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Environmentally friendly, metal-free photocatalysts offer a promising alternative to traditional metal-based
semiconductors. In this study, we synthesised graphitic carbon nitride (CN) photocatalysts decorated with
(CDs) using two distinct methods: a hydrothermal approach and a solvent-free
mechanochemical extrusion method. The resulting nanocomposites were thoroughly characterised for
their physical, chemical, and optical properties and evaluated for photocatalytic activity in the selective
oxidation of benzyl alcohol. Results revealed that the synthetic approach significantly impacted the
composites’ morphological and optical characteristics, affecting their photocatalytic performance. A
light—matter interaction modelling study was further conducted to explore the relationship between
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relationship of these novel photocatalysts. As a result, we present an alternative scheme to traditional
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1 Introduction

1

Carbon dots (CDs), defined as spherical-like carbon particles,
are an emerging class of nanomaterials characterized by their
unique optical properties, biocompatibility, low toxicity and
highly functionalized surface, involving hydroxyl, carboxyl and
amine groups. CDs combine many of the advantageous features
of traditional Quantum Dots (QDs), such as resistance to pho-
tobleaching and size- and wavelength-dependent luminescence,
with superior biological properties, including high aqueous
dispersibility.?

Notably, CDs can be synthesized inexpensively and on a large
scale, often through a one-step process using biomass waste-
derived sources, positioning them as a sustainable alternative
to conventional fluorescent materials and toxic metal-based
QDs.> Two main approaches for CDs synthesis can be high-
lighted: top-down and bottom-up. The top-down approach
breaks down larger carbon materials through chemical, elec-
trochemical, or physical methods.** In contrast, the bottom-up
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provides an energetically positive and environmentally friendly approach.

approach involves the thermal decomposition of organic
precursors through techniques like pyrolysis, hydrothermal
methods, and microwave-assisted processes.® The latest
method allows more precise control over the composition and
structure of the CDs, being often preferred for its simplicity and
ability to fine-tune nanomaterial properties.”®

CDs features, which are intimately linked to their core-shell
composition and size,” make them highly attractive for a wide
range of applications, including bioimaging and biosensing,
photocatalysis, design of optoelectronic devices, antibacterial
treatments, self-healing materials, and security technologies,
among others." Particularly in photocatalysis, CDs show great
promise for enabling sustainable, cost-efficient metal-free
catalytic processes in reactions such as oxidation, oxidative
cleavage, reduction, isomerization, substitution, condensation,
and polymerization."**> One of the earliest reports on CDs for
photocatalysis was published in 2020." This piece of research
explored CDs with varying crystallinities, both with and without
nitrogen doping, and tested their effectiveness as photo-
catalysts in the reductive methylene-oxygen bond cleavage of N-
methyl-4-picolinium esters. Similar CDs were also tested in the
photoreduction of methyl viologen, where nitrogen functional-
ities on the surface and the amorphous nature of the CDs were
found to enhance photocatalytic activity.’

However, despite these promising advantages, CDs face
significant challenges, particularly in their practical application
as photocatalysts. One of the most pressing issues is the
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difficulty in recovering CDs after a catalytic reaction, which
limits their reusability and increases operational costs,
rendering them a “single-use” catalyst.* This challenge has
spurred research into new strategies to enhance the practicality
and efficiency of CDs in photocatalytic systems.

A promising approach to overcome this limitation involves
the incorporation of CDs into carbonaceous materials," such as
graphitic carbon nitride (CN)."* CN is a well-known photo-
catalyst, recognized for its layered structure, thermal stability,
and suitable bandgap (2.7 eV) for visible light absorption.
Despite its promising catalytic activity, CN also faces challenges
related to weak van der Waals interactions between adjacent CN
layers, which hinder charge transfer and separation, thereby
limiting its photocatalytic efficiency. By supporting CDS on CN,
it is possible to create composite materials that combine the
strengths of both components. These composites can enhance
photocatalytic performance through improved charge separa-
tion, and extended light absorption, thus making them more
efficient and versatile in various photocatalytic applications."”
CDs, whose -1 conjugated structure is similar to CN, have
been effectively used as light absorbers in combination with
semiconductor nanoparticles like TiO,, SiO, and Ag;PO,."**
This combination not only improves photocatalytic perfor-
mance but also enables CDs to act as electron acceptors or
transporters, directing the flow of photogenerated charge
carriers. Consequently, the synergy between CDs and CN is ex-
pected to deliver enhanced photocatalytic performance, making
this combination a promising avenue for future applications.*

Various methods for synthesizing CN/CDs composites have
been explored in the literature. Traditional approaches often
involve solution-based processes, such as hydrothermal or sol-
vothermal methods, or thermal treatments that promote the
integration of CDs with CN. Despite their effectiveness, these
methods present some limitations, such as requiring harsh
conditions or complex procedures, and the use of solvents and
additional reagents, which could harm the environment.”

