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This study aimed to construct an alginate aerogel doped with carbon quantum dots and investigate the
fluorescence properties of the composites. The carbon quantum dots with the highest fluorescence
intensity were obtained using a methanol-water ratio of 1: 1, a reaction time of 90 minutes, and a reaction

temperature of 160 °C. The fluorescent carbon quantum dot sodium alginate-based aerogel (FCSA)

obtained by compounding alginate and carbon quantum dots exhibited excellent fluorescence properties
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when the concentration of nano-carbon quantum dot solution was 10.0 vol%. By incorporating

nano-carbon quantum dots, the fluorescence properties of the lamellar alginate aerogel can be easily and
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1. Introduction

As a naturally rich and sustainable marine biomass, seaweeds
have attracted increasing attention in recent decades. Among
them, alginate is a water-soluble polysaccharide extracted from
brown algae,"” with characteristics of good biocompatibility,*
biodegradability,* and low toxicity.® Alginate is a polysaccharide
composed of 1-4 linked a-L-guluronic acid (G) and B-p-man-
nuronic acid (M),*” which is widely used in alginate flame
retardant fiber,*° alginate composite aerogel,'*** drug carriers,*?
and wound healing.”® Particularly, the three-dimensional
alginate-based network aerogels have attracted tremendous
attention due to their low density,'* large specific surface area,'
and high porosity.’® These unique characteristics of alginate-
based aerogels offer unique bioavailability and the ability to
carry the target molecules, making them broadly used in aero-
space,"” energy storage,'® and as catalyst carriers.” Additionally,
fluorescent nano-level materials, such as semiconductor
quantum dots,*® polymer dots,” and carbon dots,**?* are
extensively reported due to their vital applications in photo-
electric devices®® and fluorescent label.”” Due to the unique
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efficiently adjusted. The alginate aerogel decorated with nano-carbon quantum dots exhibits promising
potential in biomedical applications due to its biodegradable, biocompatible, and sustainable properties.

optical and chemical properties of fluorescent nanomaterials,
targeted therapy, biosensing, and biological imaging are widely
used in the medical field.”® The carbon quantum dots**-** are
a carbon-based zero-dimensional material with particle sizes of
less than 20 nm®® and show greatly potential aspects in terms of
photocatalysis**~° and sensing.*” Carbon quantum dots present
good biocompatibility,®® low cytotoxicity,* environmental
protection,® and good water dispersibility.* Hence, the con-
structed composite of alginate-based aerogel doped with carbon
quantum dots not only has the features of biocompatibility and
degradability of alginate, but also inherits the distinguished
fluorescent properties of carbon quantum dots, which can be
applied in fluorescence bio-imaging and medical fields.*

Herein, carbon quantum dots were synthesized by one-step
hydrothermal method. Afterwards, the as-obtained nano-
carbon quantum dots with various ratios were blended into
sodium alginate solution, and thus alginate-based fluorescent
aerogels with different fluorescent properties were successfully
fabricated after a freeze-drying process. The results showed that
the embedding of nano-carbon quantum dots does not change
the excitation wavelength dependence of the sodium alginate-
based aerogel, but the corresponding fluorescence properties
of the lamellar composite aerogel can be tuned easily and
evidently.

2. Experiments
2.1 Materials and reagents

L (+)-Ascorbic acid and anhydrous methanol were purchased
from Sinopharm Group Chemical Reagent Co., Ltd Sodium

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Fluorescence spectra and ultraviolet-visible absorption spectra, (b) the emission spectra of nano-carbon quantum.

alginate was purchased from Shandong Jiejing Group Co., Ltd
All chemicals used were without further purification.

2.2 Synthesis of nano-carbon quantum dot

A nano-carbon quantum dot solution was formed by a simple
one-step hydrothermal method. First, 0.8 g of L (+)-ascorbic acid
was added to 20 mL of methanol-water mixed solution. Then
a uniform colorless transparent solution was obtained under
stirring for 10 minutes. Next, the above solution was placed in
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a Teflon-lined stain less steel autoclave and heated at a constant
temperature for several hours. After hydrothermal treatment,
the nano-carbon quantum dot solution has been prepared
successfully.

