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Abstract: Photocatalysis is one of the effective ways to degrade pollutant antibiotics. Agar is used as
the adsorption module to provide abundant pore structure. Carbon dots (CDs) are selected as light
energy conversion components. Graphitic carbon nitride (g-C3N4) is used as the main material of the
catalyst. Agar/CDs/g-C3N4-functionalized aerogel with a unique 3D pore structure is assembled.
The Agar/CDs/g-C3N4 aerogel shows the highest photocurrent density, which is 3.7 times that of
agar, 2.4 times that of 3-g-C3N4 and 1.6 times that of Agar/g-C3N4 aerogel. Compared with 3-g-C3N4

and Agar/g-C3N4 aerogel, which can completely remove AMX after 75 min, Agar/CDs/g-C3N4

aerogel can degrade amoxicillin (AMX) completely after 45 min of illumination. The reason is
that Agar/CDs/g-C3N4 aerogel has a larger specific surface area, richer functional groups, a wider
spectral range, higher photocurrent density and better carrier migration and separation efficiency. It
is a good strategy with which to combine the effects of each component in the ternary system for the
efficient photocatalysis of organic pollutants.

Keywords: g-C3N4; carbon dots; agar; aerogel; amoxicillin

1. Introduction

Amoxicillin (AMX) as a β–Lactam antibiotic has a wide range of applications in
medicine and veterinary medicine [1]. AMX has been found in groundwater, surface water,
and soil, which pose serious risks, including human endocrine disorders and antibiotic
resistance [2–4]. Due to its complex structure, high chemical stability and good solubility in
aquatic environments, it is challenging to remove AMX from wastewater using traditional
wastewater treatment plants. Therefore, the advanced oxidation process (AOP) is an
effective and promising technology for purifying various water pollutants, but it is limited
by the high cost of intensive chemical inputs and post-treatment.

Photocatalysis technology is considered one of the most attractive and promising
technologies to achieve green production. High-efficiency photocatalysts play an impor-
tant role in catalytic activities. There are many common photocatalytic materials, such
as TiO2 [5], g-C3N4 [6,7], ZnO [8], and their nanostructure components. According to
dimensions, nanophotocatalysts include 0D nanomaterials [9,10], 1D nanotubes [11], 2D
nanosheets [12] and 3D aerogel [13,14] materials. Among them, g-C3N4 is favored due to
its suitable band structure, diverse morphology, chemical and thermal stability, low cost
and environmental friendliness [15–17]. Particularly, g-C3N4-based aerogels have been
widely studied. For example, a 3D porous g-C3N4/GO (p-CNG) skeleton was constructed
via a thermal treatment aided by the template technique. Then, precious metal (Au, Pd,
and Pt) cocatalysts were immobilized to the 3D p-CNG skeleton to construct 3D p-CNG-M
(Au, Pd and Pt) composite catalysts. Due to the typical 3D porous structure and bonding
interaction between g-C3N4 and GO, 3D p-CNG-M (Au, Pd and Pt) has a large specific
surface area and stable physicochemical properties. Meanwhile, precious metal cocatalysts
acting as electron acceptors remarkably increase the number of active sites and promote
electron–hole separation. Therefore, 3D p-CNG-M catalysts present outstanding enhanced
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hydrogen evolution reaction activities under simulated solar light [16]. Furthermore, Xu
et al. prepared a novel 3D graphene aerogel composite Nb2O5-g-C3N4/rGA. The 1D–2D
NbNR-CN heterojunction was first prepared via a simple grinding and calcination method.
Then, different amounts of NbNR-CN (30%, 60% and 90%) were loaded onto graphene
nanosheets via a chemical reduction self-assembly method to obtain the 3D composites
Nb2O5-g-C3N4/rGA (NbNR-CN/rGA) composites. Compared with g-C3N4, NbNR and
NbNR-CN, NbNR-CN/rGA showed the lowest charge transfer resistance and the highest
photocurrent density. Photodegradation experiments showed that the NbNR-CN/rGA
composites exhibited remarkably enhanced visible-light photocatalytic activity for the
degradation of Rhodamine B (RhB). The removal rate for the 60% NbNR-CN/rGA com-
posite was 94.8% within 100 min. This enhanced photoactivity could be explained by a
prolonged lifetime of photo-generated carriers due to the formation of heterojunctions as
well as the good electron transfer ability of rGA [11]. On the one hand, aerogels with a 3D
network structure can avoid aggregation and provide convenient transfer channels. On
the other hand, the block structure of aerogels not only can prevent itself from dispersing
in water, but also simplifies the process of operation, collection and separation of mate-
rials from water. More importantly, combinations with other photocatalysts to construct
g-C3N4-based aerogel can not only greatly improve the specific surface area, but also ex-
pand the spectral utilization range and hinder the rapid recombination of photo-generated
electrons and holes. A large number of studies and reports have proven that aerogels
have outstanding advantages in adsorption and catalysis due to their massive pores, high
catalytic activity, low density and other properties [18–21]. Carbon dots (CDs), as a new 0D
material, are often used as light energy conversion components to construct high-efficiency
photocatalysts [12,13,22]. CDs have tunable fluorescence properties, flexible surface states
and excellent electron transport channels. Moreover, CDs themselves are also photocata-
lysts. In previous work, we successfully synthesized novel porous nitrogen-doped carbon
dots of (NCDs)@g-C3N4 composite via a facile hydrothermal approach. The degradation
rate of 2.0 wt% NCDs@g-C3N4 is about twice that of pristine g-C3N4 at 60 min under the
same conditions. In addition, at 120 min, MB was almost degraded completely by 2.0 wt%
NCDs@g-C3N4 with a degradation rate as high as 97.9%, while that of pristine g-C3N4 was
only 47%. Moreover, NCDs were found to have better photocatalytic performance than that
of g-C3N4. At 120 min, the degradation rate of NCDs is 72%. This improved photocatalytic
activity can be attributed to the fact that the addition of NCDs not only broadens the pho-
toresponse range, but also suppresses the photo-generated electron and hole recombination
of g-C3N4. Meanwhile, NCDs themselves are also excellent photocatalysts [12]. Further-
more, N-modified carbon dots/graphite carbon nitride (NCDs/g-C3N4) aerogels were
successfully prepared by a simple electrostatic self-assembly method. Among them, NCDs
carry a large amount of –NH– from polyethyleneimine (PEI), exhibiting positivity. g-C3N4
nanosheets exhibit a negative charge. The hydrogen evolution rate of NCDs/g-C3N4 aero-
gel can reach 13,499 µ mol h−1 g−1, which is 1.6 times that of pure g-C3N4 [14]. Generally
speaking, in the process of constructing aerogel, high-molecular polymers such as agar,
polyethylene, chitosan, etc., often play a key role [13,23,24].

