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ARTICLE INFO ABSTRACT

Keywords: 2,4-dichloro phenoxy acetic acid (2,4-D) has been employed as an herbicide to increase crop yields and ensure
Fish scale-based carbon dots (NCDs@g-CsN4) large-scale food production; however, it is highly toxic and persistent in the environment. This work deals with
PhOtO'CataIIYSt the green chemistry preparation of carbon quantum dots (NCDs) from fish scales and then combines them with
G-CaNy polymer graphitic carbon nitride to oxidize 2,4-D under visible light. The samples, C-NCDs, S-NCD, g-C3N4, C-NCD/g-

2,4-D herbicid d DFT . . .
erbicide an C3Ny4, and S-NCD/g-C3N4 were characterized by different analytical methods (XRD, SEM, TEM, HRTEM, XPS, and

fluorescence/UV-visible spectra). C-NCD/g-C3N4 and S-NCD/g-C3N4 are thermally stable, and the average size of
the particles was ~5.0-15 nm. SEM/TEM show that quasi-spherical particles (7-20 nm) of C-CQD and S-NCD are
homogeneously dispersed, and the fluorescence emission spectra show distinct profiles as C-NCDs (429 nm) and
S-NCDs (318 nm and 404 nm), caused by hetero atoms from the fish scales that are less pronounced for C-NCDs.
This is consistent with the photoluminescence spectra that C-NCDs and S-NCDs exhibit a green visible emission at
575 and 526 nm, respectively, as a typical behavior of carbon quantum dots. The bandgap energy of the samples
(2.77-2.91 eV) is consistent with those from the Density Functional Theory (DFT). The adsorption of 2,4-D by S-
NCDs/g-C3N, is highly efficient; for example, g, = 2.85 x 10> mol/g for C-NCD/g-C3N4, 2.02 x 10> mol/g for
S-NCD/g-C3Ny4 or 2.43 x 10°° mol/g for g-C3Ny4. The photocatalytic oxidation of 2,4-D by the samples reveals
that there is considerable photocatalytic oxidation and follows first-order kinetics in the substrate as follows: k
visible = 4.3 X 103 mM s ! and k solar = 7.5 X 10 mM s for C-NCDs/g-C3Ny; Kk yisible = 5.4 x 10 mMs ! and
K solar = 10.4 x 1073 mM s™! for S-NCDs/g-C3N,. In the cell images, although C-NCD and S-NCD exhibit dispersed
fluorescence, adding C-NCD or S-NCD results in a significant fluorescence increase.

1. Introduction leaches into the environment, which is highly persistent (soil and
water), causing environmental issues and disrupting aquatic ecosystems

Herbicides, namely, 2,4-D (2,4-dichloro phenoxy acetic acid), are [2,3]. The presence of 2,4-D in water poses a potential risk to health and
essential in modern agriculture to increase crop yields and ensure large- biodiversity [4], and a suitable-sustainable strategy for its remediation is
scale food production. Their effectiveness and cost-efficiency make them imperative. Graphite carbon nitride (CN, g-C3Ny4), a polymer semi-
valuable tools for farmers [1]. However, using 2,4-D in agriculture conductor with a bandgap energy of 2.7 eV, exhibits blue intrinsic
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photoluminescence at approximately 470 nm [5,6]. g-C3N4, which has
environmentally friendly, non-toxic, and stable features, is considered to
be a valuable photocatalytic material [7-11]. The two-dimensional
layered structure of g-C3Na, which is stabilized by van der Waals
(vdW) forces present between the C—N layers, generates the structural
framework, where carbon and nitrogen atoms have been bonded
through the sp? hybridization, which gives high chemical stability
similar to graphene’s physicochemical properties [12]. Although g-C3Ny4
distinctive layered structure owns outstanding chemical stability, it
exhibits several disadvantages that impact its photocatalytic properties,
such as slow charge transfer, a low surface area of active sites, a narrow
light absorption window, and a high recombination rate of electrons and
holes [13-15]. So, several efforts have been made to modify the g-C3N4
structure to enhance the photocatalytic properties, including defect
engineering, structural adjustment, and metal or non-metal doping [16].
Among these, the doping of non-metal heteroatoms such as S, P, B, and O
with g-C3Ny has significantly impacted the catalytic properties [17-19].
The replacement of nitrogen by carbon in g-C3Ny4, while sulfur and
iodine can substitute nitrogen in the triazine ring, can enhance the
electrochemical, photophysical, and photochemical properties. The
heterojunction of BiOBr with g-C3N4 has improved the photocatalytic
activity, with a low electron recombination rate [20,21]. The photo-
catalytic performance of g-CsN4 can be finely tuned if its structure is
suitably modified [22,23]. The incorporation of elements, such as boron
[24,25], iodine [26], bromine [27], sulfur [15,23,28], and phosphorus
[29] has effectively reduced the Eg of g-CsN4 and improved the optical
absorption properties and it extends the lifetime of photogenerated
electrons while shortening the electron transfer distance. Especially,
sulfur-doped g-C3N4 has been attracting attention in the generation of a
heterojunction structure, which inhibits the photo-generated charge
recombination (i.e., spatial separation of e and h+). The isotype heter-
ojunction possesses a greater advantage in charge separation than het-
erojunctions since the electronic structural properties are similar for
compatibility [30]. Therefore, the fabrication of g-C3N4 combined with
CQDs is essential and challenging. Sulfur doping, in particular, has been
demonstrated to alter the electronic structure of g-C3N4, leading to
enhanced conductivity. Another approach to enhance the electro-
chemical performance of g-C3Ny is to combine it with highly conductive
materials. Since g-C3N4 possesses some electron migration capability,
the overall electron transport efficiency of the composite can be signif-
icantly improved when combined with highly conductive materials
[31,32]. The doping of S, P atoms could adjust the electronic and optical
properties, especially by inserting these elements, which can either
replace carbon or nitrogen in the g-C3N4 lattice or be placed directly into
the structural layers. Thus, it can improve photocatalytic properties.
Carbon nitride can be synthesized through the direct thermal poly-
merization of melamine [33,34], dicyandiamide [35,36], and thiourea
[37]. It consists of orderly sheets of tri-s-triazine moieties connected
through planar tertiary amino groups, with C/N ratios of 0.75 or higher
for g-C3Ny. g-C3Ny is being widely considered in various fields, such as
environmental remediation [38-41], energy conversion [33,42,43],
photocatalytic Hy production under visible light [44-48], photo-
electrochemistry [49,50], photoluminescent [51-53], phototherapy
[54,55], chemical/bio-sensing [56-59], bioimaging [60,61], and
biomedicine [62-65]. In the molecular structure, the overlapping of N,
and C,, orbitals results in the formation of the highest occupied mo-
lecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), with respective band edges at +1.6 V (lower than O5/H30 =
1.23 V) and — 1.0 V (higher than H/Hy = 0 V) (NHE) at pH =7;
therefore, g-C3N4 is thermodynamically suitable for water-splitting
studies [66,67]. Another drawback of g-C3Ny lies in the large grain
size of carbon nitrides, which results in a small specific surface area
[68,69], limiting the charge carrier mobility that impacts the practical
application of photocatalysts [70]. Furthermore, the low crystallinity of
CN leads to lattice defects, which reduce the efficiency of photocatalysis
by hindering the separation of photo-excited electron-hole pairs;
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[50-52] besides, the large size of CN can lead to a low photo-
luminescence quantum yield and poor water solubility, which also
hinders its practical applications [71-75]. Increasing the crystallinity of
CN can help reduce the recombination of charge carriers and improve
the light-harvesting efficiency.

