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Abstract

Sulfur-doped carbon dots (S-doped CDs) were synthesized via a solvothermal method using caffeine
as a carbon precursor and sodium sulfide as a sulfur source. Characterization using transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy
(FT-IR), ultraviolet -visible (UV-Vis) spectroscopy, and photoluminescence spectroscopy (PL) confirmed
successful sulfur incorporation. TEM revealed a uniform size distribution and graphitic structures, while
UV-Vis analysis showed a reduction in the bandgap from 3.29 eV to 3.10 eV, improving light absorption
and charge carrier separation. The photocatalytic activity of S-doped CDs was evaluated for indigo
carmine (IC) dye degradation under UV irradiation, where 2S-CDs exhibited the highest degradation
efficiency (~90% within 240 min) due to enhanced charge carrier separation, defect-state-mediated
electron transfer, and the generation of reactive oxygen species (ROS). Radical scavenger experiments
confirmed that superoxide radicals (*Oz2"), hydroxyl radicals (OH), and photogenerated holes (h*) played
key roles in dye degradation. This study demonstrates that S-doped CDs derived from caffeine are efficient

1. Introduction

Water pollution caused by synthetic dyes has become a significant
environmental concern due to their extensive use in the textile, printing,
and pharmaceutical industries. These dyes are highly stable, non-
biodegradable, and resistant to conventional wastewater treatment
methods, posing risks to aquatic ecosystems and human health [2].
Traditional treatment approaches, including coagulation, adsorption,
and chemical oxidation, are often insufficient for complete dye removal,
necessitating the development of efficient and sustainable alternatives [3].
Among advanced treatment technologies, photocatalysis has emerged
as a promising green approach, offering the potential for completely
mineralizing organic pollutants into harmless byproducts under light
irradiation [4-11]. However, the effectiveness of photocatalysis largely
depends on the development of photocatalysts with enhanced light
absorption [7], charge separation efficiency, and surface activity [8,9].

Carbon dots (CDs) have gained considerable attention as metal-
free, eco-friendly, highly tunable nanomaterials with excellent optical
properties and chemical stability [10,12]. Various biomass sources,
including coffee grounds [13], orange peels [14], and sugarcane
bagasse [15], have been explored as carbon precursors in line with
the principles of green chemistry. However, most of these precursors
are complex mixtures, making it challenging to control the carbon
composition and doping efficiency precisely. In contrast, pure caffeine,
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and sustainable photocatalysts for wastewater treatment.

amajor alkaloid component of coffee, offers a structurally well-defined,
nitrogen-rich organic molecule that can serve as a reproducible and
controllable green precursor for synthesizing CDs. This opens new
opportunities for tailoring the electronic properties of CDs for photo-
catalytic applications. Due to their unique electronic structure, CDs
can act as efficient photocatalysts or photosensitizers, facilitating
light-driven degradation of pollutants. However, pristine CDs often
suffer from a wide bandgap energy and rapid charge recombination,
which limits their photocatalytic efficiency [16,17]. To overcome
these limitations, heteroatom doping has been widely explored as
an effective strategy to enhance catalytic performance [7,11,16]. By
introducing elements such as nitrogen, sulfur, phosphorus, and boron,
heteroatom doping can significantly alter the electronic structure,
improve charge carrier mobility, and increase the surface reactivity
of CDs [18]. In particular, sulfur-doped carbon dots (S-doped CDs)
have been demonstrated to be highly effective in modifying the band
structure, enhancing charge separation, and promoting the generation
of reactive oxygen species (ROS), which are crucial for photocatalytic
activity [16,18]. The presence of sulfur atoms also facilitates the
formation of additional defect sites and mid-gap states, improving
light absorption and catalytic efficiency [7].