Herein, the agar, CDs, and g–C3N4 aqueous solutions were transformed into mixed hy-
drogels with a 3D network structure by heating–cooling polymerization. The Agar/CDs/g-
C3N4 aerogel was obtained by further freeze drying. Agar can maintain the aerogel
structure well and adsorb organic pollutants. Meanwhile, CDs can effectively expand the
spectral utilization range of aerogels and reduce the recombination rate of photo-generated
electrons and holes. Finally, the Agar/CDs/g-C3N4 aerogel showed high photocatalytic
degradation for AMX, implying that it has enormous potential as a photocatalyst for de-
grading antibiotic pollutants. The preparation process of aerogel only involves simple
agitation and heating and freeze drying, which are very friendly to industrialization. It
is also suitable for the preparation of almost all organic aerogels. g-C3N4 nanosheets are
obtained by multiple thermal sintering processes, which is also suitable for extending to
other 2D materials, such as graphene. The CDs are prepared through the hydrothermal
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method, which can be used for the synthesis of almost all nanocrystals/microcrystals.
Therefore, the experimental methods are universal, easy to operate, and suitable for large-
scale industrial production.

2. Results and Discussion

As shown in Figure S1, multiple thermal sintering is an effective method to obtain
g-C3N4 nanosheets. The 1-g-C3N4 shows thick micron-scale blocks (Figure S1a). Af-
ter secondary calcination, the particle size of obtained 2-g-C3N4 significantly decreased
(200 nm–1 µm). What’s more, layered structures of 2-g-C3N4 can be observed clearly
(Figure S1b). 3-g-C3N4 nanosheets with curled edges were obtained by thermal stripping
of 2-g-C3N4. The particle size of 3-g-C3N4 is around 200 nm and there is no obvious
aggregation (Figure S1c). Ultra-thin 3-g-C3N4 nanosheets have a larger specific surface area
and abundant active sites, which is beneficial for subsequent photocatalytic. The g-C3N4
nanosheets with relatively complete crystallization and stable luminescence were obtained
through the thermal stripping method. As shown in Figure 1a, the XRD results show that
g-C3N4 nanosheets have two characteristic peaks, which are 13.2◦ and 27.5◦, respectively.
Among them, the diffraction peak at 27.5◦ is the strongest, which is the characteristic peak
of interlayer stacking of aromatic compounds [20]. The crystal plane index is marked as
(002), corresponding layer spacing is d = 0.324 nm, indicating that the g-C3N4 nanosheets
have a layered structure similar to graphite [21]. The other diffraction peak appears at 13.2◦,
belonging to the characteristic peak of the melon-like substance [25]. The nitrogen pore
spacing corresponding to the 3-s-triazine structure is d=0.670 nm, and the crystal plane
index is marked as (100) [26]. With the increase in thermal stripping times, the diffraction
peak near 27.5◦ shifts to a higher angle, indicating that the layer spacing of g-C3N4 becomes
smaller. What’s more, with the increase in sintering times, the diffraction peaks of g-C3N4
become stronger and maintain high symmetry, indicating that the crystallinity of g-C3N4
nanosheets become more and more complete. In the FTIR spectra of g-C3N4, the character-
istic peaks are mainly distributed in the following three regions, 810 cm−1, 1240–1643 cm−1,
and 3200 cm−1 [23,24], which is consistent with the literature reports (Figure 1b). Among
them, the peak at 810 cm−1 corresponds to the triazine structure. The 1240–1643 cm−1 is
attributed to a triangular C–N–C structure or bridging C–NH–C unit. The wide band at
about 3200 cm−1 is the N–H stretching vibration peak, which indicates that there are a lot
of amino groups at the edge of g-C3N4 nanosheets. The thinner of g-C3N4 nanosheets, the
more obvious the signal of amino groups becomes. The PL and UV–vis absorbance spectra
display that, with the increase in sintering times, the g-C3N4 nanosheets are thinner, the
layer spacing is smaller, the fluorescence emission is stronger, the luminescence shifts bluer
(Figure 1c), and the optical band gap is larger (Figure 1d). The degradations of AMX by
g-C3N4 with different sintering degrees under visible light were studied (Figure S3). It
can be seen that the photocatalytic performance gradually increases with the increase in
sintering times. Among them, the g-C3N4 nanosheets sintered three times have the best
degradation performance for AMX. The degradation of AMX is basically completed in
40 min, while 1-g-C3N4 only degrades 50% of AMX. This is due to the fact that thinner
nanosheets can provide more reactive sites in the process of photocatalytic oxidation re-
duction [27]. Therefore, 3-g-C3N4 was selected and compounded with CDs and agar to
construct aerogel in the subsequent experiments.
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200 nm. Agar is used as the support skeleton and adsorption module of aerogel, g-C3N4 is 
used as the photocatalysis main material, and CDs are used as light energy conversion 
components. The Agar/CDs/g-C3N4 aerogel was formed by self-assembly of the three com-
ponents. The 3D interconnected network stacked by g-C3N4 and agar has porous, wrin-
kled, and fluffy microstructures (Figure 2c). The enlarged image in Figure 2d clearly 
shows that the holes of aerogel are of different sizes and interconnected. The 3D structure 
of Agar/CDs/g-C3N4 aerogel effectively prevents the stacking of g-C3N4 nanosheets. 
What’s more, the rich pore structure further effectively increases the specific surface area 
of materials, providing abundant active sites for adsorption and catalytic processes in 
photocatalytic reactions.  