Carbon Dots (CDs) were discovered during the purification of single-
wall carbon nanotubes [76-78]. Similar to the g-C3Ny4 structural and
electronic properties, traditional quantum dots (QDs) exhibit photo-
chemical properties and possess excellent biocompatibility, low toxicity,
and minimal cell damage [79-83]. Consequently, they have wide-
ranging applications in biosensors [84], due to their excellent light
stability and resistance to photobleaching [85-87]. Doped CDs can
contain elements such as nitrogen, oxygen, sulfur, and fluorine, and
functional groups like —COOH, —NHj, —OH, and —SH can be anchored
on their surface. Among the synthetic methods (top-down or bottom-
up), the bottom-up technique (utilizing hydrothermal and microwave
methods), specifically the pyrolysis of molecular precursors, results in
the production of small CDs with varying colors (yellow, orange, or
brownish) depending on their size [88,89]. These CDs are spherically
symmetrical, with a diameter of less than 10 nm, and can have either an
amorphous or crystalline structure, exhibiting enhanced quantum
yields. Amorphous and crystalline CDs possess intriguing properties,
including photoluminescence and wavelength-dependent emission, high
solubility, low toxicity, ease of functionalization, and biocompatibility
[84]. Consequently, CDs have garnered significant attention from re-
searchers due to their diverse technological applications in sensors,
photocatalysis, bioimaging, drug delivery systems, solar cells, and LED
devices [90]. Carbon quantum dots (NCDs) exhibit interesting photo-
active properties, acting as photocatalysts for degrading organic pol-
lutants [91] [92]; however, producing CDs through a chemical process is
costly and generates unwanted/toxic intermediates as subproducts.
Thus, it requires a green chemistry process [93].

In this context, the combination of g-C3N4 with quantum dots (QDs)
can generate interesting photochemical and photophysical properties
because of the synergic effect generated between the two components.
The presence of heteroatoms, particularly sulfur and phosphorus, within
the C-NCDs/g-C3Ny4, and S-NCDs/g-C3Ny4 plays a significant role in
modifying the electronic properties of the g-CsNs matrix. Sulfur atoms
can introduce sub-energy levels (shallow donor levels) near the con-
duction band, enhancing the separation of photogenerated electron-hole
pairs and facilitating electron transport. The phosphorus doping is
known to introduce mid-gap states and can enhance the conductivity of
the sample by narrowing the bandgap slightly. If high-energy photons
excite the Vg electrons (vacancies in HOMO, considered as positive
charged holes) to Cp level, i.e., from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), it
results a charge separation generating the electron-hole pairs. The
electrons in the LUMO involve in reduction reaction, and the holes in the
HOMO participated in the oxidation reaction [22,94]. The delocalized
n-conjugation in the structure can produce superoxide radicals (eO2")
and hydroxyl radicals (eOH) [5,6,95,96]. The modified g-CsN4 can be
the ideal material for environmental remediation. Interestingly, we
synthesized NCDs from biological waste fish scales, which are
economically unexploited waste material, as green chemistry processes
are growing from an environmental point of view [93]. NCDs are then
combined with CDs to result in C—N, CDs/g-C3N4 and S-NCDs/g-C3Ny4
composites. Thereafter, the samples are employed as photocatalysts for
the oxidation of 2,4-D. The results were compared to those obtained
from C-NCDs, S-NCDs, g-C3N4, C-NCDs/g-C3N4, and S-NCDs/g-C3Ny4
(non-metal oxide photocatalysts). Furthermore, Density Functional
Theory (DFT) was used to model the carbon nitride combined with
carbon dots to understand their intrinsic properties. In particular, g-
C3Ny4, NCD, and C-NCDs/g-C3N4 have been modeled and optimized
through HSEh1PBE/LANL2DZ to understand the geometrical and elec-
tronic properties.
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2. Material and methods
2.1. Materials

All reagents were purchased from Sigma-Aldrich and used without
any further purification. Melamine (C3HgNp), citric acid (C¢HgO7), and
urea (NH,CONH,) were obtained from Sigma Aldrich. Fish scales were
acquired from a local market in Mexico City. 2,4-Dichlorophenoxyacetic
acid organochlorine herbicide was obtained from the plant media world.

2.2. Synthesis

g-C3Ny: The pure graphitic carbon nitride (g-C3N4) was synthesized
using a fractional thermal polymerization method (pyrolysis). Melamine
(2.0 g) was placed in a ceramic crucible and subjected to ramp calci-
nation. Initially, it underwent a thermal treatment at 320 °C for one
hour, followed by a temperature increase to 500 °C for three hours at a
heating rate of 10 °C/min. The resulting product was then characterized
by different analytical techniques and then used in combination with
carbon dots.

Conventional carbon dots (C-NCDs): Carbon quantum dots were
prepared using conventional methodology. In a standard procedure,
citric acid (3.0 g) and urea (1.0 g) in a 3:1 ratio were dissolved in a
Teflon beaker with 25 mL of deionized water. The mixture was then
transferred to an autoclave reactor and maintained at 180 °C for 12 h.
Subsequently, the brown liquid obtained was then filtered three times
using a 2.0 pum filter paper.

Sustainable carbon dots (S-NCDs): Sustainable carbon dots are
synthesized from fish scales obtained from a local food market. These
scales were washed several times to remove residue, dried at 60 °C, and
ground. 1.5 g of the resulting powder was added to an autoclave and
heated at 200 °C for 12 h. The brown liquid obtained was then filtered
three times using 2.0 pm filter paper.

NCDs/g-C3N4 and S-NCDs/g-C3Ny4: The NCDs/g-C3Ny4 and S-NCDs/
g-C3N4 composites were prepared by impregnating NCDs onto g-C3Ny in
a 1:1 ratio under magnetic stirring for 2 h. Briefly, NCDs/g were dis-
solved in deionized water (30 mL), to which g-C3N4 NPs (1.2 g) were
added under sonication and agitated for 30 min. The obtained mixture
was transferred into a Teflon-containing autoclave and then heated
(180C) for 24 h. After cooling, the isolated sample was dried in an oven
for 3 h before the characterization. The same procedure was adopted to
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obtain S-NCDs/g-C3Ny after considering S-NCDs (1.2 g, mM) /g-C3Ny

0.3 g).
Scheme 1 shows synthesis process.

2.3. Characterization details

The crystallinity of the samples was evaluated using powder X-ray
diffraction (XRD) on a Rigaku RU300 diffractometer and Cu Ka radia-
tion (wavelength A = 0.154 nm). The obtained data were compared with
the American Mineralogist Crystal Structure Database (AMCSD) to
identify the crystalline planes. The particles’ average size and the crystal
lattices” average length were determined using Scherrer’s formula. The
samples were further characterized by Fourier transform Infrared
spectra (FT-IR, Perkin Elmer RR instrument) focusing on C—C, C=C,
C—N, and C=N bonds. Scanning electron microscopy (SEM) was per-
formed using a Quanta 600 Environmental Scanning Electron Micro-
scope (ESEM) with X-ray microanalysis to analyze the morphology of
the samples. The composition of elements was estimated by Energy
Dispersive X-ray spectrometry (EDS, micro analyzer resolution 61.0 eV),
employing the Cliff-Lorimer Ratio Thin Section quantitative method
with Silicon (K series) as standard. The samples’ morphology and crys-
tallinity (C-NCDs, S-NCDs, g-C3N4, C-NCDs/g-C3Ny4, and S-NCDs/g-
C3Ny4) were further analyzed by a Transmission Electron Microscope
(TEM, JEOL 2010, 200 kV) equipped with a LaB6 thermo ionic cannon
(40 kV acceleration). For the samples, high-resolution transmission
electron microscopy (HRTEM) was also performed on a JEOL 1011 at
200 kV to analyze the structure. UV-visible absorption of the samples
was measured on the Perkin Elmer Lambda 25 instrument, and the solid-
state diffuse reflectance was performed on a Perkin Elmer Lambda 2
instrument; furthermore, the fluorescence properties of the samples in
solution were studied by using the F96Pro instrument, and the photo-
luminescence was measured at room temperature using a chopped
Kimmon IK Series He—Cd laser (325 nm and 40 mW) with a filter of 360
nm that was used against stray light. All spectra were corrected for the
response function of the setups. The luminescence was dispersed with an
Oriel Corner Stone 1/874000 monochromator, detected using a Hama-
matsu H8259-02 with a socket assembly E717-500 photomultiplier,
and amplified through a Stanford Research Systems SR830 DSP.

