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1. Introduction
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Carbon nanostructures (dots) have emerged as a novel and sustainable alternative for the photocatalytic
degradation of water pollutants. This work presents the synthesis of multidoped carbon nanomaterials (CNs) using
a microwave-assisted method. Overall, four types of carbon nanostructures were obtained: (i) nitrogen-doped
CNs (N-CDs), (ii) nitrogen and sulfur co-doped CNs (N,S-CNs), i) nitrogen and phosphorus co-doped CNs (N,P-
CNs), and (iv) nitrogen, sulfur, and phosphorus multi-doped CNs (N,S,P-CNs). The characterization of these
nanoparticles was performed via Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS), enabling the identification of stretching modes corresponding to C=0, C-N, and N-H
functional groups. Additionally, UV-vis and fluorescence spectroscopies allowed the detection of n-n* and m—n*
absorption bands at ~325 and 400 nm, along with light emission at 438 nm. High-resolution transmission
electron microscopy (TEM) characterization confirmed structural and morphological differences between the
nanomaterials, which exhibited sizes ranging from 1 to 100 nm, depending on the chemical composition of the
starting precursors. Finally, the photocatalytic activity of the CNs towards the degradation of toluidine blue was
assessed, considering the effects of morphology, composition, and both catalyst and dye concentration on
photodegradation. Such a catalytic process followed pseudo-first-order kinetics, where N-CDs exhibited the
highest potential for toluidine blue degradation. Our results highlight that the photocatalytic activity of carbon
nanomaterials is a multifactorial process essentially driven by the formation of OH radicals, where doping and
particle morphology also play a combined role in photocatalysis. This work opens a route for understanding the
chemical composition and structure of photocatalytic nanocarbons and their application to the degradation of
organic pollutants in water, thus offering a sustainable alternative for wastewater treatment.

nanostructures. More than 20 years after the breakthroughs of
graphene, graphene oxide, and carbon nanotubes, the scientific
community is now witnessing a new revolution in non-

The remarkable growth in research on nanocarbons is
undoubtedly driven by the unique properties of these
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applications of these materials have put them in the spotlight
of attention' due to the large areas being impacted, such as
catalysis,” bioimaging,®® sensing,” " electronic applications,"?
pharmaceuticals,*"* and many others.">""” Specifically, carbon
dots (CDs) have exhibited unprecedented properties,
combining high water dispersion,"® photostability,"® low
toxicity'® and large surface area,'” which has enabled their use
in multiple applications involving charge transfer,”® and
makes them a sustainable substitute to semiconducting
materials.

The most commonly used carbon nanostructures, e.g,
graphene,” carbon nanotubes,”* fullerenes,”® carbon nano-
onions,** or nanodiamonds,?® have well-established theoretical
structures, and can be obtained with a certain degree of purity.
In contrast, in the case of CDs, there is no clear consensus on
appropriate structural models for their representation. This is
the case of carbon dots,® whose fluorescent properties are one
of the most distinguishing features.” Concerning the
classification of non-traditional nanocarbons such as CDs, it is
worth noting that, to date, there is no general classification as a
result of their structural diversity.>” It has been expressed that
CDs include nanocarbons with at least one dimension lower
than 10 nm,”® which will be the criterion followed in this paper
to classify CDs as such.

Several methods have been developed for the synthesis of
CDs, including laser ablation,***° microwave irradiation,*"**
chemical synthesis,*’ electrochemical synthesis,**
pyrolysis, and hydrothermal treatment.””” Furthermore,
doping of CDs with heteroatoms (e.g., nitrogen, sulfur, and/or
phosphorus) has been proposed to modify their peak emission
wavelength and increase their quantum yield.*>***® Although
it is known that the maximum emission wavelength of CDs is
highly dependent on the synthesis conditions, a systematic
characterization of the impact of the chemical composition of
such materials on their electronic and optical properties is still
required, which could have important implications on their
performance in various applications.

The photocatalytic application of CDs is of utmost
importance and has been tuned via the incorporation of
dopants within the carbon network. Examples of doping of
such carbon nanostructures comprise elements such as N,*°
N and P;*' N and S;** N, S, and P;** or N and B** along with
the  fabrication  of  composites  with  inorganic
nanomaterials.”® The effect of doping upon photocatalysis
has remained a matter of active interest.’® Some trends have
been reported for specific cases, such as the decrease in
photocatalytic activity upon the increase in N content, as
demonstrated for a set of different organic reactions
(photocatalytic dehalogenation of o-bromoacetophenone,
photocatalytic oxidative coupling reaction of amines to
imines, photooxidation reaction of sulfides to sulfoxides, and
cross-dehydrogenation coupling).*” On the other hand, a
different study determined that both high and very low N
contents caused the location of N dopants at edge sites of the
C scaffold, permitting an improved photocatalytic activity
towards H, production.”® This variety of results in
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photocatalytic trends reflects the effect of structural
complexity and diversity of CDs, and justifies the continued
research in the field to establish all the possible parameters
that could affect photocatalysis.