This study presents a novel and environmentally friendly synthetic
approach for S-doped CDs using caffeine as a carbon precursor, sodium
sulfide as the sulfur source, and ethylene glycol (EG) as the reaction
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medium under solvothermal conditions. To the best of our knowledge,
this specific combination of materials and conditions has not been
previously reported. The structural, optical, and electronic properties of
the synthesized CDs were systematically analyzed to evaluate the
impact of sulfur doping on their photocatalytic performance. The
photocatalytic performance of S-doped CDs was evaluated through
the degradation of a model dye pollutant under UV irradiation, and
the effects of sulfur doping on adsorption capacity, charge separation,
and photocatalytic efficiency were examined. Furthermore, radical
scavenger experiments were conducted to identify the dominant
reactive species involved in the degradation process, proposing a
photocatalytic mechanism. To the best of our knowledge, this work
is one of the earliest studies to utilize pure caffeine as a molecular
carbon and nitrogen source for synthesizing S-doped CDs via a
solvothermal approach [19,20]. This strategy offers enhanced control
over precursor composition and doping efficiency, distinguishing it
from previous research that employed crude coffee waste materials.
The findings from this work highlight the potential of S-doped CDs
synthesized from caffeine as an efficient and sustainable photo-
catalyst for wastewater treatment and environmental remediation.

2. Experimental
2.1 Materials

All Chemicals used in this study were reagent grade, including
caffeine anhydrous (CsH10N4O2, srlchem, 98%.), ethylene glycol
(C2Hg0On, Fisher chemical, 99.95%), sodium sulfide (NazS,-Honeywell,
98%), ethylene diamine tetra acetic acid (EDTA, TPC, 99.5%)), indigo
carmine (Himedia), 1,4-Benzoquinone (Acrosr organics), ¢-butanol
(Fluka chemicals) were used without purification.

2.2 Synthesis of S-doped CDs

A set of solutions was prepared by dissolving 1 g of caffeine along
with varying amounts of Na2S (0.5 g, 1 g, and 2 g) ina 100 mL mixture
of deionized (DI) water and EG in a 1:1 volume ratio to synthesize
S-doped CDs. Undoped CDs were prepared under identical conditions,
excluding NaxS, for comparison. To distinguish the samples, they were
labeled as CDs (undoped), 0.5S-CDs (0.5 g NazS), 1S-CDs (1 g NaxS),
and 2S-CDs (2 g NazS). These abbreviations will be used consistently
throughout this paper. Each solution underwent sonication for 20 min
before being transferred into autoclaves for a solvothermal reaction
at 180°C for 24 h. The obtained CDs and S-doped CDs were purified
by filtration using a 0.22 um filter and dialysis for 24 h, with periodic
water replacement to remove unreacted precursors and impurities.
Finally, the purified CDs dispersions were stored in a refrigerator for
future use.

—_—

Filtered using
0.22-micron filter

—

=¥
o

Put in Oven at 180 "C
For24h

Cafleine 1 g S-doped CDs

Sodium Sulfide 0-2 g

Dissolved in DI water
and Ethylene glycol

Figure 1. Photograph for the synthesis of S-doped CDs.
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2.3 Characterizations

The size and shape of CDs were characterized using transmission
electron microscopy (TEM) with a JEOL/JEM-3100F model. X-ray
diffraction (XRD) analysis was employed to investigate the phase
composition and crystalline structure of the samples, using a Malvern
Panalytical Aeris diffractometer with Cu Kq radiation (A= 1.5406 A),
operated at 40 kV and 30 mA. The diffraction patterns were recorded
over a 260 range of 5° to 80°, with a step size of 0.02° and a scan speed
of approximately 1° min'. The chemical bonds and functional groups
were analyzed using X-ray photoelectron spectroscopy (XPS) with
a Kratos Axis Ultra spectrometer and a monochromatic Al K, source
at 1486.7 eV. Fourier-transformed infrared (FT-IR) spectra were recorded
on a PerkinElmer Spectrum Bx spectrophotometer in the range of
400 cm! to 4000 cm™! using the attenuated total reflectance (ATR)
technique. UV-Vis absorption spectra were obtained using a Shimadzu
UV-2401 spectrophotometer. At the same time, fluorescence spectra
were recorded using a fluorescence spectrophotometer (PerkinElmer
LS55 luminescence spectrometer) with an excitation wavelength of
365 nm. For both measurements, 10 uL of the carbon dot solution
was diluted in 6 mL of deionized water prior to analysis.