Hydrothermal  CG-NCDs/g-C;N,

d) Final materials

$-NCDs

Scheme 1. Synthesis: a) C-NCDs, b) C-NCDs, c) g-C3Ny4, and d) NCDs/ g-C3Ny.
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2.4. 2,4-D degradation

The degradation of 2,4-dichlorophenoxyacetic acid was studied
under visible light (100 W LED) and also under solar irradiation with an
intensity of 50,000 Im per square meter (lux). The photocatalytic effi-
ciency of g-C3N4, C-NCDs, S-NCDs, C-NCDs/g-C3N4, and S-NCDs/g-C3Ny4
was analyzed by using 2,4-dichlorophenoxyacetic acid (2,4-D) (Scheme
2) under visible and solar irradiation. An aqueous solution of 2,4-D (5.0
mg/L) containing NCDs/g-C3N4 or S-NCDs/g-C3Ny4 (0.5 g) was exposed
to visible light (200 W) over 3 h, and the concentration of 2,4-D was
measured every 20 min by UV-Vis absorption spectroscopy (Lambda 25)
at 280 nm. (See Scheme 3.)

2.5. Computational details

Computational method Density Functional Theory (DFT) allows the
modeling of semiconductors in order to understand their intrinsic
properties and foresee their potential application even before their
production in the lab. Joint experimental and computational studies can
save time and resources in developing new-generation semiconductors
applied to pollutant degradation. g-C3sN4 was constructed using a 340-
atom monolayer model with a formula (C3N4)46H19. For NCDs, a 204-
atom supramolecule resulting from the amide condensation of citric
acid and urea in a 3:1 stoichiometric ratio was modeled with a formula
(C10H12010N)6. The composite material was thus a 1:1 NCDs/ g-C3N4
system composed of 544 atoms and with a formula Cy01Hg3061N180.
Each of these molecules was optimized using the HSEh1PBE functional
and a LANL2DZ basis set. For all cases, a Polarizable continuum model
(PCM) was utilized, considering water as the solvent at 298 K and 1 bar.

3. Results and discussion
3.1. XRD studies

The XRD diffraction patterns of samples such as C-NCDs, S-NCDs, g-
C3Ny4, C-NCDs/g-C3Ny4, and S-NCDs/g-C3N4 were recorded (Fig. 1) and
observed the characteristic peaks of C-NCDs and S-NCDs at angles of
18.70° and 21.87°, respectively, corresponding to disordered carbon
atoms (002). [97] The difference in angle is due to the presence of
minerals in the S-NCDs originating from fish scales. Pure-phase g-C3N4
displays the characteristic peaks at diffraction angles of 13.05° for the
crystal plane (100) and 27.33° for the plane (002). [98,99] In the
composite materials C-NCDs/g-C3N4 and S-NCDs/g-C3Ny, the crystal
planes (002,100) for g-C3N4 planes exhibit a greater intensity than that
observed for the NCDs.

Synthetically contaminated
water ;
— Visible light

(30mL)
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3.2. TGA studies

The thermal stability (50 to 900 °C) of melamine, C-NCDs, S-NCDs, g-
C3N4, C-NCDs/g-C3N4, and C-NCDs/g-C3N4 samples was studied
through TGA analysis (Fig. 2). In Fig. 2a, the TGA curve for melamine
reveals a distinct weight loss at approximately 350 °C, signifying com-
plete thermal degradation of melamine into volatile products. The TGA
estimates the total weight loss (98.17 %) of g-CsNa4 at 900 °C, while for C-
NCDs/g-CsNa and S-NCDs/g-CsNa, total weight loss of 99.99 % at the
same temperature, attributed to the carbon dots decomposition, and it
means that the weight loss difference (~1.82 %) is associated with the
carbon dots composited into the g-CsN4 matrix. So, the estimated weight
ratio of NCDs to g-CsN4 was approximately 1:54. For C-NCDs (Fig. 2b),
the weight loss occurs in two primary stages: the first at around 150 °C,
representing 3.52 % of the weight, which is likely attributed to the loss
of surface-bound water or volatile organic groups, and in the second, a
notable weight loss of 50.52 % between 200 °C and 600 °C attributes to
the degradation of carbon-based structures. At 800 °C, the residual mass
is about 31.08 %, indicating the material’s stability at higher tempera-
tures. The TGA profile for S-NCDs (Fig. 2c) displays a similar multi-step
degradation pattern, observing an initial weight loss of 2.57 %
(~150 °C) attributed to the loss of adsorbed water or surface groups. The
primary decomposition occurs between 200 °C and 600°, resulting in a
significant weight loss of 27.39 % due to the decomposition of the
functional groups such as carboxylic groups (—COOH), carbonyls (C=0)
and other surface oxygenated groups, followed by a smaller weight loss
at 700 °C caused by the breaking of stable C—O—N bonds. [100] The
final residue at 800 °C is 3.08 %, indicating comparatively lower ther-
mal stability than C-NCDs. The g-CsN4 sample (Fig. 2d) demonstrates
high thermal stability, with only 1.83 % weight loss observed below
400 °C, likely due to the release of trapped gases or adsorbed moisture. A
significant weight loss of 98.17 % is noticed above 600 °C, corre-
sponding to the thermal decomposition of the g-C3N4 framework.

The composite C-NCDs/g-C3N4 (Fig. 2e) exhibits a more intricate
degradation pattern. Initially, there is a minor weight loss (2.62 %)
around 150 °C, followed by a larger decomposition step between 300 °C
and 600 °C, which accounts for 4.59 % of the weight. The thermal sta-
bility (92.79 %) is noted at 800 °C, indicating that the integration of C-
NCDs with g-C3N4 enhances the stability of the composite compared to
pure C-NCDs. A similar observation was seen for S-NCDs/g-C3N4
(Fig. 2f), showing improved thermal stability compared to S-NCDs
alone. The first weight loss (1.54 %) occurs below 200 °C; a major
weight loss of 3.77 % is observed between 300 °C and 600 °C. The
stability of the composite mass at 800 °C is 94.69 %, suggesting the
presence of a stable g-C3N4. This means that both C-NCDs and S-NCDs
undergo significant decomposition at intermediate temperatures, with
S-NCDs exhibiting slightly lower thermal stability. Notably, if g-C3Ny is
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Scheme 3. Photocatalytic degradation of 2,4-dichloro phenoxy acetic acid by photocatalyst based on carbon dots from fish scale under visible light.
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Fig. 1. XRD pattern of C-NCDs, S-NCDs, g-C3N4, C-NCDs/ g-C3Ny4, and S-NCDs/ g-C3Ny.

incorporated into the NCDs, it significantly enhances the thermal sta-
bility of the resulting composites (g-C3N4 NCDs). [101]