Figure 1. (a) The XRD patterns, (b) the FTIR spectra, (c) the UV–vis absorbance spectra, and (d) the
PL spectra of 1-g-C3N4, 2-g-C3N4 and 3-g-C3N4.

As shown in Figure 2a, CDs are monodispersed, and their average lateral size deter-
mined by TEM is about 6.5 nm with a narrow size distribution (Figure S2). It can be seen
that CDs have a certain degree of crystallinity. The high resolution TEM (HRTEM) further
proves that the lattice stripe spacing of CDs is 0.32 nm (inset in Figure 2a), corresponding
to the (002) crystal plane of graphene [18]. In Figure 2b, the 3-g-C3N4 nanosheets are about
200 nm. Agar is used as the support skeleton and adsorption module of aerogel, g-C3N4
is used as the photocatalysis main material, and CDs are used as light energy conversion
components. The Agar/CDs/g-C3N4 aerogel was formed by self-assembly of the three
components. The 3D interconnected network stacked by g-C3N4 and agar has porous,
wrinkled, and fluffy microstructures (Figure 2c). The enlarged image in Figure 2d clearly
shows that the holes of aerogel are of different sizes and interconnected. The 3D struc-
ture of Agar/CDs/g-C3N4 aerogel effectively prevents the stacking of g-C3N4 nanosheets.
What’s more, the rich pore structure further effectively increases the specific surface area
of materials, providing abundant active sites for adsorption and catalytic processes in
photocatalytic reactions.
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Figure 2. (a) The TEM image of CDs, the inset picture is HRTEM image of CDs, (b) the TEM image of
3-g-C3N4, (c,d) the SEM images of Agar/CDs/g-C3N4 aerogel.

The chemical structures of the samples were carefully studied by XPS and FTIR. The
g-C3N4, Agar/g-C3N4 and Agar/CDs/g-C3N4 only contain C, N and O three elements
(Figure S4). The high-resolution C1s spectra (Figure 3a,d,g) show that the peaks of g-C3N4,
Agar/g-C3N4 aerogel, and Agar/CDs/g-C3N4 aerogel can be fitted to three components,
belonging to C–C (284.8 eV), C–O (286.45 eV) and N–C=N (288.15 eV), respectively [15–17].
It can be seen that the integrated area of the C–O peak in the Agar/g-C3N4 aerogel is
greatly increased (Figure 3d), compared with that of g-C3N4 (Figure 3a), which is attributed
to successful compounding of agar. At the same time, due to the introduction of CDs,
the C–C and C–O peaks of Agar/CDs/g-C3N4 aerogel increased significantly (Figure 3g).
As shown in Figure 3b,e,h, the N1s high-resolution spectra show the main structural
component at 398.3 eV, which is attributed to the sp2-bonded nitrogen in the tris-triazine
ring (C–N=C) [15], while the weak peak at 398.9 eV is usually attributed to N–(C)3 [16]. In
addition, the peak at 400.7 eV indicates the presence of amino groups (N–H) [17]. Among
them, the Agar/CDs/g-C3N4 aerogel has the strongest N–H peak (Figure 3h) due to the
abundant amino groups on the surface of CDs (Figure S5). Finally, the high-resolution O1s
spectra of all samples show the peak at 532.9 eV, corresponding to the C–O bond [28]. A
large number of functional groups can serve as active sites for photocatalysis, transferring
electrons effectively during the redox reaction process.
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and (g–i) Agar/CDs/g-C3N4.

In order to explore the optical properties of CDs, 3-g-C3N4, Agar/g-C3N4 aerogel
and Agar/CDs/g-C3N4 aerogel, the PL and UV-Vis absorption spectra were recorded. In
Figure 4a, it can be observed that CDs have the typical excitation wavelength dependence.
The emission peak of CDs is about 410 nm excitated by 320 nm. With the increase in excita-
tion wavelength, the emission peak of CDs gradually redshifts. Meanwhile, the emission
intensity of CDs shows first increasing and then decreasing. When the excitation wave-
length is 350 nm, the emission peak of CDs is fixed at about 450 nm, and the fluorescence
emission intensity of CDs is the highest. In Figure 4b, the emission peak of 3-g-C3N4 is not
affected by the excitation wavelength. Its maximum emission wavelength is 455 nm under
330 nm. Due to the addition of CDs, the emission spectra of Agar/CDs/g-C3N4 aerogel
were significantly enhanced at 330–400 nm and 500–700 nm compared with pure 3-g-C3N4
(Figure 4c). Moreover, the Agar/CDs/g-C3N4 aerogel has so wide spectral range that cov-
ers the whole visible-light wavelength range (350–700 nm), indicating that visible light can
be well utilized by the Agar/CDs/g-C3N4 aerogel. Generally, the efficiency of light absorp-
tion and carrier separation will affect the photocatalytic performance of catalysts [28,29].
Thus the absorption spectra of 3-g-C3N4, Agar/g-C3N4 aerogel and Agar/CDs/g-C3N4
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aerogel were explored. As shown in Figure 4d, due to the successful combination of CDs,
the absorption intensity of Agar/CDs/g-C3N4 aerogel was significantly improved after
400 nm. Furthermore, compared with 3-g-C3N4, the absorption edge of Agar/CDs/g-C3N4
aerogel is red shifted and its optical band gap is reduced. The narrower optical gap also
means that more visible light can be used for photocatalytic activities.
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Furthermore, the differences in the photo-generated carriers in a series of samples were
studied through photocurrent and impedance tests. As shown in Figure 5a, at the beginning
of light illumination, the photocurrent density of each sample rapidly increases. After the
end of light illumination, the photocurrent value rapidly decreases again. It indicates that
all samples have good light response ability. By switching the laser light six times in a row,
all samples show six consecutive stable responses, suggesting the stable output of abundant
photo-generated carriers. In fact, high photocurrent density represents a high concentration
of photo-generated carriers, indicating good photoelectric conversion ability of samples.
Obviously, the photocurrent density of Agar/CDs/g-C3N4 aerogel is the highest, which
is 3.7 times that of agar, 2.4 times that of 3-g-C3N4, and 1.6 times that of Agar/g-C3N4
aerogel. What’s more, the EIS measurement is used for further quantitative analysis of the
resistance characteristics of Agar, 3-g-C3N4, Agar/g-C3N4, and Agar/CDs/g-C3N4 aerogel
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in Figure 5b. Generally, the smaller radius of the Nyquist plots corresponds to the faster
electron transfer kinetics of the redox reaction and lower charge transfer resistance. The
diameter of the Nyquist plot of Agar/CDs/g-C3N4 aerogel is the smallest. It is proved that,
compared to the other three samples, Agar/CDs/g-C3N4 aerogel has more outstanding
charge transfer ability, and excellent charge transfer and separation rates are crucial for
improving photocatalytic performance [19].