2.4 Photocatalytic activity

Indigo carmine (IC) was selected as the model dye for the experiment,
prepared at a concentration of 2.5 x 10 M in a total volume of 50 mL.
2.5 mL of CDs were added to this dye solution to act as the photocatalyst.
The mixture was left in the dark for 60 min to achieve adsorption
equilibrium between the dye and the CDs.

After the dark incubation period, the solution was exposed to UV
light or visible light for 4 h. During UV and visible exposure (blacklight,
20 W [21]; Daylight, 9 W), aliquots were collected at 30 min intervals,
and the absorbance of the IC dye solution was measured at 610 nm
using a UV-vis spectrophotometer.
Ag—4

2 100 (1)

0

%Degradation =

where Ao represents the initial absorbance at 610 nm before UV
exposure, and Ay is the absorbance at 610 nm at a specific time t during
the UV or visible exposure.

This process enables the evaluation of the photocatalytic efficiency
of CDs in degrading IC under UV light and visible light conditions.

2.5 Radical test

Selective scavengers are employed to capture specific free radicals,
allowing the identification of those involved in the reaction. A decrease
in photocatalytic efficiency indicates the contribution of each radical to
the process. For instance, #-butanol serves as a scavenger for hydroxyl
radicals ("OH), p-benzoquinone is used to capture superoxide radicals
(*O27), and EDTA acts as a trap for photogenerated holes (h*). To
experiment, 5 mL of the selected scavenger is added to a S0 mL IC
solution with a concentration of 2.5 x 10~ M. Subsequently, 2.5 mL of
CDs is introduced, and the mixture is kept in the dark for 60 min to
allow adsorption equilibrium. The reaction is then initiated by exposing
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the mixture to UV light for 4 h, with samples collected every 30 min
to track the degradation process. The absorbance of each sample is
measured at 610 nm to assess the effect of each scavenger on photo-
catalytic activity.

3. Results and discussion

3.1 Optical and structural properties of S-doped CDs

Figure 2 shows the visual appearance of S-doped CDs under
daylight (a) and UV light at 365 nm (b), revealing the impact of sulfur
incorporation on their optical properties. Under daylight, all CDs
solutions exhibit a light yellow to pale brown color, indicating the
formation of graphitic or amorphous carbon structures with good
dispersion in the solvent. Under UV light, all samples display bright
blue fluorescence, with 0.5S-CDs and 1S-CDs exhibiting higher
intensity than CDs and 2S-CDs, indicating that sulfur doping enhances
radiative recombination through the formation of new emissive states
or passivating defects.

The PL spectra of CDs and S-doped CDs at an excitation wavelength
of 365 nm, as shown in Figure 3, demonstrate a significant enhancement
in fluorescence intensity compared to undoped CDs, with 0.5S-CDs
exhibiting the highest emission, followed by 1S-CDs, 2S-CDs, and
CDs. This increase in intensity (420 nm to 450 nm range) is attributed
to surface passivation, reduced non-radiative recombination, and the
introduction of sulfur functional groups (C-S, C=0, SOx), which create
additional electronic states that enhance radiative transitions [22-24].
However, a slight fluorescence quenching is observed at higher sulfur
content (2S-CDs) due to the excessive presence of defect states acting
as non-radiative recombination centers [25,26].