In particular, CD photoactivity has been exploited to
degrade persistent organic dyes in wastewater from various
industries, which is indeed a major environmental problem
as such compounds alter the water quality of rivers, lakes,
and other water bodies.””® Persistent organic dyes can be
toxic to aquatic organisms, affecting their survival and the
ecosystem, and contaminating drinking water used in daily
life. Organic dyes introduce problems to wastewater
treatment because of their low biodegradability. Their
hazardous potential and chemical inertia stem from the fact
that their structure is formed by stable aromatic rings.”' To
overcome this environmental problem, the use of CDs and
other nanocarbon structures offers a promising route to drive
wastewater technologies based on photocatalytic degradation.
Regarding a broader context, the integration of CDs in
existing water treatment technologies bears the potential
to revolutionize water purification due to their
photocatalytic ~ activity,  their = low  toxicity, and
biocompatibility. Indeed, the possibilities to provide low-
cost and scalable solutions by minimizing secondary
pollution®®>* by the nanomaterial itself are an appealing
alternative for the broad access to clean water, with
particular importance for developing countries. The use of
these innovative materials would enable a safer
environment for the generations to come.

Herein, we focused on the application of carbon
nanomaterials (CNs) as photocatalysts, aiming at the
evaluation of their potential for the degradation of persistent
organic compounds. We intend to establish the effect of doping
of carbon nanostructures with heteroatoms on the observed
photocatalytic activity. Therefore, we have synthesized carbon
nanomaterials doped with heteroatoms: (i) N, (ii) N and S, (iii)
N and P, and (iv) N, S, and P. N-doping resulted in materials
with sizes below 10 nm and therefore will be referred to as
carbon dots (N-CDs);*® in cases (ii)-(iv), the multi-doped
samples showed notable aggregation and larger sizes of around
100 nm and were thus defined as carbon nanomaterials (CNs).
To evaluate the photocatalytic activity of such nanocarbons, we
selected toluidine blue (TB) as a model pollutant not only
because of its photostability, but also due to its genotoxic
effects.””>> One major benefit of this approach is that CNs can
be produced quickly and inexpensively without relying on
environmentally hazardous organic solvents. This enables
gram-scale synthesis under mild conditions with simple
procedures, while also preventing the formation of toxic
intermediates.

2. Experimental section
2.1. Chemicals

Sodium citrate, urea, cysteine, phosphoric acid, toluidine
blue, Brilliant green, and Lauth's violet were purchased from

This journal is © The Royal Society of Chemistry 2025
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MERCK; Brilliant blue and Victoria blue were obtained from
SERVA and BDH, respectively. All chemicals were of analytical
grade and used without further purification.

2.2. Instrumentation

High-resolution transmission electron microscopy (HR-TEM)
was performed in a Thermo Fisher Scientific Talos 200X
operated at 200 kV. The solutions were sonicated, drop-cast
on carbon-supported TEM grids, and air-dried.

Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectra were recorded on a Varian 670-IR
spectrometer (Varian, Madrid, Spain) equipped with a Golden
Gate ATR model in a 4000-600 cm™' range, with a spectral
resolution of 4 cm™ at 2000 cm™'; each spectrum was
averaged over 32 scans. The background ATR-FTIR was
collected with the ATR crystal exposed to air.

X-ray  photoelectron  spectroscopy  (XPS) (Nexsa,
Thermofisher) was performed using Al Ko radiation at 72 W
and a pass energy of 200 eV, a spot size of 400 um, “standard
lens mode”, constant analyzer energy (CAE) Mode. An
integrated flood gun was used to eliminate charge build-up at
the surface of the sample. High-resolution spectra (step size
of 0.1 eV) of the single elements were acquired with 30 passes
at a pass energy of 50 eV. Samples were analysed before and
after the surface treatment, which was performed by cluster
Ar (1000 Ar atoms having 6000 eV) ion beam etching for 30 s.
Peak analysis was performed with Thermo Avantage v5.9931
Build 06755.

Ultraviolet-visible (UV-vis) absorption spectra were recorded
between 400 and 700 nm in quartz cuvettes of 1 cm optical path
in an Ultrospec 2100 Pro spectrophotometer from Amersham
BioSci, coupled to a computer with WaveScan software.

The fluorescence spectra were obtained using a Varian
Cary Eclipse spectrofluorimeter from Agilent Technologies
(Las Rozas, Madrid, Spain) equipped with an Xe flash lamp.
Absorption and fluorescence spectra were recorded using
quartz cuvettes with 1 cm of optical path. The quantum yield
(QY) of fluorescence of each sample was collected by an
absolute measurement system on an FS5 fluorimeter
(Edinburgh Instruments, Livingston, UK) equipped with an
integrating sphere module, comprised of a hollow sphere of
150 mm diameter with the inner surface machined from a
PTFE-based material for optimum reflectance and FluOracle®
software (Livingston, UK).

Continuous wave (CW) electron paramagnetic resonance
(EPR) spectra were recorded at room temperature at 9 GHz
with a microwave power of 2 mW and an amplitude
modulation of 0.8 G. Sample irradiation was realized directly
inside the cavity. The spin trapping experiment was
performed using DMPO (5,5-dimethyl-1-pyrroline N-oxide)
freshly prepared to a final concentration of 100 mM.