3.3. XPS studies

X-ray photoelectron spectroscopy (XPS) was performed for C-NCD/g-
C3N4 and S-NCD/g-C3Ny, and the results show the signals corresponding
to carbon, nitrogen, and oxygen. It is consistent with the composition of
g-CsNas and the surface functionalization of the incorporated NCDs
(Fig. 3), agreeing with reported studies [102,103]. For S-NCD/g-C3N4
(derived from fish scales), the C 1 s peak was detected at 288 eV,
attributed to N—C=N bonds presenting in the heptazine-based frame-
work of g-CsN4, where carbonyl or carboxylic groups (C—=0O or COOH)
are anchored on the surface of NCDs. The signal corresponding to N 1 s is

observed at 399 eV as nitrogen species commonly found in g-CsNa
structure, such as C—N—C / C—NH—C) and N—(C)s units formed
during the polycondensation process. The peak O 1 s was detected at
532 eV, indicating the presence of an oxygen-containing surface having
hydroxyl (—OH), carbonyl, and ether functionalities, which are typi-
cally from carbonaceous biomass or partially carbonized under mild
thermal conditions. Additionally, there were additional signals (975,
1106, and 1224 eV) in the higher binding energy region, and they may
correspond to Auger transitions of carbon or to residual inorganic ele-
ments, especially calcium or phosphorus, which commonly exist in fish
scales. So, the existence of these signals suggests that there is a more
complex surface composition having trace minerals in the structure that
may affect the material’s surface reactivity. In the case of C-NCD/g-
C3Ny, similarly, the C 1 s (288 eV) and N 1 s (399 eV) were detected,
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Fig. 3. XPS: i) C-NCD/g-C3N4 and ii) S-NCD/g-C3Ny.

originating from the g-CsNa4 backbone. The results are in agreement with
the published work [103]. A strong appearance of the O 1 s peak at 532
eV can be attributed to the higher content of oxygenated groups in the
NCDs derived from citric acid or carboxylic acids. Importantly, no sig-
nals attributable to inorganic elements such as calcium or phosphorus
were observed; this indicates that there is a more uniform and free from
other elements except C, N, and O, coinciding with controlled synthesis
conditions [104]. For C-NCD/g-C3N4 and S-NCD/g-C3Ny, there is a sig-
nificant difference that can influence the physicochemical behavior,
such as photocatalytic activity, surface charge dynamics, and interaction

with environmental pollutants. Overall, the XPS results confirm not only
the successful integration of NCDs into the g-CsN4 framework but also
provide insight into how the electronic structure governs and the po-
tential reactivity of the samples.

3.4. FT-IR studies
The FT-IR spectra of g-CsN4 and C-NCD (Fig. 4) display signals

ranging from 3200 to 3000 cm ™, potentially associated with N—H or
O—H bonds (amines or hydroxyls). For g-C3Ny, faint signals are detected
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Fig. 4. FT-IR of melamine, g-C3N4, C-NCD, C-NCD/g-C3N4, S-NCD and S-NCD/g-C3Ny,

at573.12 cm ™! and 432.4 cm™!, which may correspond to the vibrations
of melamine molecules. The peaks at 807.11 cm™* and 1028.45 cm™?
could be linked to the vibration of triazine rings. C-NCDs or S-NCDs
exhibit 2057-2972 and 2763-2885 cm * peaks, corresponding to C—H
bonds from alkyl groups (CH2, CHs). Additionally, the peaks at 1768,
1705, and 1650 cm ™! are associated with C=0 stretching, potentially
from carboxylic acids or esters, while the peaks at 1402-1417 and
1324-1353 cm ™! are related to in-plane C—H bending vibrations, likely
from alkyl groups. The peak at 1646 cm! corresponds to C=0
stretching of amides or carbonyl groups, and the peaks at 1575 and
1508 cm™! correspond to C=C or C=N vibrations, indicating the
presence of aromatic or amide bonds. The 1106-1187 and 631-698
em™! peaks correspond to C—O and C—H stretching, respectively. S-
NCDs show peaks at 2972 and 2885 cm ™!, assigning to G—H bonds,
while the peaks at 2616-2522 cm ! are likely due to S—H bond vibra-
tions (thiols). The characteristic of aromatic rings or C—=C bonds and the
peak at 503 cm ™! may be due to C—S or C-X (halogen) bond stretching
vibrations. [92,105,106] The peak at 1673 cm ! is associated with the
C=0O stretching of amides or conjugated carbonyls, possibly from g-
C3N,, while the peaks (1562-1572 cm ™! and 1440-1510 cm™ 1) have
been assigned to C—=C or C=N vibrations, related to aromatic structures
or g-C3N4 bonds. The peak around 1035-1182 cm ™! is associated with
C—O or C—N stretching, potentially originating from ethers or amines.
Besides, the peaks at 2159 and 2012 cm ™! indicate the presence of C=C
or C=N stretching in the samples, implying the presence of alkynes or
nitriles. Finally, the peak at 636 cm™! corresponds to out-of-plane C—H
or C=O0 vibrations, typical of carbonyl or aromatic groups. [107,108]
Lastly, the 676 and 508 cm ™! peaks are attributed to C—S vibrations
or in-plane C—=C bending, commonly found in heterocyclic or aromatic
structures. [92,106,108] On the other hand, the S-NCDs and S-NCDs/ g-
C3N4 display additional groups, such as S—H, suggesting the presence of
sulfur or phosphorus compounds, exhibiting additional features of more
intricate structural modifications (such as C=C or C=N bonds).

3.5. SEM studies

SEM images were captured for g-C3N4, C-NCDs, and S-NCDs,
showing that C-NCDs (x2300) produced from ethylenediamine and urea
have demonstrated an irregular morphology and a uniform size distri-
bution, with noticeable signs of agglomeration (Fig. 5, S1 and S2). S-
NCDs (x8500), obtained from fish scales (Fig. 5¢), have exhibited par-
ticles with more pronounced agglomeration, some slightly larger than
others. Their rough surfaces reveal numerous filamentous structures and
smaller particles. Lastly, the image of g-C3N4 (x15000), derived from
melamine (Fig. 5a), displays a highly porous, agglomerated structure
with rough edges, forming an interconnected network with numerous
voids. The chemical composition of C-NCDs, S-NCDs, and g-C3N4 was
analyzed using the EDS analysis (Table 1). All the samples contain
carbon, nitrogen, and oxygen as common components. For S-NCDs,
additional elements such as Na, K, S, and P were presented because the
sample was prepared from fish scales, where sulfur and phosphorus are
expected to be present.

3.6. HRTEM studies

The size and morphology of C-NCD, S-NCD, and g-C3N4 were
analyzed using HRTEM (Fig. 5(ii)). C-CQD (Fig. 5d) exhibited uniform
dispersion of particles, suggesting its amorphous nature due to the lack
of clear crystalline structures. In contrast, S-NCD (Fig. 5e), derived from
fish scales, displayed larger quasi-spherical particles ranging from 7 to
20 nm in size, with homogeneous dispersion. However, the high-
resolution TEM image observed no particles with well-resolved lattice
fringes. Finally, g-C3N4 showed a larger size, between 100 and 300 nm,
with an irregular structure and uneven surface (Fig. 5f).

3.7. UV-visible spectra

The UV-Vis absorption spectra of the C-NCDs and S-NCDs exhibit
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Fig. 5. (i) SEM images: a) C-NCD, b) S-NCD, and c) g-C3Ny. (ii). HRTEM: d) C-NCD; e) S-NCD; and f) g-C3Ny.

Table 1
EDS elemental composition of the samples.