The UV-Vis absorption spectra of caffeine-derived CDs, as shown
in Figure 4, highlight the structural transformation of caffeine after
solvothermal synthesis. Caffeine, a nitrogen-rich organic molecule,
contains multiple C=C, C=N, and C=0 bonds, crucial in forming CDs.
The observed absorption features in the pristine caffeine spectrum
differ from those of the synthesized CDs, indicating significant
changes in molecular structure due to high-temperature treatment
and carbonization. The spectra show a strong absorption peak in the
200 nm to 250 nm region, corresponding to the 1 — m* transition of
C=C bonds in the aromatic and conjugated domains of the CDs [9,27].
This peak is observed in all samples, indicating that the fundamental
graphitic structure remains preserved despite sulfur doping. Another
peak appears around 270 nm to 300 nm, attributed to the 1 — =*
transition of C=N bonds. This absorption suggests the presence of
nitrogen-containing groups, which may originate from the caffeine
precursor [9,16,18,21-30]. A weaker absorption feature is detected near
350 nm to 400 nm, corresponding to the n — ©* transition of C=0 bonds
from oxygen-containing functional groups on the CD surface [31].
This transition is typically associated with surface functionalization
and defect states, which can influence the optical properties of CDs.
Notably, a new absorption feature appears around 320 nm to 350 nm,
attributed to the n — n* transition of C-S bonds. This transition confirms
that sulfur atoms are successfully incorporated into the structure of CDs,
likely replacing oxygen atoms in carbonyl groups to form thiocarbonyl
(—C-S) functional groups [32]. The C-S transition is a distinguishing
feature of sulfur doping and contributes to changes in the electronic

properties of the CDs. This electronic transition not only confirms
the structural incorporation of sulfur but also indicates modifications
in the electronic distribution, which may influence the optical
absorption behavior and photocatalytic activity of the S-doped CDs.

CDs
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258-CDs
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Figure 2. Photograph of CDs solution in daylight (a), and UV light (365 nm)

(b) with various amounts of sulfur doping.
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Figure 3. Photoluminescence of CDs with differences in sulfur content at
excitation 365 nm.
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Figure 4. UV-Vis spectra of CDs with Caffeine and CDs with different sulfur
content.
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The XRD patterns of the undoped CDs and S-doped CDs (0.5S-
CDs, 1S-CDs, and 2S-CDs) are presented in Figure 5. All samples
exhibit broad diffraction peaks centered at approximately 26 = 22°
to 26°, which are indicative of the (002) plane of disordered graphitic
carbon. This characteristic peak reflects the presence of an amorphous
or turbostratic structure commonly observed in carbon-based nano-
materials, including CDs [33,34]. Upon doping with sulfur, a gradual
increase in the intensity of the diffraction peaks is observed, particularly
in the 2S-CDs sample, which shows the most pronounced peak. This
enhancement suggests an increase in the degree of structural ordering
and possible partial graphitization. The presence of sulfur heteroatoms
may promote the rearrangement of carbon layers by modifying the
electronic environment and introducing localized structural defects,
leading to improved crystallinity [35]. Furthermore, the peak broadening
observed across all samples implies that the synthesized CDs retain
a predominantly amorphous structure with limited graphitic domains.
The subtle variations in peak position and intensity with increasing
sulfur content can be attributed to lattice distortion and strain effects
resulting from sulfur incorporation into the carbon matrix. These
results confirm the successful doping of sulfur and its influence on
the structural characteristics of CDs.

The TEM images in Figure 6 reveal that CDs and 2S-CDs exhibit
quasi-spherical morphology with well-dispersed nanoparticles, indicating
successful synthesis. The presence of lattice fringes in both samples,
with an interlayer spacing of approximately 0.20 nm to 0.21 nm,
corresponds to the (100) and (101) plane of carbon, confirming the
partially graphitic nature of the CDs [36-39]. 2S-CDs exhibits increased
structural disorder compared to CDs, as evidenced by less defined lattice
fringes, suggesting that sulfur incorporation introduces defects and
heteroatom-induced distortions within the carbon framework [38-41].
Despite these modifications, the retention of graphitic domains in 2S-
CDs suggests that sulfur doping occurs mainly at surface functional
sites rather than disrupting the core sp? carbon network [39-42]. In
addition, the particle size distribution of CDs was illustrated for CDs
in Figure 6(c) and for 2S-CDs in Figure 6(d). It was found that the
average particle size of CDs was approximately 4.93 nm, while that
of 2S-CDs was approximately 5.14 nm.