As a result, there is growing interest in alternative synthesis
methods, such as mechanochemistry, which offers a green,
solvent-free, and energy-efficient approach to material prepa-
ration. Mechanochemistry, which relies on mechanical force to
drive chemical reactions, is particularly relevant for the
synthesis of nanomaterials.>® It can potentially facilitate the
formation of strong interactions between CDs and CN, leading
to composite materials with enhanced photocatalytic proper-
ties. The relevance of mechanochemistry in the synthesis of
carbon-based composites relies not only on their environmental
benefits but also on their potential to produce materials with
superior structural and functional characteristics, which are
crucial for advanced photocatalytic applications. To the best of
our knowledge, mechanochemistry, particularly reactive extru-
sion, has not been reported for the preparation of graphitic
carbon nitride/carbon dots (CN/CDs) composites.

In this study, we synthesized a series of composite materials
based on CN and CDs using two different bottom-up
approaches: a conventional hydrothermal method and mecha-
nochemical extrusion. The photocatalytic activity of these
nanomaterials was tested in the oxidation of benzyl alcohol to
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benzaldehyde, a key reaction relevant to lignocellulosic biomass
valorisation. This investigation also provides insights into the
structure-activity relationship, the impact of the synthetic
method, and the light-matter interaction through a modelling
study.

2 Experimental

All chemicals employed during the reactions and the synthesis
of catalysts were commercially available compounds sourced
from Sigma-Aldrich. If not otherwise specified, reagents and
solvents were employed without further purification.

2.1. Synthesis of catalytic materials

2.1.1 CDs. Two types of nitrogen-doped CDs were syn-
thesised using two different approaches, namely pyrolysis and
hydrothermal synthesis, using citric acid as the carbonaceous
source and urea as the N-containing precursor.

Graphitic N-doped CDs (g-CDs) were synthesized by a pyrol-
ysis procedure. A mixture of citric acid (10.0 g) and urea (5.0 g)
was heated at 220 °C for 48 h in a conical flask equipped with
a distillation apparatus. The crude was then collected and dried
under reduced pressure, obtaining a dark-brown solid in
50 wt% yield. Part of the crude product, referred to this work as
2-CDS (nd), was used for the preparation of catalytic composites
without further purification. The remaining solid was then
dialyzed against milliQ water (2 L) for 24 h using a 1 kDa MWCO
dialysis bag, changing the water every 6 h. The pure dark solid
product, referred to here as g-CDs(d), was obtained in 8 wt%
yield.

Amorphous N-doped CDS (a-CDS) were synthesized by
hydrothermal treatment of citric acid (1.0 g) and urea (0.5 g) in
MilliQ water (25 mL). The mixture was put into a PTFE-lined
autoclave reactor and heated at 180 °C for 6 h. The product
was then filtered and dried under reduced pressure, resulting in
the a-CDs as a brownish powder reaching roughly 70 wt% yield.

CN was prepared by a simple pyrolysis method with a 28 wt%
yield. Melamine (5.0 g) was put into a quartz cylinder and
treated at 550 °C under a nitrogen atmosphere for 3 h. After
pyrolysis, the sample was ultrasonically treated in 90 mL of
deionized water for 30 min at room temperature.

2.1.2 Composite catalytic —materials. The CN/CDs
composite materials were synthesized, in a second step,
following two different approaches, namely mechanochemistry
through extrusion and a hydrothermal protocol (Table 1).

2.1.2.1 Mechanochemistry through extrusion method. The
materials were synthesized using CN (1.0 g), CDS (0.1 g), and
Milli-Q water (1 mL). The mixture was extruded in a ZE 12 HMI
Twin-Screw Extruder (Three Tec, Seon, Switzerland) at
a temperature of 120 °C and a speed of 50 rpm, for 1 h of
residence time. The extrudate was collected without further
purification.