Sample Elemental composition (Wt%)

N C (6] Na K S P Ref.
C-NCDs 4.0 74.1 21.9 - - - - This work
S-NCDs 10.5 71.0 14.9 1.5 0.5 0.5 0.5
g-C3Ny 53.5 39.3 7.2 - - - -
g-CsNy 62.3 32.7 5.0 - - - - [109]
g-C3Ny 58.95 41.05 - - - - - [110]
UCQDs 17.2 59.9 22.9 - - - - [111]
CQD@LEU 46.4 40.5 1.6 - - - - [112]
CQDs 45.5 1.2 53.3 - - - - [113]

distinct electronic transitions, providing insight into their structural and
electronic properties (Fig. 6a). While both types of carbon dots undergo
similar n-n* transitions, the primary differences lie in the extent of
conjugation and surface chemistry, with the fish scale-derived carbon
dots demonstrating broader electronic delocalization and potentially
more complex surface chemistry, leading to the observed redshift and

a) ——C-NCDs
e S-NCDs
£l 334 nm
!i — n-m*
=
®
c
]
chmd
£
|
200 300 400 500

Wavelength (nm)

higher absorption intensity. For example, C-NCDs demonstrate a
maximum absorption peak at 334 nm, attributed to n-n* transitions of
conjugated carbon systems, likely involving sp? hybridized carbon
structures. [114] This peak suggests NCDs have relatively smaller aro-
matic domains or less extensive conjugation. In contrast, S-NCDs show a
red-shifted absorption peak at 366 nm, corresponding to n-t* transi-
tions. The redshift indicates a more extended conjugated system,
possibly due to larger graphitic domains or increased functionalization
on the surface, enhancing electron delocalization. [115] This increased
conjugation may result from the organic matrix of the fish scales,
introducing additional heteroatoms or oxygen-containing groups during
synthesis, thereby affecting the electronic properties of the NCDs. Thus,
S-NCDs exhibit notably higher absorption intensity, possibly reflecting
greater absorptive centers or enhanced interaction between incident
light and the material. This could arise from a higher density of surface
functional groups facilitating electronic transitions or a larger particle
size resulting in stronger light absorption.

(=2
e

404 nm e C-NCDs

Intensity (a.u)

400 500 600
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Fig. 6. a) UV-Vis spectra of C-NCDs and S-NCDs; b) Fluorescence of C-NCDs and S-NCDs
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3.8. Fluorescence studies

The fluorescence spectra of C-NCDs and S-NCDs suspended in an
aqueous solution (0.1 mM) show distinct differences in their emission
profiles, which can be attributed to variations in their electronic struc-
ture, surface functional groups, and particle size (see Fig. 6b). C-NCDs
exhibit a single, prominent emission peak at 429 nm when excited at
(310 nm). This emission is a characteristic feature of carbon dots, where
the photoluminescence is often influenced by surface defects, functional
groups, or n-n* transitions within the conjugated domains. The rela-
tively long emission wavelength suggests moderate conjugation and
electron delocalization, with photogenerated electrons relaxing from
higher energy states to emit in the visible range. [116] Conversely, S-
NCDs demonstrate a more intricate emission pattern, displaying two
distinct peaks: a faint one at 318 nm and a more intense peak at 404 nm
and the former peak (318 nm) is situated in the near-UV spectrum,
implying the existence of additional electronic transitions that are less
pronounced for C-NCDs; this could be attributed to specific surface
functional groups, likely from the organic material found in the fish
scales for the introduction of new energy levels. The smaller peak (318
nm) could be attributed to the presence of smaller/less conjugated
particles. In comparison, the larger peak at 404 nm likely represents
most of the population, exhibiting slightly different electronic properties
from conventionally synthesized dots [117]; moreover, the peak (404
nm) is blue-shifted somewhat compared to the C-NCDs, suggesting that
the electronic structure of the carbon dots derived from fish scales leads
to a slightly different relaxation pathway for photogenerated electrons.
This blue shift may be attributed to smaller particle sizes or different
surface chemistry, resulting in more confined electron states caused by a
less extensive conjugation. Dual emission peaks in S-NCDs may also
indicate heterogeneity in particle size or multiple emissive centers.
Overall, although both carbon dots display fluorescence from similar
mechanisms (surface defects, functional groups, and n-n* transitions),
the fish scale-derived dots exhibit a more complex emission profile,
likely due to the introduction of additional surface states and variations
in particle size.

The fluorescence emission of C-NCDs/g-CsN4+ and S-NCDs/g-CsNsNa
(0.5 g/L) in an aqueous suspension (Fig. 7a) was recorded at 310 nm
excitation, and the former sample exhibited an emission peak at 435 nm,
while the latter emitted at 437 nm. In addition, the photoluminescent
stability of both samples was analyzed by measuring the fluorescence
intensity. The data were plotted against time and used to determine the
photostability study (Eq. 1), as it is associated with the structural
characteristics [118].

a) T T T

@ S-NCD/g-C,N,
e C-NCD/g-C;N,

Normalized emission intensity (a.u.)

350 400 450 500 550
Wavelength (nm)
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I(t) = fluorescence intensity over time, Io = initial intensity, t = time
expressed in seconds, and T = decay time constant. The t values of
3340.62 s and 1681.58 s are obtained for S-NCDs/g-CsNsNs, and C-
NCDs/g-CaNaNa, respectively. The half-life time was calculated using the
equation t1/2 = t-In(2) ~ 0.693-1, obtaining t1/> values of 2315.08 s for
S-NCDs/g-CsNa and 1165.33 s for C-NCDs/g-CsN4, showing that the
former exhibits a decay time constant approximately twice that of the
latter. This greater resistance for S-NCDs/g-CsNsN may be attributed to
the incorporation of sulfur atoms in its structure that could facilitate
forming additional bands near Cg, and it can reduce the overall bandgap
energy [119].

3.9. Solid-state reflectance spectra

The UV-Vis solid reflectance spectra were recorded for C-NCDs/g-
C3Ny, S-NCDs/g-C3N4, and g-C3Ny4, and the direct and indirect bandgap
energy (E,) was calculated by extrapolating to the X-axis in the Tauc plot
using egs. (2) and (3):

(ahw)" =K (hv — Ey) (2)
(ahy)'/* =K (hv — Ey) ©))

hv = energy of the incident photon, @ = absorption coefficient, K =
energy constant, and n = nature of the transition, with n = 2. The Eq
value is presented in eV.

The Tauc method’s bandgap analysis (Fig. 8 (i)) revealed no signif-
icant variations among the samples; for example, g-C3N4 demonstrated a
direct bandgap of 2.89 eV and an indirect bandgap of 2.77 eV, indicating
easier electronic transitions in the indirect case. C-NCDs/g-C3N4
exhibited values of 2.91 eV and 2.81 eV for the direct and indirect gaps,
respectively, suggesting improved indirect electron transitions. S-NCDs/
g-C3Ny displayed a direct bandgap of 2.93 eV and an indirect bandgap of
2.78 eV, implying a greater ease for indirect transitions. These findings
suggest that the electronic properties of g-C3Ny4 are modified by doping
with carbon dots from different sources, impacting both the direct and
indirect bandgaps.

3.10. Photoluminescence (PL) analysis

The PL spectra were obtained at room temperature with UV excita-
tion at 325 nm (Fig. 8 (ii)) and shows that the S-NCDs have displayed the
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Fig. 7. a) Fluorescence of C-NCDs/g-C3N4, S-NCDs/g-C3N4 and b) Long-scale time-resolved fluorescence analysis of C-NCDs/g-C3Ny4, S-NCDs/g-C3Ny,
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Fig. 8. (i) Bandgap energy determination: (direct) a) C-NCDs/g-C3Ny, b) S-NCDs/g-C3Ny, c) g-C3Ny; (indirect) a) C-NCDs/g-C3N4, b) S-NCDs/g-C3Ny, c) g-C3N; (ii).
Photoluminescence spectra: a) C-NCDs and S-NCDs, b) g-C3N4, ¢) C-NCDs/g-C3Ny4, d) S-NCDs/g-C3Ny.