The Tauc plot in Figure 7 illustrates the optical band gap of CDs
and S-doped CDs as determined from UV-Vis spectroscopy, with band
gap values estimated using Tauc’s equation

(ahv)" = A(hv — E,) 2)

where o is the absorption coefficient, 4v is the photon energy, 4
is a constant, and Ey is the optical band gap. The nature of the electronic
transition determines the exponent n. For CDs that exhibit direct
transitions due to their quantum confinement and graphitic-like
domains, n =2 is commonly used [24,27,36,43]. The results indicate
that pure CDs exhibit the highest band gap, while increasing sulfur
doping progressively reduces the band gap, with 2S-CDs showing
the lowest band gap energy, suggesting the introduction of mid-gap
states that facilitate electronic transitions at lower energies [39,42].
This band gap narrowing is attributed to heteroatom-induced defect
states and enhanced electronic delocalization, which modifies the
electronic structure of the CDs [43,44].

J. Met. Mater. Miner. 35(4). 2025
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Table 1. Bandgap energy of synthesized CDs with different amounts of sulfur doping.
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Bandgap Energy (eV)
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Figure 8. FT-IR spectra of CDs with different amounts of sulfur doping.

Table 1 presents the calculated band gap energy of S-doped CDs,
showing a progressive decrease in Ey with increasing sulfur content,
indicating the impact of sulfur incorporation on the electronic structure
of CDs. Pure CDs and 0.5S-CDs exhibit the highest band gap, 3.29 eV
and 3.14 eV, respectively, suggesting that at low sulfur doping levels,
the electronic structure remains relatively unchanged [45,46]. However,
a significant reduction in the band gap is observed in 1S-CDs (3.02 eV)
and 2S-CDs (3.00 eV), confirming that sulfur doping introduces mid-
gap states and enhances electronic delocalization, thereby facilitating
electronic transitions at lower energy levels [39,44]. This trend aligns
with previous studies, where sulfur doping modifies the density of
states in heteroatom-doped CDs, leading to enhanced light absorption
and improved charge carrier dynamics [42,47,48]. The results suggest
that higher sulfur concentrations (1S-CDs and 2S-CDs) are required
to induce significant electronic modifications, making sulfur doping
an effective strategy for tuning the optical properties of CDs.

3.2 Surface analysis

The FT-IR spectra in Figure 8 confirms the presence of key
functional groups in S-doped CDs, highlighting the impact of sulfur
incorporation on their surface chemistry. A broad peak at 3300 cm™!
t0 3500 cm™! corresponds to O—H and N-H stretching, indicating the
presence of hydroxyl and amine groups that enhance the hydrophilicity
of CDs [26,49]. The peaks at ~1650 cm™ and ~1580 cn™! are assigned
to C=0 and C=C stretching, confirming the presence of carbonyl groups
and the partial graphitic nature of the CDs [50]. Sulfur incorporation
is evident from the appearance of C-S stretching (~1080 cm™' to 1200
cm™), confirming successful sulfur doping [26,28] , while the peak at
~1380 cm! suggests the retention of C-N bonds from the precursor
material [26,28,51]. Notably, the peaks around 1000 cmi™! to 1050 cm™

correspond to oxidized sulfur species (SOx) functional groups, such
as sulfone (—SO2) or sulfate (—SO4), indicating partial oxidation of
sulfur during synthesis. The observed changes in C=0, C=S, and
SOx functional groups with increasing sulfur content suggest that sulfur
incorporation significantly modifies the chemical environment and
electronic properties of CDs.

XPS was employed to elucidate the elemental composition and
chemical-bonding states of both the precursor (caffeine) and the
synthesized S-doped CDs (2S-CDs), as illustrated in Figure 9. The
survey spectra show C 1s, O 1s, and N 1s signals in both samples,
whereas an additional S 2p peak appears exclusively in the 2S-CDs
spectrum, confirming the successful incorporation of sulfur during
solvothermal synthesis [26,52]

In the high-resolution C 1s spectrum of caffeine, four components
are observed at 284.5 eV (C-C/C=C) [16,53], 285.7 eV (C-N) [16,
53-55],286.7 eV (O=C-N) [53-55] and 288.5 eV (C=0) [55,56],
consistent with its molecular structure. After carbonization, the C 1s
spectrum of 2S-CDs retains these features. It displays an additional
peak at 284.9 eV, which can be assigned to C—S bonding, indicating
the covalent integration of sulfur into the carbon lattice.