Gels 2024, 10, x FOR PEER REVIEW 8 of 12 
 

 

 
Figure 5. (a) Transient photocurrent responses of Agar, Agar/g-C3N4, 3-g-C3N4 and Agar/CDs/g-
C3N4 under 300 W Xe-lamp irradiation for six on–off cycles; (b) the EIS Nyquist plots of Agar, 
Agar/g-C3N4, 3-g-C3N4 and Agar/CDs/g-C3N4. 

The degradation of AMX by Agar, g-C3N4, Agar/g-C3N4 aerogel and Agar/CDs/g-
C3N4 aerogel under visible light irradiation was studied. Before turning on the xenon lamp 
for photocatalytic experiments, the sample was added to the AMX solution and stirred for 
30 minutes in the dark to achieve adsorption–desorption equilibrium. As shown in Figure 
6a, when the adsorption equilibrium is reached at 0 min, the removal performance of all 
aerogel samples for AMX is higher than that of pure g-C3N4 due to the fluffy porous struc-
ture formed by agar. On the one hand, the 3D structure of aerogel can provide a conven-
ient transfer channel for the adsorption and in situ degradation of AMX. On the other 
hand, it can avoid the aggregation of g-C3N4 and prevent them from dispersing in water, 
greatly simplifying the collection and separation of g-C3N4 from water. After light irradi-
ation, the degradation efficiency of agar is very low, because pure agar has little photo-
catalytic performance. Agar/g-C3N4 aerogel shows a stronger removal efficiency com-
pared with g-C3N4. The reason is the effect of adsorption from agar. More importantly, 
after the successful recombination of CDs, the photocatalytic ability of Agar/CDs/g-C3N4 
was further improved. AMX was almost completely degraded by Agar/CDs/g-C3N4 after 
45 min of illumination, while it takes 75 min for Agar/g-C3N4 aerogel and g-C3N4 to com-
pletely remove AMX. It is not only due to the high adsorption ability brought by agar, but 
also thanks to the introduction of CDs. Compared with g-C3N4, the fluorescence emission 
intensity of Agar/g-C3N4 aerogel decreases sharply, indicating that it has higher carrier 
separation efficiency (Figure 6b). The reason is the unique 3D interconnected porous struc-
ture of aerogel hinders the recombination of electrons and holes. With the successful com-
bination of CDs, the fluorescence emission intensity of Agar/CDs/g-C3N4 aerogel further 
decreased, indicating that CDs inhibited the rapid recombination of photo-generated elec-
trons and holes. In a word, the Agar/CDs/g-C3N4 aerogel has the best carrier transport 
efficiency, which is consistent with the analysis results of photocurrent and impedance. It 
is because photo-generated electrons and holes are transferred from the g-C3N4 surface to 
the surface of CDs under visible light irradiation. Then, free groups (such as O2− and ·HO) 
are generated for the degradation of AMX in the water and oxygen environment (Figure 
6c). AMX molecules and intermediates might be oxidized into other small molecules and 
ultimately mineralized into H2O and CO2. Most of the photodegradation intermediates of 
AMX are harmless and avirulent [27,28]. After considering the materials (including glu-
cose, agar, melamine, and deionized water), consumables (including dialysis bags and 
test tubes), and energy costs, the cost of preparing 10 g Agar/CDs/g-C3N4 aerogel was cal-
culated at about 17.55 RMB. The commercial P25 photocatalyst is priced at 28 RMB per 10 
g. More importantly, Agar/CDs/g-C3N4 aerogel can degrade AMX in 45 minutes, while the 
degradation of commercial P25 for AMX takes 180 min [30]. Thus, Agar/CDs/g-C3N4 aer-
ogel has been proven to have good application prospects and commercial value. 

Figure 5. (a) Transient photocurrent responses of Agar, Agar/g-C3N4, 3-g-C3N4 and Agar/CDs/g-
C3N4 under 300 W Xe-lamp irradiation for six on–off cycles; (b) the EIS Nyquist plots of Agar,
Agar/g-C3N4, 3-g-C3N4 and Agar/CDs/g-C3N4.