2.1.2.2 Hydrothermal method. Hydrothermal synthesis was
performed adapting a reported procedure.** 0.1 g of CDs were
ultrasonicated in 10 mL of Milli-Q water for 15 min. Thereafter,
1.0 g of CN dispersed in 90 mL of Milli-Q water, and the

This journal is © The Royal Society of Chemistry 2025
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Table 1 Composite catalytic materials.*?

Sample name Description

Carbon nitride made from melamine
Composite materials obtained by extrusion

CN

e-CN/a-CDs
e-CN/g-CDs(nd)
e-CN/g-CDs(d)
h-CN/a-CDs
h-CN/g-CDs(nd)
h-CN/g-CDs(d)

Composite materials obtained
by hydrothermal treatment

“nd = non dialysed; d = dialysed. e =
extrusion; h = obtained by hydrothermal treatment.

obtained by

previously mentioned CDs dispersion were mixed and stirred at
room temperature for 30 min. Subsequently, the mixture was
transferred into a PTFE-lined autoclave reactor and heated to
120 °C for 4 h. The precipitate was collected, washed three times
with distilled water, centrifuged at 6000 rpm for 10 min and
dried at 70 °C under reduced pressure overnight.

2.2. Characterisation of catalytic materials

The crystalline structure of the samples was investigated by X-
ray diffraction (XRD) in a D8 Advance diffractometer from
Bruker® AXS, using the X-ray source of the Cu Ko radiation,
coupled to a LynxEye detector, and monitoring the 26 within 8-
80° at a rate of 0.08° min .

The chemical composition on the surface of the solids was
examined using X-ray Photoelectron Spectroscopy (XPS) with
a Physical Electronics VersaProbe II Scanning XPS Microprobe.
This equipment uses a monochromatic X-ray Al-Ka radiation
source under a vacuum of 10”7 Pa. The binding energies were
calibrated to the C 1s peak from adventitious carbon at 284.8 eV.
High-resolution spectra were recorded using a concentric

Air Bubbling

&
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I
I

Refrigeration
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—

Fig. 1 Schematic representation of the photoreactor setup.
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hemispherical analyser at a constant energy pass of 29.35 eV
over a 200 pm diameter analysis area. The pressure in the
analysis chamber was maintained below 5 x 10~ ® Pa. Data
acquisition and analysis were performed using PHI ACCESS
ESCA-F V6 software. A Shirley-type background was subtracted
from the signals, and the recorded spectra were analysed with
Gauss-Lorentz curves to determine the binding energy of the
atomic levels of different elements more accurately.

The textural properties were determined from N, phys-
isorption at —196 °C, performed in a Syn 200 instrument from
3P Instruments. The samples were outgassed at 110 °C under
vacuum for 12 h in a J4prep station from 3P Instruments. The
specific surface area was calculated by the BET method; the pore
volume from N, uptake at p/p, ~ 0.99. The pore size distribution
was estimated using the Barrett, Joyner and Halenda (BJH)
method.

Transmission electron microscopy (TEM) was performed to
observe the size and shape of the particles in a JEOL 2010
operated at an acceleration voltage of 200 kv and with a FEI
Tecnai G2 system, equipped with a charge-coupling device
(CCD) camera. Samples were ground and then suspended in
ethanol, followed by dipping of a holey-carbon coated copper
grid of 300 mesh which was dried under air for a few minutes
before recording.

2.3. Photocatalytic experiments

The photocatalytic behaviour of the prepared samples was
assessed in the selective oxidation of benzyl alcohol (BA) to
produce benzaldehyde (BZ). As shown in Fig. 1, the photo-
catalytic experiments were conducted in a jacketed cylindrical
photoreactor, in whose centre two UVA (365 nm, 9 W each)
lamps were placed. The reacting slurry suspension (catalyst
dose, 0.5 g L") was pumped through the annular space. The
temperature was controlled at 20 °C with the help of an auxiliary
tank containing the alcohol solution (1 mM), which was

Jacketed
photoreactor

\ /

Stirrer
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pumped to the annular space of the photoreactor. To ensure the
presence of dissolved O,, air was supplied in the auxiliary tank.
Before starting the photocatalytic assay, an adsorption period
was conducted in dark conditions to ensure the adsorption
equilibrium. Next, the lamps were switched on, samples were
withdrawn and filtered (Millex PVDF, 0.45 um) before analysis.
The influence of the oxidative species was evaluated by adding
chemical scavengers that suppress certain reactive routes
during the oxidation of the alcohol to the aldehyde. The role
played by superoxide radical was tentatively analysed by
exchanging air with N, bubbling, or the presence of specific
inhibitors such as p-benzoquinone (1 mM) or disodium 4,5-
dihydroxybenzene-1,3-disulfonate (tiron, 1 mM). The addition
of tert-butyl alcohol (TBA, 10 mM) was considered to remove the
action of the hydroxyl radicals.