2.3. Synthesis of carbon nanostructures

Doped CNs were prepared using an adaptation of a
microwave-assisted method, as previously reported.’® Sodium

This journal is © The Royal Society of Chemistry 2025
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citrate was employed as a carbon precursor, while urea,
cysteine, and phosphoric acid were used as sources of
nitrogen, sulfur, and phosphorus dopants, respectively. For
the synthesis of CNs, the precursors were dissolved in 5.5
mL of distilled water and then heated in a 900 W
microwave for 35 s. For the synthesis of N-doped CNs (N-
CDs), 1 g of sodium citrate and 1 g of urea were employed;
for the preparation of N,S-doped CNs (N,S-CNs), 1 g of
sodium citrate and 1 g of urea and 0.125 g of cysteine were
used; for the synthesis of N,P-doped CNs (N,P-CNs), 1 g of
sodium citrate, 1 g of urea and 260 pL of phosphoric acid
(99%) were used; for the preparation of N,S,P-doped CNs
(N,S,P-CNs), 1 g of sodium citrate, 1 g of urea, 0.125 g of
cysteine, and 260 pL of phosphoric acid (99%) were
employed.

The dark-brown solid obtained was dried at 60 °C under
vacuum to remove the remaining small molecules. Then, it
was dissolved in double-distilled water and centrifuged at
4000 rpm for 20 minutes to remove large aggregates. The
dispersion of CNs was then filtered over 0.45 um membranes.
The N-CDs solution was diluted and stored at room
temperature.

2.4. Dye photodegradation

The photocatalytic experiments were carried out using a
General Electric Quartzline Projection Lamp DYS/DYV/BHC,
600 W, 120 V, calibrated using an Avantes Starline
spectrometer. The lamp irradiance for the photocatalytic
experiments was adjusted to 33 mW cm > The emission
spectrum of the lamp employed in this work, and its
comparison to the solar spectrum, are reported in Fig. S1.}

To evaluate the photostability of the model pollutants,
the following dyes were tested: Brilliant green (BG),
C,,H;34N,0,S; Lauth's violet (LV), C;,H;(CIN;S; Brilliant blue
(BB), C45H44N3NaO;S,; Victoria blue (VB), Cs3H3,CIN3; and
toluidine blue (TB), C;5H;¢CIN;S. Control experiments in
the dark for each photocatalyst (N-CDs; N,S-CNs; N,P-CNs;
and N,S,P-CNs) and TB were carried out under the same
conditions described above, but without illumination.

Photodegradation experiments were repeated three times
and took place in acrylic spectrophotometry cuvettes with a
maximum capacity of 1.5 mL. Stock solutions of each
photocatalyst (N-CDs, N,S-CNs; N,P-CNs and N,S,P-CNs) were
prepared by dispersing 450 mg of the CNs in 20 mL of
double-distilled water (p = 22.5 mg mL™").

To evaluate the effect of catalyst dosage, the experiment
was performed at the same irradiance for each photocatalyst
(N-CDs, N,S-CNs; N,P-CNs and N,S,P-CNs) but with different
catalyst concentrations of 2 mg mL™", 3 mg mL™", 4 mg mL ",
and 5 mg mL™", and a constant TB concentration. To
determine the effect of dye concentration, the experiment
was repeated using a concentration 3 mg mL ™' of each
photocatalyst but with different TB concentrations of 45 g
mL ™" (1.47 x 1077 M), 55 pug mL™" (1.80 x 1077 M), 65 ug mL™"
(2.13 x 1077 M), and 75 pg mL ™" (2.45 x 107 M). The samples

Catal. Sci. Technol, 2025, 15, 4713-4726 | 4715
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were irradiated for 90 min, and the absorbance was
measured at 622 nm at 10 min intervals.

The percent photodegradation efficiency was calculated by
the following equation:

% normalized concentration = (C,/Cy) % 100.

3. Results and discussion
3.1. Characterization of doped CNs

The preparation of CNs followed a microwave-assisted
approach using urea and sodium citrate as the key
components for doping with N and O. For the inclusion of
other heteroatoms, such as sulfur and phosphorus, cysteine
and phosphoric acid were also included in the reaction
mixture, respectively (Scheme 1).

Initial characterization of the CNs was carried out using
HR-TEM (Fig. 1). As expected, the use of urea and sodium
citrate yielded small carbon dots with a size lower than 10
nm (N-CDs).”® Overall, the nitrogen-doping (N-CDs) synthesis
ensured the formation of the nanoparticles with sizes below
100 nm (Fig. 1a). Conversely, N,S-CNs formed aggregates of
around 500 nm (Fig. 1b). Such aggregates displayed
concentric structures that resemble onion-like carbon
nanostructures. The N,P-CN samples showed, on the other
hand, nanoparticles with sizes around 100 nm (Fig. 1c).
Finally, the N,S,P-CNs exhibited a more defined square shape
(Fig. 1d). The analysis of these results suggests a correlation
between the composition and the morphology of the
nanostructures, in which the presence of heteroatoms such

+ cysteine
0

HS OH
NH,

Microwave (900 W, 35 s) Microwave (900 W, 35 s)
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as S and P drove the aggregation of the resulting
nanoparticles.