maximum peak emission intensity at 526 nm, indicating the presence of
charge carrier recombination in an excited state; as a result, it emits a
green visible light. This is a typical behavior of carbon quantum dots
with uniform size distribution and surface states. Conversely, the C-
NCDs also exhibit a broad band in the visible range with the maximum
peak emission intensity at 575 nm but having secondary shoulder peaks
around 466, 506, 546, 561, and 621 nm. Multiple peaks from C-NCDs or
S-NCDs suggest a more diverse range of surface emission states. The
peaks in the blue-green region (466 and 506 nm) and the redshift (621
nm) indicate a more intricate structure involving different energy levels
in the emission process. The material g-C3N4 displayed emission peaks at
around 450 nm, falling within the blue region of the spectrum, attrib-
uted to specific electronic transitions of graphitic carbon nitride, and it
reflects its graphitic structure and potential defects or dopants within

10

the lattice. For NCDs /g-C3Ny, broad PL spectra ranging from 350 to 700
nm indicate the presence of multiple emission centers within the ma-
terial. The lower end of peaks (350-450 nm) suggests a significant role
in high-energy electronic transitions associated with defects or electron-
hole recombination, while the 450-500 nm range indicates the existence
of intermediate states within the material’s structure, illustrating the
presence of a potential interaction between the dopant and the carbon
nitride matrix. The signals (500-700 nm region) may be attributed to
lower-energy transitions, likely associated with deeper defects caused by
the interactions within the doped system. This doped graphitic carbon
nitride emission pattern features a wide distribution of excited states and
emission centers.
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3.11. Adsorption studies

The adsorption behavior of g-C3N4, C-NCD/g- C3Ny4, and S-NCD/g-
C3N4 was systematically studied to remove 2,4-D from aqueous solution
(Fig. 9 and Table S1). In amber bottles, the above adsorbent (1.0 mg)
was poured into an aqueous solution (1.0 mL) containing 2,4-D in a
concentration ranging from 2.0 to 10.0 mg/L and stirred for 12 h in a
dark room to reach an optimal interaction between the adsorbent
and2,4-D. Then, the mixture was centrifuged at 15,000 rpm for 5 min,
and the resulting supernatant was used for the analysis. The equilibrium
concentration of 2,4-D in the supernatant was determined through
UV-visible spectrophotometry, measuring the concentration of 2,4-D by
UV-visible spectra at 231 nm. The standard calibration curves were used
to ensure analytical accuracy. The equilibrium adsorption capacity (qe,
mol/g) was determined using the following equation: ge = (Co - Ce) x V/
m. Co = initial concentration of 2,4D (mol/L), Ce = equilibrium con-
centration (mol/L), V = solution volume (mL), and m = mass of the
adsorbent material (mg). The data are plotted Ce vs. qe to obtain the
equilibrium constant (qe). The models were fitted to the Langmuir
equations (Eq. 4) and Freundlich equations (Eq. 5) [120,121].

_ QmuxKLCe
9 =77K.cC. @
Y
q. = KzC/™ ()

The data are plotted Ce vs Qe to yield the equilibrium constant (qe)
by fitting the following models to the Langmuir (violet) and Freundlich
(pink) equations, and the results are as follows: g = 2.85 x 107> mol/g
for C-NCD/g-CsNy4, 2.02 x 107> mol/g for S-NCD/g-CsN4 or 2.43 x
1075 mol/g for g-C3N4. Notably, the data followed by the Langmuir and
Freundlich equations indicate that the adsorption of 2,4-D is highly
efficient. The Langmuir fit shows the existence of a heterogeneous cat-
alytic surface that is capable of adsorbing 2,4-D. Notably, the data are
clearly fitted into the Langmuir (violet) and Freundlich (pink) equations,
indicating that the adsorption of 2,4-D by the samples is highly efficient,
although the Freundlich model gives a better fit for the 2,4-D adsorption.
The adsorption of 2,4-D by the samples has probably involved more
complex interactions (the Freundlich model fits the behavior of a
multilayer) through the different factors such as active sites, micropores,
or variable surface effects [120,122].

3.12. 2,4-D degradation

The oxidation of the 2,4-D was carried out under visible/solar lights
using all the above samples g-C3N4, C-NCDs, S-NCDs, g-C3N4/ C-NCDs,
and S-NCDs/g-C3Ny. 2,4-D (5.0 mg/L) was dissolved in water (100 ml),
to which nano-polymer materials (30 mg/L) were added, and the whole
solution was exposed under a visible light LED lamp positioned 30 cm
away with an intensity of 4000 lm per square meter (lux). The
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concentration of 2,4-D was determined by UV-visible spectra measuring
the absorption intensity at 280 nm. The same experiments were per-
formed under sunlight for the 2,4-D oxidation by exposing the solution
directly to the midday solar radiation, with an average irradiance of
50,000 Im per square meter (lux) having the spatial coordinates of
19.33, —99.18. The concentration of 2,4-D as a function of time was
followed by approximately 280 nm over 3 h by UV-visible spectroscopy,
measuring the concentration every 20 min by taking the solution (1.5
ml) from the reaction medium. All the experiments were carried out
three times to obtain consistent results. After the reaction was finished,
the nano-polymers were recovered by simple decantation. The oxidation
efficiency of 2,4-D was determined according to eq. 6. The solution was
kept under constant agitation in a dark room,

Ctx100)

t

Cy, =100 — ( (6)

C; = concentration of 2,4-D at different times in the photo-catalytic
process, and Cy = initial 2,4-D concentration.

A plot of Ln [C] vs. time yielded a straight line, and the reaction is
pseudo-first order in 2,4-D; the slope of the plot, which corresponds to
the reaction rate constant, is directly proportional to the concentration
of 2,4-D (Fig. 8) and also proportional to the catalyst concentration. The
results were as follows: K yisible = 4.3 x 107> mM s+ and K sgjar = 7.5 X
1073 mM s~! for C-NCDs/g-C3Ny; K visible = 5.4 x 10> mM s~ ! and k
solar = 10.4 x 1073 mM s ! for S-NCDs/g-C3Ny. The results of these
degradation processes under visible/solar lights are presented in Fig. 10
and Fig. S3.

The results show that S-NCDs/g-C3N4 oxidize 2,4-D significantly
compared to other nano samples, achieving degradation of about 54.28
% (reaction rate k = 0.0054 mM s_l) (Fig. 10a); however, under sun-
light, the same material has been increased to 80.17 % with the rate
constant of k = 0.0104 mM s~! (Fig. 10b), showing that S-NCDs/g-CsNy4
oxidize 2,4-D under sunlight exhibited a greater reaction rate with
higher removal percentage. This shows the presence of heteroatoms (S,
P, and N). The results obtained were compared with the different photo-
catalytic materials reported in the literature, as shown in Table 2.

The results demonstrate that the photocatalysts based on organic
polymer have performed much better than the reported metal oxide-
based photocatalysts. Moreover, the present catalytic oxidation was
much smaller than that of the metal oxide-based catalysts. Fig.S3 shows
the analysis of the 2,4-D degradation concentration under visible light
and sunlight.

Sulfur/phosphorus-doped NCDs/g-C3N4 and S-NCDs/g-C3N4 can
generate heterojunction structures, decreasing the photo-generated
charge recombination (electrons and positive holes, i.e., pairs of e /
h™). The isotype heterojunction could be highly compatible structurally,
and it alters the electronic structural properties, which could increase
the charge separation. This means that the structural framework of NCD
and g-C3Ny is being constructed by sp? hybridization; thus, combining g-
C3N4 with CQDs would alter the electronic and structural properties.
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Fig. 9. Adsorption studies: a) g- C3Ny4; b) C-NCD/g- C3Ny; and ¢) S-NCD/g- C3Ny4,

11



Y.-S. Garcia-Gutierrez et al.