The degradation of AMX by Agar, g-C3N4, Agar/g-C3N4 aerogel and Agar/CDs/g-
C3N4 aerogel under visible light irradiation was studied. Before turning on the xenon
lamp for photocatalytic experiments, the sample was added to the AMX solution and
stirred for 30 minutes in the dark to achieve adsorption–desorption equilibrium. As
shown in Figure 6a, when the adsorption equilibrium is reached at 0 min, the removal
performance of all aerogel samples for AMX is higher than that of pure g-C3N4 due to
the fluffy porous structure formed by agar. On the one hand, the 3D structure of aerogel
can provide a convenient transfer channel for the adsorption and in situ degradation
of AMX. On the other hand, it can avoid the aggregation of g-C3N4 and prevent them
from dispersing in water, greatly simplifying the collection and separation of g-C3N4
from water. After light irradiation, the degradation efficiency of agar is very low, because
pure agar has little photocatalytic performance. Agar/g-C3N4 aerogel shows a stronger
removal efficiency compared with g-C3N4. The reason is the effect of adsorption from agar.
More importantly, after the successful recombination of CDs, the photocatalytic ability
of Agar/CDs/g-C3N4 was further improved. AMX was almost completely degraded by
Agar/CDs/g-C3N4 after 45 min of illumination, while it takes 75 min for Agar/g-C3N4
aerogel and g-C3N4 to completely remove AMX. It is not only due to the high adsorption
ability brought by agar, but also thanks to the introduction of CDs. Compared with g-C3N4,
the fluorescence emission intensity of Agar/g-C3N4 aerogel decreases sharply, indicating
that it has higher carrier separation efficiency (Figure 6b). The reason is the unique 3D
interconnected porous structure of aerogel hinders the recombination of electrons and
holes. With the successful combination of CDs, the fluorescence emission intensity of
Agar/CDs/g-C3N4 aerogel further decreased, indicating that CDs inhibited the rapid
recombination of photo-generated electrons and holes. In a word, the Agar/CDs/g-C3N4
aerogel has the best carrier transport efficiency, which is consistent with the analysis results
of photocurrent and impedance. It is because photo-generated electrons and holes are
transferred from the g-C3N4 surface to the surface of CDs under visible light irradiation.
Then, free groups (such as O2− and ·HO) are generated for the degradation of AMX in
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the water and oxygen environment (Figure 6c). AMX molecules and intermediates might
be oxidized into other small molecules and ultimately mineralized into H2O and CO2.
Most of the photodegradation intermediates of AMX are harmless and avirulent [27,28].
After considering the materials (including glucose, agar, melamine, and deionized water),
consumables (including dialysis bags and test tubes), and energy costs, the cost of preparing
10 g Agar/CDs/g-C3N4 aerogel was calculated at about 17.55 RMB. The commercial P25
photocatalyst is priced at 28 RMB per 10 g. More importantly, Agar/CDs/g-C3N4 aerogel
can degrade AMX in 45 minutes, while the degradation of commercial P25 for AMX takes
180 min [30]. Thus, Agar/CDs/g-C3N4 aerogel has been proven to have good application
prospects and commercial value.
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3. Conclusions

In summary, Agar/CDs/g-C3N4 aerogel photocatalyst was prepared by simple heat-
ing, compounding and freeze-drying with agar as the adsorption module and CDs as light
energy conversion components. Agar/CDs/g-C3N4 aerogel has a larger specific surface
area, richer functional groups, wider spectra range, higher photocurrent density and better
carrier migration and separation efficiency compared with other samples, therefore, it has
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the best photocatalytic degradation performance. After 45 min of illumination, AMX was
almost completely degraded by Agar/CDs/g-C3N4 aerogel. It is not only attributed to the
fact that the aerogel interconnected porous structure can provide more active sites for redox
reaction in photocatalytic activity, but also due to the wider visible light utilization range
and higher carrier separation efficiency. It is a good idea to realize the design of aerogel
that can efficiently photocatalytic degrade antibiotic pollutants by using the effects of each
component in the ternary system.

4. Materials and Methods
4.1. Materials

Ethanol (CH3CH2OH, ≥99.5%), melamine (C3H6N6, 99%), Agar ((C12H18O9)n, high
gel strength (1000–1200 g/cm2)), and glucose (C6H12O6, 96%) Amoxicillin (C16H19N3O5S,
≥98%) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China). Deionized
water was used during the experiment.

4.2. Methods
4.2.1. Preparation of g-C3N4

First, the yellow bulk g-C3N4 was prepared by the classical thermal sintering method.
Melamine (1.5 g) was calcined in a muffle furnace at a heating rate of 2.5 ◦C/min at 550 ◦C
for 5 h in an air atmosphere. The obtained yellow block was ground to obtain 1-g-C3N4.
Then, the 1-g-C3N4 was thermally stripped two times to obtain fluffy milky white 3-g-
C3N4 flakes. Specifically, 500 mg 1-g-C3N4 powder was heated at 530 ◦C for 3 h in an
air atmosphere to obtain the pale yellow powder of 2-g-C3N4. Then 2-g-C3N4 was taken
out, ground and heated at 500 ◦C for 1 h in an air atmosphere to obtain the fluffy milky
white 3-g-C3N4.

4.2.2. Preparation of CDs

0.5 g of glucose was dissolved in 24 mL 1:1 ethanol aqueous solution, and the mixture
was transferred to a high-pressure vessel sealed with polytetrafluoroethylene and heated
at 200 ◦C for 170 min. After cooling to room temperature, the obtained solution was
transferred to a dialysis bag with 1000 Da for 24 h dialysis, changing water 3–4 times during
the process. After removing solvents and further freeze drying, the obtained brown powder
is CDs.

4.2.3. Preparation of Aerogels

Agar/CDs/g-C3N4 aerogel is prepared by a simple method. Specifically, 0.4 g
3-g-C3N4 powder, 0.1 g agar and 0.03 g/mL CDs solution are added to 25 mL of deionized
water successively and stirred for 1.5 h. Then the mixed solution was heated at 90 ◦C in a
constant temperature water bath for 10 min, and cooled it naturally to room temperature to
obtain agar/CDs/g-C3N4 hydrogel. Finally, the hydrogel was freeze dried for more than
36 h to obtain Agar/CDs/g-C3N4 aerogel.

The preparation method of Agar/g-C3N4 aerogel is to remove the CDs solution, and
then prepare it under the same conditions and steps. The specific amounts of materials are
0.4 g of 3-g-C3N4 powder, 0.1 g of agar, and 25 mL of deionized water.