2.3 Construction of sodium alginate-based fluorescent
aerogel

At room temperature, 2 g of sodium alginate was added to
100 mL of deionized water under a mechanical stirring. Then
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(a) Particle sizes distribution, (b) transmission electron micrographs, (c) X-ray diffraction pattern, and (d) Fourier Transform Infrared
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0 mL, 5 mL, 10 mL, and 15 mL of nano-carbon quantum dots
solutions were added to 2 wt% sodium alginate aqueous solu-
tions, respectively. The fluorescent carbon quantum dot sodium
alginate-based aerogel (denoted as FCSA) was obtained by freeze
drying for 48 hours. The FCSAs were called as FCSA-0, FCSA-5,
FCSA-10, and FCSA-15, with different nano-carbon quantum
dots contents of 0 mL, 5 mL, 10 mL, and 15 mL, respectively.

2.4 Characterizations

The fluorescence properties of the nano-carbon quantum dot
solution and alginate-based composite aerogels were charac-
terized by a highly sensitive integrated fluorescence spectrom-
eter (FluoroMax-4, Horiba Scientific Instruments Division). The
Ultraviolet-visible (UV-Vis) spectrum of the nano-carbon
quantum dot solution was attained by UV-Vis spectrophotom-
eter (T9, Beijing General Analysis General Instrument Co., Ltd).
The surface functional groups analysis of nano-carbon
quantum dots and alginate-based composite aerogels were
determined by Fourier Transform Infrared Spectrometer (FTIR)
(Nicolet 50, Thermo Fisher Scientific Co., Ltd). The trans-
mission electron microscopy (TEM) and HRTEM analyses of the
nano-carbon quantum dots were conducted using a JEM-2100F
electron microscope (JEOL, Japan) at an accelerating voltage of
200 kv. The field emission scanning electron microscopy
(FESEM) images of alginate-based composite aerogels were
acquired on electron microscope (Quanta 250 FEG, FEI, USA).
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Fig. 3 Intensity variations of fluorescence spectra with different
methanol volume fraction: (a) 0 and 100% and (b) 25%, 50%, and 75%.
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The chemical compositions of the composite aerogels were
analyzed by energy dispersive X-ray spectrometer (EDS) attached
to the FESEM instrument. X-ray diffraction (XRD) of nano-
carbon quantum dot and alginate-based composite aerogels
were carried out with DX2700 operating at 40 kV and 30 mA
equipped with Cu Ko radiation (A = 1.5418 A). X-ray photo-
electron spectroscopy (XPS) was completed with ESCA Lab 250
electron spectrometer (Thermo Scientific Corporation) to get
detailed chemical compositions of alginate-based composite
aerogels.

3. Results and discussion

3.1 Fluorescence properties and structural characterizations
of nano-carbon quantum dot solution

The as-prepared nano-carbon quantum dot solution was char-
acterized by fluorescence spectrum and ultraviolet-visible
absorption spectrum. As shown in Fig. 1(a), the maximum
excitation wavelength of the nano-carbon quantum dot solution
is 364 nm, the corresponding maximum emission wavelength is
528 nm, and there is a strong ultraviolet absorption peak at
365 nm. Fig. 1(b) shows that the peak intensity at the excitation
wavelengths of 360 nm and 370 nm were both strong, which
further proves the results obtained in Fig. 1(a).

The morphology analysis of the nano-carbon quantum dots
was performed by transmission electron microscopy (TEM), and
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Fig. 4 (a) Fluorescence spectra of FCSA at different reaction time and
(b) fluorescence spectra of FCSA at different reaction temperatures in
methanol-water system.
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Fig. 5 FCSA under (a) natural light and (b) 365 nm UV light, (c) cross-sectional SEM images of FCSA-0 and (d) FCSA-10.

the particle size distribution was analyzed by Nano Measure. As
displayed in Fig. 2(a) and (b), the results from TEM, high-
resolution TEM (HRTEM) and particle size distribution
diagrams show that the maximum particle size of 4.1 nm, the
minimum particle size of 3.3 nm, and the average particle size
of 3.7 nm. The phase structures and functional groups of the
nano-carbon quantum dots were analyzed by X-ray diffraction
(XRD) and Fourier Transform infrared spectroscopy (FTIR),
respectively. Fig. 2(c) shows that a wide diffraction peak at 26 =
21.2° is obtained. Combined with the HRTEM analysis, it is
demonstrated that the carbon quantum dots exist in the
microcrystalline state. As shown in Fig. 2(d), the stretching
vibration peak of -OH was observed at 3320 cm™ ", the stretch-
ing vibration peak of C-H bond at 2900 cm ™', and the stretch-
ing vibration peak of C=0 double bond at 1680 cm . The
asymmetric and symmetric stretching vibrations of C-O-C were
observed at 1143 cm ™' and 1096 cm ™' respectively.

