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UV/Vis absorption spectra of R-CDs, G-CDs, and B-CDs (c =
0.1 mg mL™Y); (b—d) PL emission spectra of R-CDs, G-CDs, and B-CDs
in ethanol at different excitation wavelengths (c = 0.1 mg mL™Y).

of three kinds of CDs in ethanol solution. The emission of R-
CDs, G-CDs and B-CDs is almost independent of the excitation
wavelength.®® As seen in the corresponding fluorescence
spectra, the R-CDs excited using 350-530 nm light showed
a fluorescence peak at 585 nm, and a quantum yield of 23% was
obtained under 500 nm excitation. For G-CDs, strong green
emission was observed. Under excitation at 360-4460 nm, an
emission band was formed at 517 nm, and a quantum yield of
11% was obtained under excitation at 500 nm. Additionally, B-
CDs showed obvious blue light emission under UV excitation
(330-370 nm), with a peak at 427 nm and a quantum yield of
10% under 340 nm excitation.

Fourier transform infrared (FT-IR) spectroscopy was per-
formed to characterize the surface functional groups of the
samples. As shown in Fig. 4a, the three CDs exhibited similar
FTIR spectra, indicating that their chemical compositions were
similar. According to the O-H stretching vibration near 3437
em ', R-CDs, G-CDs and B-CDs have abundant hydrophilic
groups, ensuring good solubility in polar organic solvents.>® On
the other bands corresponding to the functional groups, the
peak at 1625 cm ™' is attributed to C=0, and the peak at 1063
em ! is attributed to C-0.2* The Raman spectra of the three CDs
(Fig. 4b) show two peaks at 1348 and 1590 cm ™', corresponding
to the disordered structures (D band) and the graphitic carbon
domains (G band), respectively. The I,/I ratios of the R-CDs, G-
CDs, and B-CDs were 1.84, 2.07 and 2.19, respectively, indi-
cating a gradual reduction in the size of the sp>-domains.™

The functional groups of the three carbon dots were studied
by X-ray photoelectron spectroscopy (XPS) to determine the
group distribution characteristics of the prepared carbon dot
samples. As shown in Fig. 4c, the elemental compositions of the
different carbon dots were similar, and these CDs contained two
main elements; the spectra show the C 1s core level (284.7 eV)
and the O 1s (532.4 eV) core level.”* The oxygen content of the G-
CDs was the highest compared with those of the other two CDs
(Table 1). In high-resolution X-ray photoelectron spectroscopy

Nanoscale Adv, 2022, 4,14-18 | 15
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Fig. 4 (a) FT-IR spectra, (b) Raman spectra, (c) XPS survey spectra, and

(d) high-resolution C 1s spectra of R-CDs, G-CDs, and B-CDs.

(Fig. 4d), the resolved C 1s spectrum shows peaks at 284.8, 286.4
and 288.2 eV, indicating the presence of the C=C/C-C, C-O and
C=0 bonds, respectively.>® The proportion of the C=C/C-C
components gradually decreases from R-CDs to G-CDs to B-CDs,
indicating that the sp>carbon structure also decreases; this
result is consistent with that of Raman spectroscopy.**

In general, there are two common CD photoluminescence
mechanisms.” One is based on the band gap transition in the
conjugated m-domains and the other is related to the surface-
defects of the CDs. We believe that, in our system, the conju-
gated m-domains are the main factors controlling photo-
luminescence because none of our samples show absorption
from surface-defects. This inference is also consistent with the
results of Raman spectroscopy and XPS.

Furthermore, we discuss how the reaction solvent affected
the synthesis of GA-based CDs. Through a time-dependent
carbonization experiment, we found that the three carbon dots
emit the same blue-green fluorescence in the early stage of the
reaction, and their maximum emission wavelength is approxi-
mately 478 nm (Fig. S21). As the reaction progressed, the
maximum fluorescence wavelength of the G-CDs slowly red-
shifted by approximately 40 nm and finally stopped at 517 nm
(Fig. S2b¥). In contrast, as the carbonization time increased, the
maximum fluorescence wavelength of the B-CDs slowly blue-
shifted by approximately 50 nm and finally fixed at 427 nm
(Fig. S2ct). In contrast to the G-CDs and B-CDs, the R-CDs