4.2.4. Cost Calculation for Agar/CDs/g-C3N4 Aerogel

Taking the preparation of 10 g Agar/CDs/g-C3N4 aerogel as an example. The prepa-
ration of 10 g of Agar/CDs/g-C3N4 requires 3.2 g of g-C3N4, 6 g of agar (3 RMB), and
0.8 g of CDs; 10 g (1.8 RMB) melamine is required to prepare 3.2 g g-C3N4; 1 g of glucose
(0.15 RMB), 12 mL of ethanol (0.4 RMB) and 12 mL of deionized water (0.2 RMB) are
needed to prepare 0.8 g CDs. The costs of consumables (dialysis bags, test tubes, etc.) and
energy (electricity) are approximately 12 RMB. Therefore, the preparation cost of 10 g of
Agar/CDs/g-C3N4 aerogel is 17.55 RMB.
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5. Characterizations

The crystalline phase of samples was identified by X-ray powder diffractometer (XRD,
D/max–2200, Rigaku, Tokyo, Japan) with Cu Kα radiation (λ = 1.54178 Å,) in the 2θ range
from 5◦ to 80◦ at room temperature, and the tube voltage and current of the instrument
were operated at 40 kV and 30 mA, respectively. A transmission electron microscope (TEM)
(FEI, TF20, Hillsboro, OR, USA) and a field emission scanning electron microscope (Zeiss
Gemini SEM 300, Jena, Germany) were employed to observe morphologies of CDs, g-C3N4
and Agar/CDs/g-C3N4 aerogel. Fourier transform infrared (FT–IR) spectra were recorded
on a Nicolet Nexus 670 FTIR spectrometer (Nicolet Instruments, Madison, WI, USA) within
KBr slices in the 4000–400 cm−1 range. X-ray photoelectron spectroscopy (XPS) (Thermo
Fisher Scientific K–Alpha+, East Grinstead, UK) was performed using a monochromatic
Al Kα with an energy of 1486.6 eV. When the pressure of sample chamber was less than
2.0 × 10−7 mba, the sample was sent to the analysis room. The spot size, the working
voltage and the filament current are 400 µm, 12 kV and 6 mA, respectively. The energy
of full spectrum scanning mode is 150 eV and its step size is 1 eV. The energy of narrow
spectrum scanning mode is 50 eV and its step size is 0.1 eV. Using a white Al2O3 disk as
the background, the UV–vis absorption spectra of samples were recorded on a Hitachi
UH-3900 spectrophotometer (Hitachi, Tokyo, Japan) via integrating sphere mode. The
photoluminescence (PL) spectra were obtained on an FLS1000 (Edinburgh Instruments Ltd.,
Livingston, UK) fluorescence spectrometer with a Xe lamp. The photocatalytic experimental
is similar to reference [30]. Specifically, photocatalytic activity tests were evaluated via
the photocatalytic degradation of AMX under visible light using a 500 W xenon lamp
as the only light source. The experiment was carried out in an XQ500 W photochemical
reactor (Zuo-Le Instrument Co., Ltd., Shanghai, China). For each experiment, a 50 mg
photocatalyst was added to 100 mL AMX solution at a concentration of 3 mg/L. That is the
mass ratio of photocatalyst to AMX in the experiment was 167. Prior to light irradiation,
the reaction solution was agitated in the dark for 30 min to obtain adsorption equilibrium
for AMX on the photocatalyst. During the photocatalytic process, 4 mL samples were
extracted every 30 min and the 3 mL of supernatant was separated via centrifuging at
8000 rpm/s. Each sample was catalysed for 90 min. The absorbance of each group of
samples was measured by a UV spectrophotometer to calculate the photocatalytic efficiency.
The formula is as follows:

P = C/C0

C and C0 were the UV–vis absorption intensity of uncatalyzed AMX at each sampling
and initial catalysis, respectively.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/gels10020100/s1, Figure S1: the SEM images of (a) 1-g-C3N4,
(b) 2-g-C3N4 and (c) 3-g-C3N4; Figure S2: particle size distribution diagram of the CDs; Figure S3: the
photocatalytic degradation curve of g-C3N4; Figure S4: the survey XPS spectrum of (a) g-C3N4,
(b) Agar/g-C3N4 aerogel and (c) Agar/CDs/g-C3N4 aerogel; Figure S5: the FTIR spectrum of CDs.

Author Contributions: Conceptualization, formal analysis, investigation, and writing—original draft
preparation, X.-C.Y.; writing—review and editing, visualization, and supervision, J.-T.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: In this work: Xue-Chun Yang thanks the support of the National Natural Science Founda-
tion of China (NO. 12304467) and the China Postdoctoral Science Foundation (NO. 2023M732175).
Jing-Tai Zhao is supported by the fund from Guangxi Science and Technology Base and Talent Special
Project (2020AC18005), Central Government Guided Local Science and Technology Development
Fund Project (ZY22096009) and Foundation for Guangxi Bagui Scholars.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to part of the data undergoing
in-depth research.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/gels10020100/s1


Gels 2024, 10, 100 12 of 13

References
1. Le, S.; Zhu, C.; Chao, Y.; Wang, P.; Liu, Q.; Zhou, H.; Chen, C.; Wang, S.; Duan, X. V2O5 nanodot-decorated laminar C3N4 for

sustainable photodegradation of amoxicillin under solar light. Appl. Catal. B-Environ. 2022, 303, 120903. [CrossRef]
2. Ramos, R.M.B.; Paludo, L.C.; Monteiro, P.I.; Rocha, L.V.M.; Moraes, C.V.; Santos, O.O.; Alves, E.R.; Dantas, T.L.P. Amoxicillin

degradation by iron photonanocatalyst synthetized by green route using pumpkin (Tetsukabuto) peel extract. Talanta. 2023,
260, 124658. [CrossRef] [PubMed]

3. Silva, I.F.; Teixeira, I.F.; Rios, R.D.F.; Nascimento, G.M.; Binatti, I.; Krambrock, K.; Cury, L.A.; Teixeira, A.P.C.; Stumpf, H.O.
Amoxicillin photodegradation under visible light catalyzed by metal-free carbon nitride: An investigation of the influence of the
structural defects. J. Hazard. Mater. 2021, 401, 123713. [CrossRef] [PubMed]