The N 1s spectrum of caffeine is dominated by pyrrolic nitrogen
(~399.9 eV) [55], graphitic-like nitrogen (~401.0 eV) [26] and C-N-C
(~398.7 €V) [16]. By contrast, the 2S-CDs exhibit three nitrogen species
pyridinic N at 398.7 eV [55], pyrrolic N at 399.7 eV [55] and graphitic
N at401.0 eV [41] implying a rearrangement of nitrogen functionalities
during solvothermal treatment that is known to enhance electronic
conductivity and charge-separation efficiency in photocatalytic systems
[16,26,30].

The O 1s spectra further substantiate surface modification: caffeine
presents peaks at 531.0 eV (C-O/C = O) [55], 532.7 eV (C-OH/C-0-C)
[55] and 534.2 eV (O-H) [55,57,58], suggesting the presence of oxygen-
containing functional groups contributing to solubility and reactivity.
Notably, whereas the 2S-CDs display an additional peak at 532.9 eV
attributable to S—O bonding environments such as sulfone or sulfate
groups, providing compelling evidence for the formation of oxidized
sulfur species during synthesis [59], such as sulfone (—SO»-) or sulfate
(=SO4*) functional groups. This observation confirms the presence of
oxidized sulfur species on the carbon dot surface, further supporting
the successful sulfur doping and partial surface oxidation that occurred
during the synthesis process.

The S 2p spectrum of 2S-CDs exhibits two spin—orbit doublets.
The first, centered at 164.1 eV (2p32) and 165.3 eV (2p12), [16,26]
corresponds to thiophene-like C—S—C bonds; the second, at 168.0 eV
(2p312) and 169.3 eV (2p112) [16,26], is assigned to oxidized sulfur
species (C—SOx), indicating partial oxidation of the dopant under
solvothermal conditions [16,30,49,55,60,61]. Collectively, these XPS
results confirm that caffeine, a nitrogen-rich molecular precursor,
was successfully transformed into heteroatom-doped CDs through
sulfur incorporation and the formation of new chemical bonds. The

J. Met. Mater. Miner. 35(4). 2025
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coexistence of C—S and S-O functionalities, together with a reconfigured

nitrogen environment, introduces active sites and defect states that are

expected to enhance the optical and photocatalytic performance

of the resulting 2S-CDs.

The XPS findings are consistent with the FT-IR, UV-Vis, and PL
analyses, indicating the presence of C—S, C=0, and oxygenated

functional groups. Detecting C—S and SOx peaks in XPS aligns with
FT-IR results. Additionally, the decrease in optical band gap observed
in UV-Vis/Tauc plot analysis correlates with the chemical modifications
detected by XPS, as sulfur incorporation introduces defect states and
mid-gap energy levels, facilitating electronic transitions at lower
energies [26,28].
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3.3 Photocatalyst efficiency

The photocatalytic degradation of IC dye using S-doped CDs
was systematically investigated, revealing that 2S-CDs exhibited the
highest photocatalytic efficiency in UV light, achieving approximately
90% degradation within 240 min, as illustrated in Figure 10(a). This
enhanced photocatalytic activity is primarily attributed to sulfur-induced
defect states, which facilitate improved charge carrier separation [62],
broaden the light absorption spectrum, and significantly reduce electron—
hole recombination processes [13,25]. Additionally, dark adsorption
played a crucial role in the removal of IC dyes, as evidenced in Figure 11.
Among the tested samples, 2S-CDs demonstrated the highest adsorption
capacity (~75%), followed by 1S-CDs (~30%) and 0.5S-CDs (~10%).
This trend is likely due to increased electrostatic interactions, the
presence of functional surface groups such as —SOx and -COOH, and
strong n—n stacking interactions between the sp>-carbon domains of
the CDs and the conjugated n-system of the IC dye molecules [50,63].
The high adsorption affinity of S-doped CDs toward indigo carmine dye
effectively facilitates subsequent photocatalytic degradation, thereby
significantly enhancing the overall photocatalytic efficiency.