Results in Chemistry 16 (2025) 102377

ey a0%e
a L ——— -0.1 LY B!
) t‘"i"'v-‘, TIT YT YT b) ...g_....:ﬂu_-.!:-.i...:naae::g::c;;-0
$e LI ‘a
-0.2 -0.4 e, @ oy A
e o o o =
c . -0.7 .'.. * ...o .L‘
s @ Contro ° ¢ Control ®e ®.
o -0.5 . .
Q CNCD Q .1 | =cNep *e., ) f- ceen
S @sS-NCD e mSs-NCD )
c 513 | agcN “ee ®
< 08| AgCN, o o CHCOGC N
©C-NCD/g-C5N, 18 | Sesenigei. Solar light irradiati ».,
*S-NCDIg-C,N, Visible light irradiation . S-NCD/g-CsN. olar light irradiation ‘e
1.1 -1.9
0 20 40 60 8 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Time (min) Time (min)
d)
C) 03 y = -0.0102x + 0.0868
04ce, R? = 0.957
?.. 40 60 80 100 120 140 160 180 12 4 m COD
0.3 @ TocC
-0.6 Ce, § 4
_— L]
<] L ” +
009 °e, ' 8 1
o *.
5-1.2 $o., ..
" M .
1.5 + .*o . 4 4
1.8 i "
Solar light irradiation
2.4 - - . . . v v
Time (min) ) 40 80 120 160 200

Time (min)

Fig. 10. Degradation of 2,4-D in the presence of g-C3N4, C-NCDs, S-NCDs, g-C3N4/ C-NCDs, and S-NCDs/g-C3N,4 under a) visible light and b) solar light; c)
degradation behavior of 2,4-D in the presence of S-NCDs/g-C3N4 under solar light; d) Chemical oxygen demand (COD and Total organic carbon (TOC) for the of

degradation of 2,4-D using S-NCDs/g-C3N4 under solar light.

Table 2

Comparison of 2,4-D pesticide degradation by different catalysts.
Catalysts [2,4-D] (ppm) Catalysts Light Time (min) Remotion (%) k(103 mM.s™h) Ref.

[C, g/L]

Fe/TiOy 40.0 1.00 uv 120 95.0 2.4 [123]
Ag/BiFeO3 10.0 1.00 Visible 240 81.5 - [124]
ZrO4/TiOy 58.0 0.50 uv 180 80.0 8.3 [125]
Mn/ZnO/graphene oxide 25.0 2.00 uv 120 66.2 - [126]
S/g-C3N4/AgsVOy 20.0 0.50 Visible 120 70.0 - [127]
BiOBr/MnFe,04-10 20.0 1.00 Visible 80 89.3 37.5 [128]
TiO2 11.0 0.25 uv 240 75.0 5.8 [129]
TiO, 11.0 0.25 uv 240 45.0 2.5 [129]
C-NCDs/g-C3Ny 50.0 0.50 Visible 180 45.70 4.3
C-NCDs/g-C3Ny4 50.0 0.50 Solar 180 66.50 7.5 Present work
S-NCDs/g-C3Ny 50.0 0.50 Visible 180 54.28 5.4
S-NCDs/g-C3Ny 50.0 0.50 Solar 180 80.17 10.4

Moreover, with N, S, and P doping in the samples, the conductivity can
be enhanced by significantly increasing the overall electron migration
capability. If these atoms (S, P and N) are replaced with carbon or ni-
trogen in the g-C3Ny lattice or are located directly in the structural
layers, then the photocatalytic properties certainly improve.

Chemical oxygen demand (COD) and total organic carbon (TOC)
were measured during photocatalytic degradation of 2,4-D by S-NCDs/
g-C3Ny, observing a linear decrease of those parameters against time.
The rate of decline was 12.2 to 5.3 mg/L for COD and 8.6 to 3.7 mg/L for

TOC, showing that the TOC line decreased much faster than the COD line

100 0.52 104
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Fig. 11. a) Study of different scavengers in the photodegradation of 2,4-D, b) weight recovery in each degradation cycle and c¢) % removal in each catalyst

reuse cycle.
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because of rapid 2,4-D mineralization (Fig. 8d) by the effective catalytic
properties of g-C3N4-doped Carbon Dots.

3.13. Effect of radical scavenger in the degradation

The photocatalytic degradation of 2,4-D using C-NCDs/g-CsNa4 and S-
NCDs/g-CsNsNs was studied under solar irradiation and evaluated
scavenger effect using isopropanol (50 mM), 1,4-benzoquinone (5.0
mM), AgNO3 (5.0 mM), and NaNj3 (5.0 mM) (Fig. 11a) [130-132]. In the
control, where no scavenger was present, the removal efficiency was
about 79.96 %. If 1,4-benzoquinone (BQ, scavenger) was present in the
reaction medium, the degradation efficiency dropped sharply to 30.08
%, indicating that the scavenger captured ROS radicals, inhibiting the
reaction by about 62.38 %. The addition of isopropanol (IPA), a known
hydroxyl radical (eOH) scavenger, to the reaction medium results in a
small decrease in the efficiency (70.24 %), with the inhibition of 12.15
%. For AgNO:s addition, it is decreased to 57.44 %, with the inhibition of
28.16 %. Ag" ions compete by taking electrons from the ROS, reducing
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02" formation, and thus, they affect the photocatalytic performance of
the sample. NaNs, a known scavenger for singlet oxygen (102), has
reduced the degradation efficiency to 61.93 %, with an inhibition of
22.54 %. (Fig. 11c). The above results show that the degradation of 2,4-
D by C-NCDs/g-C:Na4 and S-NCDs/g-CzN:N- can be tuned by the presence
of different scavengers.

3.14. Durability and reusability studies

The photocatalytic stability and reusability of C-NCDs/g-CsN4 and S-
NCDs/g-CaNsNs were also evaluated after considering five different
consecutive degradation cycles. In the first cycle, the sample shows the
removal efficiency of 80.04 %, consistent with the experimental results.
If the number of cycles is increased, a gradual decrease in the efficiency
of the 2,4-D oxidation is observed: for example, 2nd cycle, the removal
was 77.63 %, and 3rd, 4th and 5th cycles result to 73.58 %, 68.92 %, and
63.83 %, respectively (Fig. 11c). This means, the partial decrease in the
removal efficiency is commonly attributed to the partial loss of active

Fig. 12. Confocal microscopy images of Saccharomyces cerevisiae: a) Control, b) C-NCD, c) S-NCD, d) g-C3Ny4, €) C-NCD/g-C3Ny, f) S-NCD/g-C3Ny4, g)2,4D, h) C-NCD/

g-CsN4 + 2,4D, f) S-NCD/g-C3N, + 2,4D.
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sites on sample surface by its surface fouling. The recovery of the cata-
lyst was also performed in each cycle. The initial mass of 0.5 g was fully
recovered in the first cycle, but in subsequent cycles, the resulted values
were: 0.487 g, 0.471 g, 0.466 g, and 0.459 g, corresponding to 97.4 %,
94.2 %, 93.2 %, and 91.8 %, respectively (Fig. 11b). It indicates that the
samples are presented with high degree of physical stability and are
easily recoverable. The minor losses in mass, surface active area, and
surface passivation may be associated with decreased photocatalytic
efficiency. This demonstrates the potential use of the sample for prac-
tical environmental applications.

3.15. Confocal bio-image of cells

Fluorescence bioimaging of Saccharomyces cerevisiae cells using 2,4-
D in the presence and absence of C-NCD/g-C3Ny4, S-NCD/g-C3N4 was
studied using an Olympus FV1000 instrument equipped with a diode
laser (excitation 405 nm) (Fig. 12 and Fig. S4). The fluorescence in-
tensity of the images was measured. The Saccharomyces cerevisiae cells
were obtained commercially, purified to avoid interference from other
fractions, and cultured in modified Miiller-Hinton broth (MHB) with
sucrose (2.0 %) as a growth factor for the inoculation. The culture was
prepared in the nutrient broth medium (21 g/L in distilled water), with
Saccharomyces cerevisiae cells (2 g/L), kept at 36 °C for 12 h. [133,134].
For control cells (100 pL), cells with other samples (C-NCD, S-NCD, g-

Results in Chemistry 16 (2025) 102377

C3Ny, C-NCD/g- C3N4, S-NCD/g- C3N4) (200 pL 0.1 mg/mL), cells with
2,4-D (200 pL, 0.1 mM), and cells +2,4-D + nano-samples (C-NCD/g-
C3N4 and S-NCD/g-C3N4) were prepared and inoculated at room tem-
perature. The total volume was maintained at 4.0 mL for the above so-
lution by adjusting it with MHB. The inoculated solution (30 pL) was
taken and then poured onto the surface of a freshly cultured Petri dish
and kept for 15 min before observing the cell performance using a
confocal microscope.