A more detailed analysis of the TEM images provided
further insights into the structure of the carbon
nanostructures (Fig. 2). Fig. 2a shows a non-aggregated
nanoparticle corresponding to the N,P-CNs system, where
different and coexisting domains of amorphous and
crystalline carbon are visible. Further magnification of
Fig. 2a (Fig. 2b and c corresponding to the squares labeled
with numbers 1 and 2, respectively) allowed to appreciate in
more detail the co-existing crystalline structures. The
interplanar distance shown in Fig. 2b corresponded to 0.7
nm, which is consistent with multilayer graphene oxide.>”*®
On the other hand, the interplanar distance observed in
Fig. 2c was 0.3 nm and was attributed to the (002) plane of
graphite.”®”® Nanodiamond domains show a plane
separation of 0.2059 nm for the (111) lattice plane,”® and
were not found in the structure of this N,P-CNs particle. This
was expected considering that nanodiamonds are formed
under far more extreme detonation conditions.*

Additional characterization of the carbon materials was
carried out using ATR-FTIR to examine the functional groups
grafted on the samples (Fig. 3). For all samples, the bands
observed from 3500 to 3200 cm™" correspond to the stretching
vibration of -OH, -COOH, and -NH, groups. These functional
groups were responsible for the high water dispersibility of
all CNs studied. The peak observed at 2248 cm™* in the
spectra of N-CDs and N,S-CNs was attributed to the
stretching vibration of -NCO bonds, which suggested the
presence of the isocyanate group. Additionally, the peaks at
1750-1600 cm " resulted from the stretching vibrations of

(urea)
+ phosphoric acid + cysteine
8 + phosphoric acid
HO-F~OH 9 0
OH H "/\HLOH + HO--OH
NH, OH

Microwave (900 W, 35 s) Microwave (900 W, 35 s)

Scheme 1 Methodology for the synthesis of the multi-doped carbon nanomaterials: N-CDS; N,S-CNs; N,P-CNs; and N,S,P-CNs.
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100/ nm

1010 mm

Fig. 1 Transmission electron microscopy images of (a) N-CDs (b) N,S-CNs, (c) N,P-CNs (d) N,S,P-CNs.

Fig. 2 (a) Magnified TEM image of a non-aggregated N,P-CNs nanoparticle; (b) magnification of the square labeled as 1 in Fig. 2a, where interlayer
spacing of graphene oxide is appreciated; (c) magnification of the square labeled as 2 in Fig. 2a, where interlayer spacing of graphite is appreciated.

C=C and C=O bonds from the CNs, typical of their
conjugate structure of all the CNs. The sharp signals around
1580-1500 c¢cm ™' and 1380 c¢m ' were attributed to the
stretching vibration of C-N and bending vibration of NH,,
respectively, indicating the N-doping. In the case of N,S,P-
CNs, the spectrum exhibited a peak at 1130 cm™, which is
attributed to the P—O stretching and was also visible in the
N,P-CNs spectrum. Moreover, for these P-doped samples, a
band at 910 cm ' was observed and assigned to P-O-R
moieties, where R stands for an aromatic structure.*°
Overall, these results indicated the success of doping in all
the synthesized materials.

This journal is © The Royal Society of Chemistry 2025

High-resolution X-ray photoelectron spectroscopy (XPS)
characterization (Fig. 4) aligned with the FTIR data (Fig. 3)
and provided detailed insights into the chemical composition
of the doped-carbon materials (Table S1t). The atomic
content of N (%) in all the samples was comparable (17-
18%), while the detection of 2.5% (N,S-CNs) and 1.6% (N,S,P-
CNs) of sulfur, as well as 1.1% (N,P-CNs) and 0.5% (N,S,P-
CNs) of phosphorous in the multi-doped samples further
validated the successful incorporation of the heteroatoms
into the carbon framework.

The binding energy scales were calibrated to the C 1s
standard value of 284.8 eV, and the fitted C 1s spectra were

Catal. Sci. Technol., 2025,15, 4713-4726 | 4717
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Fig. 3 FT-IR spectra of the doped carbon nanostructures.

deconvoluted into three signals (Fig. S2t), corresponding to
carbon in the form of C=C/C-C bonds (~284.8 eV), C-O/C-N
(~286.1 eV), and C=0/C=N (~288.1 eV).°**’ The O 1s
band was fit into three peaks (Fig. 4a), which were found at

N1s b

N,S,P-CNs

N-CDs
.

e

T T T T T T T T
540 536 532 528 408 404 400 396 392

P2p d|

i

|
/’
i
I
N,P-CNs N/

T T L] T T T L] T
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Binding energy (eV)

et At 0y

Binding energy (eV)

Fig. 4 High-resolution XPS spectra depicting O 1s (a), N 1s (b), S 2p
(c), and P 2p (d) orbital binding energy regions for doped carbon
nanostructures.
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530.9 eV, 532.3 eV, and 535.3 eV and assigned to C=0, C-0O-C,
and C-OH functions, respectively.”>®* The presence of
pyridinic and pyrrolic nitrogen in all the doped materials
was confirmed by analyzing the deconvoluted N 1s spectra
(Fig. 4b), which exhibited the typical peaks at 397.7 eV
and 399.4 eV, respectively.®*®* Interestingly, the relative
composition of pyridinic N in the samples decreased from
30.2% in N-CDs to 20.8%, 20.1%, and 11.4% in N,S-CNs,
N,P-CNs, and N,S,P-CNs, respectively (Table S2t), with a
corresponding increase in pyrrolic N. Furthermore, the
deconvoluted S 2p spectra of N,S-CNs and N,S,P-CNs
(Fig. 4c) revealed S 2pz, and S 2py, spin-orbital split
signals at 162.9 eV characteristic of C-S-C,°® along with
an additional peak at 161.2 eV, which suggested the
formation of organic thiolates upon sulfur doping. In
contrast, a main peak in the P 2p spectra of N,P-CNs and
N,S,P-CNs was observed at 132.8 eV, indicative of P-O-C
species.