As shown in Fig. 3, the methanol-water ratio has a signifi-
cant effect on fluorescence properties of the nano-carbon
quantum dot solution. Under the condition of only water or
methanol in binary system (Fig. 3(a)), the nano-carbon
quantum dot solution with blue emitters is found, and the
fluorescence intensity is much lower than in methanol-water
binary system. It is also observed that the emission peak has
a red shift and the corresponding half-width becomes wide
when only water is used as the solvent in the system. Fig. 3(b)

© 2023 The Author(s). Published by the Royal Society of Chemistry

shows that the nano-carbon quantum dot solution synthesized
in the methanol-water binary system no longer emits blue light,
but emits green light. Moreover, when the ratio of methanol to
water is 1:1, the fluorescence intensity of the nano-carbon
quantum dot solution reaches its maximum.

In Fig. 4(a), it is seen the fluorescence intensity of the
synthesized nano-carbon quantum dot solution reached the
maximum under the reaction time of 90 min. When reaction
time was increased from 90 to 150 min, the fluorescence
intensity of the nano-carbon quantum dots gradually
decreased. Under the reaction time of 180 min, the fluorescence
intensity of the emitter was higher than that of the prepared
nano-carbon quantum dots solutions at 120 and 150 min. It was
concluded that the nano-carbon quantum dot solution
prepared at the reaction time of 90 min had the strongest
fluorescence intensity. Fig. 4(b) shows that the fluorescence
intensity of the synthesized nano-carbon quantum dots was
weakest under the reaction temperature of 120 °C. With the
temperature increasing from 120 to 160 °C, the fluorescence
intensity gradually increased and reached its maximum value.
When the temperature was further increased to 180 °C, the
fluorescence intensity decreased and the excitation wavelength
changed significantly. So, it was determined that the synthe-
sized nano-carbon quantum dot solution had the strongest
fluorescence intensity under the reaction temperature of 160 °C.

RSC Adv, 2023, 13, 15174-15181 | 15177
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3.2 Fluorescence properties and morphologies of sodium
alginate-based aerogels doped with carbon quantum dots

Fig. 5(a) and (b) are macro photographs of sodium alginate-
based fluorescent aerogels exposed to a natural light and an
ultraviolet light of 365 nm, respectively. It can be seen that
FCSA-0, FCSA-5, FCSA-10, and FCSA-15 all occur white foam-like
materials under the natural light. For FCSA-0, a weak blue light
was emitted at an ultraviolet light of 365 nm and blue-green
lights with different intensities were observed for FCSA-5,
FCSA-10, and FCSA-15. Among them, FCSA-10 has the stron-
gest fluorescence property. Fig. 5(c) and (d) show the cross-
sectional micro-morphologies of FCSA-0 and FCSA-10, respec-
tively. It is represented that FCSA-0 and FCSA-10 both exhibited
two-dimensional (2D) lamellar structures with a smooth
surface. Further, it was found that the overall lamella of FCSA-
10 aerogel was thicker and denser compared with FCSA-0.

Fig. 6(a) shows that the adding of nano-carbon quantum
dots could increasingly enhance the fluorescence performance
of sodium alginate-based aerogel. When the nano-carbon
quantum dots concentration was increased from 5 vol% to
10 vol%, the fluorescence intensity of the prepared FCSA grad-
ually increased and the emission spectrum was slightly red-
shifted. When the nano-carbon quantum dots concentration
was up to 10 vol%, the nano-carbon quantum dots were evenly
dispersed in FCSA, and the fluorescence intensity of FCSA
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Fig. 6 (a) The emission spectra of FCSA-0, FCSA-5, FCSA-10, and
FCSA-15, and (b) emission spectra of FCSA-10 under different exci-
tation wavelengths (320 nm-460 nm).
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reached the maximum. When the nano-carbon quantum dots
concentration was further increased to 15 vol%, the fluores-
cence intensity of FCSA dropped sharply due to the aggregations
of nano-carbon quantum dots in FCSA. As well known, the
sodium alginate solution itself can emit weak blue fluorescence,
with excitation wavelength dependence and red-shift phenom-
enon in the emission spectrum.* As shown in Fig. 6(b), the
nano-carbon quantum dot solution is not dependent on the
excitation wavelength. The aerogels composites had excitation
wavelength dependence, which is ascribed to the much high
content of sodium alginate as the substrate. It can be clearly
seen that fluorescence intensity of the sample became greatest
under the excitation of an UV light.