Table 1 Elemental proportions and chemical bonds in RGB-CDs

R-CD G-CD B-CD
C1s 86.2% 83.7% 85.5%
O1s 13.8% 16.3% 14.5%
C=C/C-C 86.3% 83.3% 80.5%
C-0 8.5% 13.3% 15.7%
C=0 5.2% 3.4% 3.8%
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showed two fluorescence centers, one at 427 nm, which is the
same as that of B-CDs (Fig. S2af). The other was at 585 nm,
which is consistent with the final red fluorescence. As the
reaction progressed, the fluorescence at 427 nm gradually
decreased, while the fluorescence intensity at 585 nm gradually
increased, and finally, only the fluorescence at 585 nm
remained. From the above experimental results, it can be
concluded that in the early stage of carbonization, the three
samples produce fluorescent molecules with a similar structure
through an aldol condensation reaction. Based on the
comparison of fluorescence wavelengths (Fig. S3aft), these
fluorescent molecules may contain an anthraquinone structure.
As carbonization progresses, the reaction solvent plays a key
role. The anthraquinone structure transforms into an anthra-
cene structure in the B-CD core through a deoxidation reaction
in DMF, which is also the reason why the fluorescence wave-
length blue shifts with the progress of carbonization. For R-
CDs, the reaction of deoxidation to form anthracene is also
accompanied by a condensation reaction between the benzene
rings under the action of ethanol, resulting in the expansion of
the conjugated structure. The slowly expanding conjugated
structure eventually contains the anthracene structure formed
after carbonyl deoxidation, resulting in the disappearance of
the fluorescence signal at 427 nm (Fig. S3b¥). According to the
XPS data, the G-CDs have the highest oxygen content, and the
anthraquinone structure may be retained, but it is still uncer-
tain what causes the subsequent redshift of approximately 40
nm. To determine the chemical structure in the carbonization
process, we also carried out '"H NMR and *C NMR character-
ization, but the spectrum was too complex for sufficient anal-
ysis. In short, we believe that the reaction solvent has little effect
on the early aldol condensation reaction but plays an important
role in the subsequent carbonization reaction, which also leads
to the fluorescence color of these CDs (Fig. S47).

To explore the optical and thermal stability of CD fluores-
cence, we studied its spectral changes at different visible and
ultraviolet continuous irradiation times (Fig. S5t) and different
temperatures (Fig. S6T). The results show that the maximum
attenuation rate of the three carbon dots is less than 15%, and
they have good optical and thermal stability (Fig. S77).

These CDs can be used to make multi-color LEDs.”” CDs/
epoxy resin composites were plated on a purple LED chip to
obtain R-LEDs, G-LEDs and B-LEDs (Fig. 5a-c). Their emission
maxima were located at 585 nm, 510 nm and 425 nm, which
were almost the same as those of the original CDs. The R-LEDs
emitted a red light source (CIE coordinates x = 0.53, y = 0.38),
the G-LEDs mainly emitted light in the green region (CIE
coordinates x = 0.27, y = 0.45), and the B-LEDs emitted blue
light (CIE coordinates x = 0.16, y = 0.12). Furthermore, we
mixed the R-CDs, G-CDs and B-CDs in ethanol solution at a ratio
of 1:2: 2 (weight ratio) to obtain a white luminescent solution
(Fig. 5d) and successfully prepared WLEDs using this ratio. The
photoluminescence emission spectrum of the WLEDs prepared
from the RGB-CD solution shows panchromatic emission at
400-700 nm, in which three different emission bands centered
at 580 nm, 520 nm and 425 nm overlap, displaying CIE coor-
dinates of (0.32, 0.34) (Fig. 5e and f).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a—c) Emission spectra of RGB-LEDs operated at 3 V. Inset:
Photograph of RGB-CD/epoxy resin films under 365 nm UV light and
RGB-LED operated at 3 V. (d) Photograph of the prepared W-CD
solution under UV light. (e) Emission spectra and photograph of the
WLEDs operated at 3 V. (f) Calculated CIE coordinates from the pho-
toluminescence spectra of the RGB-LEDs and W-CDs.

In summary, red, green, and blue luminescent CDs were
prepared by a simple solvothermal reaction with gallic acid as
the raw material. Participation of o-phthalaldehyde in the
reaction may enlarge the conjugated structure and lead to
a redshift of the emission wavelength of gallic acid-based CDs.
We found that the choice of the reaction solvent is very
important in this reaction because the solvents control the
dehydration and carbonization processes of the precursors,
determine the size of sp®-conjugated domains and lead to
different emission colors of the CDs. Our CDs can be dispersed
into epoxy resin to form multicolor LEDs, including those that
emit pure white light (CIE = 0.32, 0.34). We believe that our
present study is expected to further the synthesis and applica-
tion of natural polyphenolic-based CDs.
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