The samples were additionally characterized by UV-visible
spectroscopy to explore the optical properties of the carbon
materials obtained. As depicted in Fig. 5a, all samples
exhibit similar UV-vis spectra with an absorption band
centered at 328 nm, corresponding to the n-n* transition of

—O from carboxyl groups present on the samples. The
band observed at 400 nm was attributed to n-n*
transitions®” and showed a bathochromic shift compared to
the typical carbonyl transitions. This is due to the extended
conjugation in unsaturated motifs within the nanocarbon
structures. The n-n* transitions corresponding to the C-C
conjugate characteristic structure of CDs appeared as an
absorption tail below 275 nm.**

To deepen the understanding of the optical properties of
the CNs, the fluorescence of the materials was additionally
evaluated (Fig. 5b), confirming a high emission signal for
all the samples obtained. For an excitation wavelength of
348 nm, the emission wavelength was found at 438 nm for
N-CDs and N,S-CNs. On the other hand, for N,P-CNs and N,
S,P-CNs, the emission bands were observed at 434 nm and
440 nm, respectively. The fluorescence quantum yield (QY)
values corresponded to 5.58% for N-CDs, 4.35% for N,S-
CNs, 4.93% for N,P-CNs, and 3.66% for N,S,P-CNs. These
QY values are typical of carbon dots prepared using urea
and citric acid.®® The slightly larger QY value in N-CDs was
aligned with a more efficient use of the adsorbed light by
these  nanostructures, thus suggesting a  greater
photocatalytic activity. The origin of the fluorescence in
carbon dots, and extensively in carbon nanomaterials, has
been attributed to three main effects, namely (i) molecular
fluorescence, (ii) quantum confinement, and (iii) the
presence of surface states due to surface oxidation and the
presence of functional groups.®® All these factors and their
synergistic interaction have been thoroughly discussed
before.®” In the case of the nanostructures obtained in this
work, both their size (Fig. 1) and the presence of multiple
functional groups (Fig. 3 and 4) justify the optical properties
illustrated in Fig. 5.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) UV-vis and (b) fluorescence spectra of each CNs, excitation wavelength of 348 nm.

3.2. Application of N-CDs, N,S-CNs, N,P-CNs, and N,S,P-CNs
as photocatalysts in the photodegradation of toluidine blue
Once the structural, chemical, and optical properties of the
carbon nanomaterials were assessed, we proceeded to
evaluate their potential as photocatalysts in the presence of
visible light. For the photocatalytic experiments, we employed
a solar simulator, whose characteristics are depicted in Fig.
S1.jf It is worth highlighting that the solar simulator showed
a close resemblance to the Reference Air Mass 1.5 Spectra,”®
which is desirable to test photocatalytic procedures in
conditions as close as possible to natural irradiation.

For the selection of the model pollutant in degradation
experiments, we tested the photostability of several dyes in
the absence of the carbon nanostructures (Fig. S3t). In
particular, TB showed higher stability against light when
compared to the other compounds tested, since less than 5%
of the dye was degraded during constant irradiation for 160
min, and for this reason, it was used for photocatalysis
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experiments with the doped CNs. As an additional control,
TB was put in contact with all the carbon nanostructures in
the dark, and less than 5% of TB was degraded in such
conditions, indicating the role of light in driving the
photocatalytic activity of the samples (Fig. S47).

Typical UV-vis spectra for the degradation of TB in the
presence of N-CDs are shown in Fig. 6a, where a systematic
decrease in the band intensity at 600 nm is observed,
consistent with the photodegradation of the dye upon
continuous irradiation in the presence of visible light during
90 minutes. The time-dependent photodegradation of TB,
photocatalyzed by each of the doped nanostructures, is
shown in Fig. 6b and c. The N-CD -catalysts enabled
degradation of 66 + 4% of the TB after 90 min of irradiation.
On the other hand, when the N,S-CNs catalyst was used, 51 +
2% of the initial concentration of TB was lost, as was the case
for the N,P-CNs, which also degraded 51 + 2% under the
same experimental conditions. Finally, the N,S,P-CNs showed
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(a) Typical UV-vis spectra for the degradation of toluidine blue in the presence of N-CDs. (b) Time evolution of the normalized