3.3 Microstructures and chemical compositions of sodium
alginate-based aerogels doped with carbon quantum dots

Fourier transform infrared spectra and X-ray diffraction pattern
analyses of sodium alginate-based fluorescent composite aero-
gels were conducted. In Fig. 7(a), it was observed that the
functional groups of sodium alginate-based aerogels doped
with nano-carbon quantum dots in different proportions were
not changed significantly. The stretching vibration peak of
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Fig. 7 (a) FTIR and (b) XRD pattern of sodium alginate-based fluo-
rescent aerogels.
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resolution XPS spectrum of C 1s for FCSA-10.

C=0 double bond was appeared at 1680 cm ™ *. For FCSA-0, the
same peak did not appear. For FCSA-5, FCSA-10, and FCSA-15,
C=0 stretching vibration peaks all appeared. While the nano-
carbon quantum dot solution content increased, the peak
intensity gradually increased, and the peak had an obvious shift
to 1720 cm ' for FCSA-15. Fig. 7(b) shows that FCSA-0 had
a weak and narrow diffraction peak around 26 = 14.1°, and
aweak and broad diffraction peak around 26 = 21.2° was found,
indicative of characteristic amorphous sodium alginate peaks.
For FCSA-5, FCSA-10, and FCSA-15, the diffraction peaks at 26 =
14.1° was less and less vague with the much covering of nano-
carbon quantum dots.

Fig. 8(a—d) show the surface energy dispersive spectrometer
(EDS) spectrum and X-ray photoelectron spectroscopy (XPS)
spectrum for FCSA-10. XPS survey spectrum in Fig. 7(b) shows
that the sample is mainly composed of C, O and Na elements,
which is consistent with results from the EDS spectrum
(Fig. 8(a)). From the high-resolution XPS spectrum of C 1s
(Fig. 8(c)), three peaks were observed at 285.1 eV, 286.7 eV, and
288.3 eV, corresponding to three types of carbon C—(C, H), C-O,
and C=0, respectively. It is suggested that the appearance of
C=0 was stemmed from the addition of nano-carbon quantum
dot, which agreed with the result of FTIR analyses in Fig. 7(a) for
FCSA-10. From high-resolution spectrum of O 1s (Fig. 8(d)), the
two peaks at 531.6 eV and 533.2 eV corresponded to C=0 and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) EDS spectrum of FCSA-10, and (b) XPS survey spectrum of FCSA-10 and (c) high-resolution XPS spectrum of O 1s and (d) high-

C-0-C or C-OH, respectively, demonstrating the embedding of
C=0 groups. Therefore, it can be concluded that the nano-
carbon quantum dots had been successfully doped in alginate
aerogels and had a strong interaction each other.

4. Conclusion

In summary, sodium alginate aerogels doped with nano-carbon
quantum dots exhibited the excellent and controllable fluores-
cence properties. The obtained nano-carbon quantum dots had
a strong absorption peak at 365 nm, the maximum excitation
wavelength was 364 nm, and the maximum emission wave-
length was 528 nm. FCSA-0, FCSA-5, FCSA-10, and FCSA-15 were
prepared by changing different proportions and using a simple
freeze-drying process. The SEM images showed that FCSA-10
still maintained the typical lamellar structures except that the
thickness of the sheet was slightly increased compared with that
of FCSA-0. The FTIR analyses demonstrated that C=0 bonds
appeared in FCSA-5, FCSA-10, and FCSA-15, and the peak
intensity was enhanced remarkably with the increase of nano-
carbon quantum dot concentration. The high-resolution XPS
results of C 1s and O 1s also proved the existence of C=0 bond.
The fluorescence intensity can be easily adjusted by adding
nano carbon quantum dot solution. The fluorescence intensity
of FCSA reached its maximum when the nano-carbon quantum

RSC Adv, 2023, 13, 15174-15181 | 15179
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dots content was 10 vol%. This work provides a simple yet
efficient avenue to tune fluorescence properties of alginate-
based composite aerogels via nano-carbon quantum dots,
which has a promising application in the medical field.
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