Furthermore, the results presented in Figure 10(b), which evaluate
photocatalytic degradation under visible light irradiation alone (i.e.,
in the absence of UV activation), emphasize the critical role of sulfur
doping in enhancing visible-light-driven photocatalysis. Notably,
2S-CDs, containing the highest sulfur content, exhibited superior
activity with approximately 40% IC degradation within the first
60 min. In contrast, 1S-CDs and 0.5S-CDs showed only moderate
performance (~10% to 15%), while pristine CDs and the IC control
sample displayed negligible degradation (less than 5%). These findings
highlight the efficacy of sulfur doping in extending the optical absorption
of CDs into the visible region and promoting more effective charge
separation via defect and mid-gap states.

The exceptional performance of 2S-CDs under visible light is
attributed to sulfur atoms introducing localized trap states, which
reduce the bandgap and enhance absorption in the 400 nm to 700 nm
range, thereby improving electron—hole pair generation under low-
energy illumination. These results are aligned with prior studies reporting
that sulfur doping significantly enhances photocatalytic activity
by mitigating charge recombination and augmenting visible light
harvesting capabilities [20, 64].
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The rate constant (k) for IC degradation was calculated and is
displayed in Figure 12. The degradation kinetics follow a pseudo-first-
order model, which is described by the Langmuir-Hinshelwood kinetic
Equation.

In () = ke

©)
where Co is the initial concentration of the dye, Ct is the concentration
at time t, & is the rate constant (min™), and t is the reaction time (min).

Here, Co refers to the concentration of IC after reaching adsorption—
desorption equilibrium in the dark, prior to light irradiation. Therefore,
the decrease in C; reflects the photocatalytic degradation only.

Among the samples, 2S-CDs exhibited the highest rate constant
(~0.0124 min"), significantly outperforming undoped CDs. The
increased reaction rate with sulfur doping is attributed to improved
charge separation and enhanced generation of ROS, which accelerate
dye decomposition by reducing electron-hole recombination and
facilitating oxidation-reduction reactions [64].

To better understand the degradation pathway, radical trapping
experiments were conducted (Figure 13), revealing that ‘Oz, *OH, and
photogenerated h* play essential roles in the photocatalytic process.
The degradation efficiency significantly decreased in the presence of
benzoquinone ("Oz~ scavenger), t-butanol ("OH scavenger), and EDTA
(h* scavenger), indicating that all these reactive species are actively
involved in IC dye degradation [65]. The oxidative species generated
during the process can be ranked in order of significance as follows:
*O2~>h">"OH. These radicals are crucial for the degradation of IC dye
through the photocatalytic process facilitated by the CDs.

Ecp =X — E,—2 )

Eyg= Ecg t E, @)
In this study, the band edge positions of S-doped CDs (2S-CDs)
were calculated using Mulliken electronegativity theory, which is
commonly employed to estimate the valence band (VB) and conduction
band (CB) edge potentials using the following Equations [66].

100
" IC
90 b) ®— CDs
A (.55-CDs
80 o v 1S-CDs
4— 25-CDs
704
f=]
-2 604
9
£ 50 P > ¢ 25-CDs
b
) *
2 40+
=
30 4
20
a v v 1S-CDs
10 s i CDs
0 i t—— ~§ 0.55-CDs
U T T T
0 60 120 180 240 300
Time (min)

Figure 10. Photocatalytic efficiency of CDs with different amounts of sulfur doping under (a) UV light, and (b) Visible light.
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Figure 13. Trapping radicals for photocatalytic degradation by CDs with
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where X'is the Mulliken electronegativity of the material, calculated
as the weighted average of the electronegativity values of the constituent
elements (C, N, O, and S), which in this case is approximately 5.35 eV,
derived from XPS data [67]. E. represents the energy of free electrons
on the vacuum scale, typically valued at 4.5 eV. Eg is the optical band
gap energy obtained from UV—Vis spectroscopy, with a value of
3.00 eV for 2S-CDs.