concentration of toluidine blue upon irradiation with visible light in the presence of different carbon nanostructures. (c) Pseudo-first-order kinetics
for dye degradation. Error bars correspond to three independent experiments.
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the lowest photocatalytic activity, degrading only 30 + 4%
of the TB. In this regard, doping with heteroatoms not
only decreases the band gap but also introduces
additional energy levels into the carbon nanostructure.
These energy levels can facilitate charge transfer and
electron-hole separation, fundamental processes in the
generation of photogenerated electron-hole pairs involved
in photocatalysis processes.*® While recent literature
reports suggest that incorporating heteroatoms in CNs
should lead to more efficient photocatalytic activity,”" our
experimental observations show a different trend. This
could be because a broad range of morphologies was
obtained. Indeed, the agglomeration of the multi-doped
samples (N,S-CNs, N,P-CNs, and N,S,P-CNs) might also
have resulted in the lower -catalytic efficiency of such
materials in comparison to the nano-sized carbon dots (N-
CDs). The lowest photodegradation efficiency of N,S,P-CNs
is in agreement with a previous report where such
material was used as a photocatalyst under UV light, and
modest photocatalytic efficiency was observed.** Thus, our
results, analyzed in the context of existing literature,**”*
suggest that photocatalysis of carbon nanostructures is a
complex phenomenon where doping is important but not
the only factor at stake, such as nanoparticle size and
morphology, which seems to be the reason behind the
activity trend observed in this work.

The mechanism of carbon nanomaterials-assisted
photodegradation is likely to follow the generation of
reactive oxygen species.”> Indeed, when a photocatalyst is
exposed to visible light, charge separation occurs, and the
photogenerated electron-hole pairs are created. The
resulting electrons could react with dissolved oxygen
molecules, giving rise to superoxide anions, whose
dismutation may result in hydrogen peroxide and water. On
the other hand, oxidizing holes may react with water
molecules in order to generate hydroxyl radicals in diverse
photocatalytic materials.*>”® It has been established that
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the presence of functional groups in carbon dots may be
correlated to the apparition of reactive oxygen species; in
particular, hydroxyl radicals,”>’* which are typically formed
in visible-light-driven reactions.””””” Inspired by such
reported results, we undertook electron paramagnetic
resonance (EPR) experiments to determine the nature of the
reactive intermediates responsible for the observed
photocatalytic activity using N-CDs, which showed the
highest photodegradation capabilities among all materials
obtained. Without irradiation, no EPR signal was detected
(Fig. 7a, black line), whereas upon irradiation, the
formation of two radical species could be detected after 40
s (Fig. 7a, red line). The three lines observed in the
spectrum (g = 2.005) were attributed to an electron coupling
with nitrogen (nuclear spin for N has a value of I = 1, and
the peak multiplicity equals 2nl + 1 = 3). A second species
(¢ = 2.0028) with a weak anisotropy was additionally
observed and attributed to an oxygen-centered radical. The
N-centered radical disappeared beyond the 40 s, but the
O-centered radical remained stable throughout the
irradiation time, as observed wupon 1 h-irradiation
(Fig. 7a, green line). The same experiment was then carried
out with the addition of DMPO spin-trap agent (Fig. 7b),
which corroborated the formation of the DMPO-OH adduct,
thus confirming that the mechanism of dye degradation is
likely to be mediated by the formation of the OH radical.
Such an active radical is a strong oxidant, which may react
with the TB dye, leading to its decomposition into water
molecules and carbon dioxide. In addition to this, the light-
induced holes possess a high oxidation capacity, which
would also enable the direct degradation of the TB dye
molecules, transforming them into innocuous by-products.”®

3.3. Kinetics of dye photodegradation

Kinetic studies were undertaken to provide deeper insights
into the photodegradation process. The Kkinetics of

1.0
b)
0.5
o
T
< 0.0
o
-0.5+
-1.0

3440 3460 3480 3500 3520
Magnetic Field [G]

Fig. 7 (a) EPR spectra recorded at O s, 40 s and 3600 s; (b) the EPR spectrum corresponding to the DMPO-OH spin adduct.
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photocatalytic reactions is typically described using a
simplified Langmuir-Hinshelwood model eqn (1),”° taking
into account the adsorption of the substrate (the dye) to the
photocatalyst (the CNs), and its further transformation into
a product. Such a model assumes a Langmuir isotherm
(eqn (1)) for the adsorption of the substrate at the surface
of the photocatalyst. The model offers a detailed description
of the dynamics of the system in terms of
phenomenological parameters that contain several kinetic
constants accounting for the individual reaction steps and
light absorption processes.’® Two limiting cases may be
identified in this model, namely (i) where the active sites of
the photocatalyst are saturated and therefore the term KC
> 1, implying a constant surface coverage of the substrate
(#) and pseudo-zero order kinetics; and (ii) where the
product KC < 1 and thus the surface coverage of the
adsorbed substrate depends linearly on the concentration
and the rate follows pseudo-first order kinetics.

= 1

0 1+ KC ()

kO — kKC )
1+KC

In eqn (1), 6 represents the surface coverage of substrate
(dye), K is the equilibrium constant associated with the
adsorption of the substrate to the surface of the
photocatalyst, and C represents the concentration of the
substrate; in eqn (2), k stands for the rate constant of the
photodegradation process. All symbols used in eqn (2)
retain their significance from eqn (1).