The image results show that the control shows no fluorescence, while
C-NCD and S-NCD exhibit dispersed fluorescence, developing the cell
images. Although, for g-C3Ny little fluorescence image was seen, for C-
NCD or S-NCD, a significant fluorescence increase was observed. For
2,4-D, we could not see an appreciable fluorescence; however, after the
addition of C-NCD or S-NCD along with g-C3N4, a notable increase in
fluorescence is observed, suggesting an interaction between C-NCD or S-
NCD with the pesticide, consistent with the above adsorption studies.

3.16. DFT studies

Graphitic carbon nitride (g-C3Ny4) is known to be a semiconductor
with a structure like that of graphite. From geometrical optimization, it
can be observed that the materials adopt a flattened structure with
distorted tridimensional geometry at the edges, given the lack of cova-
lent C—N interaction, and for (C3N4)46H19, the resulting sheet had an

Fig. 13. Optimization geometries of NCDs/g-C3N4 (C201Hg3061N189) systems through HSEh1PBE/LANL2DZ.
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approximate dimension of 32 x 29 A for a theoretical area of more than
920 f\z; this value, however, is expected to be enhanced given the
inherent bending of the monolayers. [135] In the case of NCDs, it can be
observed that the geometry is characterized by the positioning of the
highly polar carbonyl groups on the outside, whereas amide groups
remain at the center of the supramolecular array [136]. The joint NCDs/
g-C3N4 system revealed an electrostatic interaction where the carbon
nitride matrix shows a bending toward the NCDs cluster, which high-
lights the effective interaction; however, no evidence of covalent bonds
was found under the studied conditions (Fig. 13). Geometrical analyses
revealed that the interaction takes place between g-C3Ny at the nitrogen
in CN C groups and hydrogens in O—H and CH3 from the NCDs groups.
These electrostatic interactions go from strong, mostly covalent bonds
(1.93-2.06 A) to weak and mostly electrostatic bonds (2.41-4.01 A
which are within the ranges typically reported for H bonds in supra-
molecular arrays [137].

The addition of citric acid-urea-based NCDs modifies the band sys-
tem of g-C3Ny by drifting the Fermi level toward the Conduction Band,
highlighting its n-type semiconductor nature, where there are more
available energy levels to allocate electrons (Fig. 14). For the DOS
analysis, 10 S/eV units were considered to be the standard, as under this
DOS, the energy gap between Cg and Vp in g-C3N4 was 2.84 eV, which is
in close resemblance to that experimentally observed for graphitic car-
bon nitride. [138,139] This shift suggests an increase in the density of
available electronic states, which enhances charge carrier mobility and
reduces recombination losses, crucial for applications such as photo-
catalysis and optoelectronics [140]. Additionally, the presence of NCDs-
induced mid-gap states could facilitate improved light absorption and
broaden the activation range into the visible spectrum, further sup-
porting the material’s potential for energy conversion and environ-
mental remediation. [141]

As can be seen in Fig. 15 and S5, NCDs/g-C3Ny is expected to be a
visible light active semiconductor. From molecular orbital mapping at
edge energies of conduction and valence bands; it was observed that the
lower limit of Cg is located at 0.10 eV whereas the upper limit of Vp is
found at —2.49 eV. The semiconductor behavior of the NCDs/g-C3N4
composite can be further understood by examining the charge transfer
dynamics at the interface between the two components. The presence of
carbon quantum dots (NCDs) alters the electronic structure of g-CsNa by
introducing additional energy states within the bandgap, facilitating
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improved charge separation and reducing recombination losses. This
effect is particularly beneficial for photocatalytic applications, where
efficient electron-hole pair generation and migration are crucial for
enhancing catalytic performance [142]. Furthermore, the observed shift
in the Fermi level toward the conduction band upon NCDs integration
suggests an increase in free carrier density, reinforcing the n-type
semiconductor characteristics of the composite. Such modifications not
only extend the light absorption range into the visible region, as indi-
cated by the theoretical activation wavelength cutoff of 520 nm, but also
promote effective utilization of visible light, making the material a
promising candidate for applications in photocatalysis, optoelectronics,
and energy conversion [143].

The presence of heteroatoms, particularly sulfur and phosphorus,
within the S-NCDs plays a significant role in modifying the electronic
properties of the g-CsNa4 matrix [36,144,145]. Sulfur atoms can intro-
duce sub-energy levels (shallow donor levels) near the conduction band,
enhancing the separation of photogenerated electron-hole pairs and
facilitating electron transport. The phosphorus doping is known to
introduce mid-gap states and can enhance the conductivity of the sample
by narrowing the bandgap slightly. This is consistent with the Density of
States (DOS), showing that the existence of these heteroatoms has
increased the density of available states near the Fermi level, effectively
boosting charge mobility. These are reasons why there was an
improvement in the photocatalytic degradation rate of 2,4-D, because
there could be a greater charge separation, reducing recombination of
hole-electron pairs, which promotes the availability of reactive oxygen
species for oxidation reactions.

4. Conclusion

Carbon quantum dots (NCDs) derived from fish scales are function-
alized with g-C3N4 and then characterized by different analytical
methods. C-NCDs/g-C3sN4 and S-NCDs/g-C3N4 (~5.0-15 nm) are ther-
mally stable and homogeneously dispersed, as shown in the SEM/TEM
images. The fluorescence spectra show distinct emission profiles,
implying the existence of additional electronic transitions, likely het-
eroatoms from the fish scales that are less pronounced for C-NCDs,
consistent with the photoluminescence that the C-NCDs and S-NCDs
exhibit a green visible emission. The adsorption and photocatalytic
oxidation of 2,4-D by the samples was analyzed, showing that S-NCDs/g-
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Fig. 14. Semiconductor model for tested g-C3N4-based materials.
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Fig. 15. Semiconductor model for NCDs/g-C3N,4 material highlighting band system; frontier molecular orbitals at Cs and Vg and Electrostatic Potential (ESP).

C3Ny efficiently adsorbs the substrate (g = 2.85 x 1073 mol/g for C-
NCD/g-CsNy, 2.02 x 10> mol/g for S-NCD/g-C3Nj or 2.43 x 10> mol/
g for g-C3Ny), and there is a considerable photocatalytic oxidation, it
follows first-order kinetics in the substrate as: K visiple = 4.3 x 10~> mM
st and K sojar = 7.5 x 107> mM s ! for C-NCDs/g-C3Ny; K visible = 5.4 X
103 mM s! and k 4oy = 10.4 x 1073 mM s~ for S-NCDs/g-C3Ny. The
DFT Geometrical and electronic properties reveal that the composite
maintains a non-covalent electrostatic interaction, with noticeable
bending of the g-CaNa structure toward the NCDs cluster. Band structure
analysis indicates that the integration of NCDs modifies the electronic
properties of g-CsNa, reinforcing its n-type semiconductor behavior. The
calculated density of states (DOS) confirms an energy gap of 2.84 eV,
which agrees with the experimental data. The cell image results show
that there is a significant fluorescence enhancement if C-NCD and S-NCD
are added to the cell culture.
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