Based on the calculation, the conduction band (CB) and valence
band (VB) edge positions of 2S-CDs are —0.65 eV and +2.35 eV,
respectively, on the vacuum scale. When referenced against the redox
potential of relevant reactive species, these values suggest a favorable
electronic structure for radical generation. Specifically, the CB position
at —0.65 eV is more negative than the reduction potential of molecular
oxygen to superoxide radical (O2/'Oz= —0.33 eV vs. NHE), indicating
that photogenerated electrons possess sufficient energy to reduce O2
to “O27[66]. Likewise, the VB position at +2.35 eV is higher than the
oxidation potential required for hydroxyl radical generation from
H20 or OH™ (+1.99 eV), suggesting that photogenerated holes are
sufficiently oxidative to produce "OH [68].

The calculated band edge potentials of 2S-CDs are well-aligned
with the proposed mechanism for IC degradation via advanced
oxidation processes (AOPs). The generation of highly reactive *OH
and "Oz radicals facilitates the oxidative cleavage of dye molecules,
resulting in efficient degradation [69].

Based on these findings, a proposed photocatalytic mechanism
is shown in Figure 14. Under UV excitation, electrons are excited from
the VB to the CB, generating electron-hole pairs. The photoinduced
electrons in the CB react with Oa to generate “O2~, while holes (h*)
in the VB oxidize H20 to form *OH, both of which attack IC dye
molecules, leading to complete mineralization into CO2 and H2O
[13,28,70]. The reactions involved in the photocatalytic process are
summarized as follows.

S-doped CDs +hv — e +h* 6)
O2+e — 'O 7
H20 +h*— "OH +H" ®)

IC dye + OH+ *O2~ — Degradation products 9
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Figure 14. Proposed photocatalytic mechanism of S-doped CDs.
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4. Conclusion

This study successfully synthesized S-doped CDs via a solvothermal
method using caffeine as a carbon precursor and NazS as a sulfur source.
Characterizations using XRD, TEM, XPS, FT-IR, UV-Vis, and PL
spectroscopy confirmed the successful incorporation of sulfur, resulting
in modified electronic structures, enhanced surface functionalization,
and a reduced bandgap energy from 3.29 eV (undoped CDs) to 3.00 eV
(2S-CDs). The photocatalytic performance of S-doped CDs was
evaluated for IC dye degradation, with 2S-CDs exhibiting the highest
degradation efficiency (~90% within 240 min under UV irradiation;
~50% within 240 min under visible irradiation) due to improved charge
carrier separation, defect-state-mediated electron transfer, and ROS
generation. Adsorption studies revealed that 2S-CDs exhibited the
highest dye adsorption (~75%), attributed to electrostatic interactions,
surface functionalization (—SOx, -COOH), and n—r stacking with IC
dye molecules, which facilitated efficient photocatalysis. This dual
function leads to a synergistic adsorption—photocatalysis mechanism,
offering promising potential for efficient and sustainable dye degradation
in aqueous environments. Radical scavenger experiments confirmed
that *O27,"OH, and photogenerated h* played critical roles in dye
degradation. Band-edge calculations verified that the energetic positions
of the conduction and valence bands favor the formation of "OH and
‘Oz radicals upon irradiation. These findings demonstrate that S-doped
CDs synthesized from caffeine offer a sustainable and efficient photo-
catalyst for wastewater treatment. Future work will focus on evaluating
the performance of S-doped CDs in more complex systems, including
simulated or real wastewater containing competing ions and mixed
organic pollutants, to assess their practical applicability in environmental
remediation. In addition, to enhance reusability, future development
will explore the immobilization of S-doped CDs onto solid supports
(e.g., TiO2, ZnO, BiOI), enabling easier recovery and recyclability in
practical applications.
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