An inspection of photocatalytic data (Fig. 6b, S5 and S77)
shows that the time evolution of the TB concentration did
not follow a straight line. Thus, pseudo-zero-order kinetics
was ruled out. At the same time, the linear dependence of
Inc vs. t indicates pseudo-first-order behavior (Fig. 6¢, S6
and S8t). The corresponding apparent rate constants (k,
min™") are reported in Tables S3 and S4f for the different
experimental conditions tested. The evaluation of the
photodegradation kinetics ensured that the measurements
were performed in the linear part of the adsorption
isotherm (eqn (1)). Therefore, the photoactive sites of the
CNs were not saturated by the dye.® The best performance
of N-CDs was expressed not only by the largest dye
photodegradation percent (Fig. 6b) but also by the largest
kinetic rate constant in comparison to N,S-CNs, N,P-CNs
and N,S,P-CNs at different concentrations of the catalysts
(Table S31) or TB (Table S4t).

3.4. Effect of photocatalyst and dye concentration

The TB photodegradation was optimized by varying
operational parameters. This is crucial to avoid photocatalyst
waste in an eventual practical application. Through this
optimization, we determined the best working concentrations

This journal is © The Royal Society of Chemistry 2025
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for all carbon catalysts (Fig. S5t). Thus, the optimal
concentration for N-CDs corresponded to 3 mg mL ™" since the
lowest concentration of remaining TB was detected for all the
time-slots tested. In turn, for N,S-CNs (Fig. S5bt), and N,P-
CNs (Fig. S5ct), the optimal concentrations corresponded to
3 mg mL™ and 2 mg mL™, respectively. Finally, for N,S,P-
CNs (Fig. S5df), the optimal concentration was found to be
2 mg mL™. The increase of the photocatalyst concentration
might have favored TB degradation because of the increase
in the active sites, thus generating a higher concentration of
reactive species in the medium. This was only maintained up
to a certain concentration, at which the reaction rate reached
a plateau or even decreased, which might be due to the
increased light scattering with the increasing amount of the
photocatalyst.®!

Another critical parameter considered during optimization
was the concentration of the dye (Fig. S71), as it is crucial in
wastewater treatment. Overall, a systematic decrease in the
photodegradation  efficiency = upon  increasing  dye
concentration was observed. This was attributed to an
increased amount of light-absorbing molecules near the
photocatalyst and, therefore, a lower number of photons
available to excite the photocatalyst, hence decreasing the
reaction rate.*"** Another important factor to consider would
be the gradual adsorption of the dye on the photocatalyst
surfaces, with the eventual formation of multilayers around
the CNs that would hinder electron-hole pair formation, thus
decreasing the degradation efficiency.®*

3.5. Comparison to other photocatalytic systems for dye
degradation

To put our results in the framework of previous studies, we
have gathered a selection of relevant data in Table 1. Despite
the fact that the literature shows inherent experimental
variability due to the use of different light sources, the design
of reaction vessels, and the catalyst loading, it is useful to
analyze the results of this work in the frame of existing
photocatalytic systems for dye degradation. For example, the
degradation percentage and the rate constant for dye
degradation catalyzed by the CNs obtained are comparable to
previous studies, falling within the order of 10~ min~". What
is relevant, though, is that we could demonstrate that the use
of carbon nanomaterials, especially N-doped carbon dots (N-
CDs), improved the rate of dye degradation by a factor of 100
(as obtained by dividing the rate constant for TB dye alone
and that obtained using N-CDs). Our results are remarkable
when compared to the 1.4 rate increase (for methylene blue)
or 2.8 rate increase (for malachite green) reported in ref. 83.
Concerning the TB dye, the rate constant reported in this
work is superior to the values reported in the literature,
which fall in the order of 107 min™".”>% 1t is worth
highlighting that in ref. 40, the authors used H,O, to boost
the photodegradation kinetics and catalyst efficiency, which
was not necessary for the photodegradation reported in our
study. Even in the absence of H,0,, our materials exhibited a
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Table 1 Comparison of the dye breakdown efficiency of work with existing literature
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Organic Degradation Irradiation Rate constant

Material dye Light source efficiency time (min) (min™) Ref.
— Toluidine blue  Visible light (1/3 sun) 2% 90 (1.4+0.7)x10™*  This work
N-CDs Toluidine blue  Visible light (1/3 sun) 66 + 4% 90 (1.1 +0.1) x 1072 This work
N,S-CNs Toluidine blue  Visible light (1/3 sun) 51 + 2% 90 (0.70 + 0.06) x 10> This work
N,P- CNs Toluidine blue  Visible light (1/3 sun) 51+2% 90 (0.80 + 0.05) x 10> This work
N,S,P-CNs Toluidine blue  Visible light (1/3 sun) 30 4% 90 0.40 + 0.02) x 10> This work
NSP-CNs Methylene blue Low-pressure mercury 0% 150 — 43

lamp (20 W, 4 = 254 nm)
TiO, Methylene blue  Low-pressure mercury 51% 40 — 43

lamp (20 W, 4 = 254 nm)
NP-GQDs-90 (phosphorus co-doped Methyl orange  Xe lamp (PLS-SXE300, 100% 120 3.1x1072 85
graphene quantum dots)/g-C3N, 300 W, 1 > 420 nm)
2-C3N, Methyl orange  Xe lamp (PLS-SXE300, 50% 120 6.9x107° 85