4. Beshkar, F.; Abbas, A.-N.; Amiri, O.; Masoud, S.-N.; Mehdi, M.-K. Visible light-induced degradation of amoxicillin antibiotic by novel
CuI/FePO4 p-n heterojunction photocatalyst and photodegradation mechanism. J. Alloys Compd. 2022, 892, 162176. [CrossRef]

5. Zhang, M.; He, L.; Shi, T.; Zha, R. Neat 3D C3N4 monolithic aerogels embedded with carbon aerogels via ring-opening
polymerization with high photoreactivity. Appl. Catal. B-Environ. 2020, 266, 118652. [CrossRef]

6. Talapaneni, S.N.; Singh, G.; Kim I., Y.; AlBahily, K.; Al-Muhtaseb, A.H.; Karakoti, A.S.; Tavakkoli, E.; Vinu, A. Nanostructured
carbon nitrides for CO2 capture and conversion. Adv. Mater. 2020, 32, e1904635. [CrossRef]

7. Xing, P.; Zhou, F.; Zhan, S. Catalytic conversion of seawater to fuels: Eliminating N vacancies in g-C3N4 to promote photocatalytic
hydrogen production. Environ. Res. 2021, 197, 111167. [CrossRef]

8. Zhang, J.-Y.; Mei, J.-Y.; Yi, S.-S.; Guan, X.-X. Constructing of Z-scheme 3D g-C3N4-ZnO@graphene aerogel heterojunctions for
high-efficient adsorption and photodegradation of organic pollutants. Appl. Surf. Sci. 2019, 492, 808–817. [CrossRef]

9. Cheng, S.; Ye, T.; Mao, H.; Wu, Y.; Jiang, W.; Ban, C.; Yin, Y.; Liu, J.; Xiu, F.; Wei, H. Electrostatically assembled carbon dots/boron nitride
nanosheet hybrid nanostructures for thermal quenching-resistant white phosphors. Nanoscale 2020, 12, 524–529. [CrossRef] [PubMed]

10. Jiang, L.; Ding, H.; Xu, M.; Hu, X.; Li, S.; Zhang, M.; Zhang, Q.; Wang, Q.; Lu, S.; Tian, Y.; et al. UV-Vis-NIR full-range responsive
carbon dots with large multiphoton absorption cross sections and deep-red fluorescence at nucleoli and in vivo. Small 2020,
16, e2000680. [CrossRef] [PubMed]

11. Xu, Z.; Jiang, J.; Zhang, Q.; Chen, G.; Zhou, L.; Li, L. 3D graphene aerogel composite of 1D-2D Nb2O5-g-C3N4 heterojunction
with excellent adsorption and visible-light photocatalytic performance. J. Colloid Interf. Sci. 2020, 563, 131–138. [CrossRef]

12. Yang, X.-C.; Yang, Y.-L.; Zhang, S.-L.; Liu, Y.-F.; Fu, S.-J.; Zhu, M.; Hu, J.F.; Zhang, Z.-J.; Zhao, J.-T. Facile synthesis of porous
nitrogen doped carbon dots (NCDs)@g-C3N4 for highly efficient photocatalytic and anti-counterfeiting applications. Appl. Surf.
Sci. 2019, 490, 592–597. [CrossRef]

13. Tan, L.; Yu, C.; Wang, M.; Zhang, S.; Sun, J.; Dong, S.; Sun, J. Synergistic effect of adsorption and photocatalysis of 3D g-C3N4-agar
hybrid aerogels. Appl. Surf. Sci. 2019, 467–468, 286–292. [CrossRef]

14. Pu, X.-L.; Yang, X.-C.; Liang, S.-S.; Wang, W.-Z.; Zhao, J.-T.; Zhang, Z.-J. Self-assembly of a g-C3N4-based 3D aerogel induced by
N-modified carbon dots for enhanced photocatalytic hydrogen production. J. Mater. Chem. A 2021, 9, 22373–22379. [CrossRef]

15. Hao, Q.; Jia, G.; Wei, W.; Vinu, A.; Wang, Y.; Arandiyan, H.; Ni, B.-J. Graphitic carbon nitride with different dimensionalities for
energy and environmental applications. Nano Res. 2019, 13, 18–37. [CrossRef]

16. Li, W.; Chu, X.-S.; Wang, F.; Wang, F.; Dang, Y.; Liu, X.; Wang, X.; Wang, C. Enhanced cocatalyst-support interaction and promoted
electron transfer of 3D porous g-C3N4/GO-M (Au, Pd, Pt) composite catalysts for hydrogen evolution. Appl. Catal. B-Environ.
2021, 288, 120034. [CrossRef]

17. Hu, Y.; Qu, Y.; Zhou, Y.; Zhou, Y.; Wang, Z.; Wang, H.; Yang, B.; Yu, Z.; Wu, Y. Single Pt atom-anchored C3N4: A bridging Pt-N
bond boosted electron transfer for highly efficient photocatalytic H2 generation. Chem. Eng. J. 2021, 412, 128749. [CrossRef]

18. Zeng, X.; Liu, Y.; Kang, Y.; Li, Q.; Xia, Y.; Zhu, Y.; Hou, H.; Uddin, M.H.; Gengenbach, T.R.; Xia, D.; et al. Simultaneously tuning
charge separation and oxygen reduction pathway on graphitic carbon nitride by polyethylenimine for boosted photocatalytic
hydrogen peroxide production. ACS Catal. 2020, 10, 3697–3706. [CrossRef]

19. Chen, L.; Tang, J.; Song, L.-N.; Chen, P.; He, J.; Au, C.-T.; Yin, S.-F. Heterogeneous photocatalysis for selective oxidation of alcohols
and hydrocarbons. Appl. Catal. B-Environ. 2019, 242, 379–388. [CrossRef]