300 W, /4 > 420 nm)
Sulphur-doped carbon Crystal violet UV-light 99% 200 — 86
quantum dots (SCQDs)
— Methylene blue  Sunlight 59% 180 1.28 X 10~ 83
Nitrogen-doped carbon Methylene blue  Sunlight 97% 180 1.79 x 107> 83
quantum dots (NCQDs)
— Malachite green Sunlight 59% 120 0.68 x 10~ 83
Nitrogen-doped carbon Malachite green Sunlight 98% 120 1.92 x 1072 83
quantum dots (NCQDs)
Sulfur and nitrogen co doped Crystal violet Visible light 91% 100 — 87
graphene quantum dots (S,N-GQDs)
Carbon quantum dots (CQDs)/KNbO;  Crystal violet Visible light 70% 300 — 88
CdS nanoparticles Toluidine blue  — 90.9% 120 8.37 x 107*° 84
Hexamethylenetetramine zinc(ir) Toluidine blue  — 50% 180 3.6 x107%° 79
porphyrin complex + H,O,
MB Methylene blue  Sunlight 79% 80 1.9x 107> 89
ZnO Methyl orange  Sunlight 87.5% 120 1.8 x 1072 90
ZnO Methylene blue  Sunlight 82.2% 120 1.5x107 90
CuO Atrazine UV 254 nm 45% 60 9.1x107* 91

“ In such work, the rate constant is expressed in h™" units. For the sake of simplicity to compare with the data reported in this paper (in
min~"), we have converted to min~" the value of the rate constant reported in ref. 84, through a division by a factor of 60 of the original value
reported in h™". Such a value is the largest rate constant reported in ref. 84. ° In such work, the authors use a logarithmic plot to determine the
rate constant for dye degradation and report it as if it were second-order kinetics. This is likely a typographic error, and therefore we report it
here in coherence to the log plot reported by the authors in Fig. 7 within ref. 79. Note that the authors do not report on the units of the rate
constant, but observing that the time span is expressed in minutes, the most likely scenario is that the units are min™".

better catalytic performance. Unfortunately, the possibility
of comparison to such previous studies (ref. 79 and 84) is
rather limited since in those works, the authors did not
report on the characteristics of their solar simulator and the
irradiance being used; suffice it to say that the degradation
efficiency observed for our carbon nanostructures (see
Table 1) in 90 minutes and using 1/3 sun irradiation power,
is remarkable. Likewise, systems displaying kinetic data
comparable to the obtained N-CDs corresponded to
composites of phosphorus co-doped graphene quantum dots
(NP-GQDs) and g-C3;N,, both used for the degradation of
methyl orange (ref. 85). The rate constant was well in the
107 min™" order, but again, a full comparison is limited
since the actual irradiance was not reported.

Conclusions

In this study, the synthesis of heteroatom-doped carbon
dots (CNs) was achieved by a microwave-assisted method
using sodium citrate as the carbon precursor. Extensive

4722 | Catal. Sci. Technol, 2025, 15, 4713-4726

characterization of the doped CNs, which included
techniques such as FTIR, XPS, UV-vis, and fluorescence
spectroscopies, confirmed the successful doping and
revealed remarkable optical properties associated with the
different doping combinations (N-CDs, N,S-CNs, N,P-CNs
and N,S,P-CNs). By studying the photocatalytic properties of
the carbon structures, it was observed that they exhibit
significant and diverse capabilities for the degradation of
TB, which was related to the different composition and
morphology of the carbon nanostructures. Specifically,
nitrogen doping was highlighted by achieving 66%
degradation of this dye within 90 minutes of irradiation,
underscoring the efficacy of nitrogen-doped CDs smaller
than 10 nm as effective photocatalysts in this context. In
addition, the effects of catalyst concentration and dye
concentration were explored, revealing that the degradation
process follows pseudo-first-order kinetics. This behavior is
observed in a particular case of the Langmuir-Hinshelwood
mechanism, where the catalytic sites of the nanomaterials

were not saturated by the dye, suggesting fast
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photodegradation. The best system we studied (N-CDs)
places itself well within the state-of-the-art regarding the
kinetics of the process, within the order of 10> min~". The
mechanism of dye degradation for the most active system
(N-CDs) was approached using EPR spectroscopy. Thus, the
irradiation of N-CDs yielded two types of radicals centered
in N (stable for around 40 s) and in O (stable during the
irradiation time), proving the formation of radical species in
the material. Additionally, the irradiation in the presence of
the addition of the DMPO radical trap showed the
formation of the hydroxyl radical, which is a highly
oxidizing species responsible for the oxidation of the dye.
An analysis of our results suggests that, to promote the
optimal design of photocatalytic nanocarbons based on the
microwave-based reaction of urea and sodium citrate, the
dopant of choice is N, which results in smaller
nanoparticles with improved activity. Future research
directions will be associated with the exploration of
synthetic conditions to achieve dispersed uniform
multidoped nanoparticles with higher surface area as N-
CDs, and also with the long-term application of these
nanocarbons in practical technologies. These findings not
only deepen the wunderstanding of the photocatalytic
properties of doped CNs, underscoring their efficacy in
photocatalytic applications, but also highlight their potential
to address environmental challenges, especially in terms of
the degradation of pollutant dyes in wastewater.
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