20. Xu, R.; Wei, G.; Xie, Z.; Diao, S.; Wen, J.; Tang, T.; Jiang, L.; Li, M.; Hu, G. V2C MXene-modified g-C3N4 for enhanced visible-light
photocatalytic activity. J. Alloys Compd. 2024, 970, 172656. [CrossRef]

21. Wang, N.; Cheng, L.; Liao, Y.; Xiang, Q. Effect of functional group modifications on the photocatalytic performance of g-C3N4.
Small 2023, 19, 2300109. [CrossRef]

22. Qi, H.; Teng, M.; Liu, M.; Liu, S.; Li, J.; Yu, H.; Teng, C.; Huang, Z.; Liu, H.; Shao, Q.; et al. Biomass-derived nitrogen-doped
carbon quantum dots: Highly selective fluorescent probe for detecting Fe(3+) ions and tetracyclines. J. Colloid Interf. Sci. 2019, 539,
332–341. [CrossRef]

23. Zhang, M.; Jiang, W.; Liu, D.; Wang, J.; Liu, Y.; Zhu, Y.; Zhu, Y. Photodegradation of phenol via C3N4-agar hybrid hydrogel 3D
photocatalysts with free separation. Appl. Catal. B-Environ. 2016, 183, 263–268. [CrossRef]

24. Shan, T.; Li, J.; Wu, S.; Wu, H.; Zhang, F.; Liao, G.; Xiao, H.; Huang, L.; Chen, L. Boosting H2O2 production over carboxymethyl
cellulose modified g-C3N4 via hydrogen-bonding-assisted charge transfer. Chem. Eng. J. 2023, 478, 147509. [CrossRef]

25. Jing, J.; Qi, K.; Dong, G.; Wang, M.; Ho, W. The photocatalytic •OH production activity of g-C3N4 improved by the introduction
of NO. Chinese Chem. Lett. 2022, 33, 4715–4718. [CrossRef]

https://doi.org/10.1016/j.apcatb.2021.120903
https://doi.org/10.1016/j.talanta.2023.124658
https://www.ncbi.nlm.nih.gov/pubmed/37187029
https://doi.org/10.1016/j.jhazmat.2020.123713
https://www.ncbi.nlm.nih.gov/pubmed/33113722
https://doi.org/10.1016/j.jallcom.2021.162176
https://doi.org/10.1016/j.apcatb.2020.118652
https://doi.org/10.1002/adma.201904635
https://doi.org/10.1016/j.envres.2021.111167
https://doi.org/10.1016/j.apsusc.2019.06.261
https://doi.org/10.1039/C9NR07785E
https://www.ncbi.nlm.nih.gov/pubmed/31845941
https://doi.org/10.1002/smll.202000680
https://www.ncbi.nlm.nih.gov/pubmed/32285624
https://doi.org/10.1016/j.jcis.2019.12.002
https://doi.org/10.1016/j.apsusc.2019.05.367
https://doi.org/10.1016/j.apsusc.2018.10.067
https://doi.org/10.1039/D1TA06437A
https://doi.org/10.1007/s12274-019-2589-z
https://doi.org/10.1016/j.apcatb.2021.120034
https://doi.org/10.1016/j.cej.2021.128749
https://doi.org/10.1021/acscatal.9b05247
https://doi.org/10.1016/j.apcatb.2018.10.025
https://doi.org/10.1016/j.jallcom.2023.172656
https://doi.org/10.1002/smll.202300109
https://doi.org/10.1016/j.jcis.2018.12.047
https://doi.org/10.1016/j.apcatb.2015.10.049
https://doi.org/10.1016/j.cej.2023.147509
https://doi.org/10.1016/j.cclet.2021.12.071


Gels 2024, 10, 100 13 of 13

26. Chen, P.; Dong, X.; Huang, M.; Li, K.; Xiao, L.; Sheng, J.; Chen, S.; Zhou, Y.; Dong, F. Rapid self-decomposition of g-C3N4 during
gas-solid photocatalytic CO2 reduction and its effects on performance assessment. ACS Catal. 2022, 12, 4560–4570. [CrossRef]

27. Lee, Y.-J.; Jeong, Y.J.; Cho, I.S.; Park, S.-J.; Lee, C.-G.; Alvarez, P.J.J. Facile synthesis of N vacancy g-C3N4 using Mg-induced defect
on the amine groups for enhanced photocatalytic •OH generation. J. Hazard. Mater. 2023, 449, 131046. [CrossRef] [PubMed]

28. Zhang, C.; Ouyang, Z.; Yang, Y.; Long, X.; Qin, L.; Wang, W.; Zhou, Y.; Qin, D.; Qin, F.; Lai, C. Molecular engineering of donor-acceptor
structured g-C3N4 for superior photocatalytic oxytetracycline degradation. Chem. Eng. J. 2022, 448, 137370. [CrossRef]

29. Huang, Z.; Chen, H.; Zhao, L.; He, X.; Du, Y.; Fang, W.; Li, W.; Tian, P. Constructing g-C3N4 quantum dots modified g-C3N4/GO
nanosheet aerogel for UV-Vis-NIR driven highly efficient photocatalytic H2 production. Int. J. Hydrogen Energy 2019, 44,
31041–31052. [CrossRef]

30. Laura, B.; Carlo, B.; Claudia, G.; Pier, P.L.; Ruggero, B.; Lisa, E. 3D printed chitosan scaffolds: A new TiO2 support for the
photocatalytic degradation of amoxicillin in water. Water Res. 2019, 163, 114841.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acscatal.2c00815
https://doi.org/10.1016/j.jhazmat.2023.131046
https://www.ncbi.nlm.nih.gov/pubmed/36821907
https://doi.org/10.1016/j.cej.2022.137370
https://doi.org/10.1016/j.ijhydene.2019.10.028

	Introduction 
	Results and Discussion 
	Conclusions 
	Materials and Methods 
	Materials 
	Methods 
	Preparation of g-C3N4 
	Preparation of CDs 
	Preparation of Aerogels 
	Cost Calculation for Agar/CDs/g-C3N4 Aerogel 


	Characterizations 
	References