High-Pressure Liquid Chromatography (HPLC) technique
was used for quantifying the concentration of the alcohols and
the aldehydes. The HPLC device was an Alliance 2695 HPLC
from WatersTM, with a 2998 photodiode Array detector. A Zor-
bas Bonus-RP column (5 um, 4.6 X150 mm) was used. The
pumped mobile phase (1 mL min~") was a mixture of 40% (v/v)
acetonitrile and 60% (v/v) ultrapure water acidified with 0.1% (v/
v) of trifluoroacetic acid. The wavelength selected for quantifi-
cation was 215 nm for BA and 248 nm for BD. The activity was
evaluated in terms of initial reaction (pseudo-first order) rate
and quantum efficiency (eqn (1)). The selectivity (S) of the BZ
was calculated from the aldehyde and alcohol temporal profiles.
The quantum efficiency (Qg) of BA photo-degradation was esti-
mated, following the IUPAC's recommendations which defines
the Qg as the ratio of the number of molecules reacting through
the reaction rate (rga o), by the photon absorption rate (LVRPA,
e“”).* The ESIt provides a detailed description of the procedure
for determining the e™” (see light-matter interaction modelling
section). The solution of the light-matter interaction model is
based on solving the Radiative Transfer Equation (RTE) for the
reactor geometry using two-dimensional, two-directional radi-
ation approach.”®*” As described in the ESI,t the determination
of the optical properties of the catalytic suspension was also
estimated from the solution of the Radiative Transfer Equation
(RTE) using a one-dimensional, one-directional radiation
model for the spectrophotometer cell.”

120°C, 4 h, .'

H,0 (100 mL)

Hydrothermal method

Fig. 2
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3 Results and discussion

3.1. Synthesis of CN/CDs composite materials

Through this work, the synthesis of CN/CDs composite mate-
rials has been explored, using two distinct and sustainable
approaches: a conventional hydrothermal method and mecha-
nochemical extrusion (Fig. 2). These methods were chosen not
only for their environmental advantages but also for their
potential to produce high-performance materials in a scalable
manner. The hydrothermal method, known for its ability to
generate well-defined nanostructures under mild conditions,
offers a controlled environment where temperature and pres-
sure facilitate the formation of materials with tailored proper-
ties.” This approach is particularly appealing due to its
simplicity and the use of water as a solvent, aligning with green
chemistry principles by reducing the need for harmful reagents
and minimizing waste. On the other hand, mechanochemical
extrusion represents an innovative, solvent-free technique. This
method is gaining attention for its ability to synthesize mate-
rials with unique properties that are often difficult to achieve
through traditional solution-based methods.>** Mechanochem-
istry, by reducing or even eliminating the need for solvents,
contributes significantly to the sustainability of material
synthesis. Moreover, its capacity to scale up production, espe-
cially through extrusion, while maintaining consistency in
material properties makes it an attractive option for industrial
applications. By employing these two methods, our work aims
to understand how different synthetic procedures influence the
physical, chemical and optical properties of CN/CDs
composites.

3.2. Characterization of CN/CDS composite materials

The textural properties of the synthesized samples were
assessed through N, physisorption, focusing on how porosity
and surface area are affected by different synthetic methodol-
ogies. The materials produced via extrusion and hydrothermal

120 °C, 1 h, 50 rpm
H,0 (I mL)
Mechanochemistry
through extrusion method

Schematic representation of the synthetic protocols employed for the preparation of the composite photocatalytic materials.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Nitrogen adsorption—desorption isotherms at 77 K for the
studied materials. The inset shows the details of the isotherms’
differences as a function of the preparation method.

methods were compared to the unmodified graphitic carbon
nitride. Fig. 3 illustrates isotherms fitting the Type II, according
to IUPAC classification,** describing the typical shape of low
porous material with high contribution of mesopores. As shown
in Table 2, all samples exhibit average mesopore diameter
values ranging from 17.3 to 27.6 nm. Type H3 hysteresis loops
were observed, typically associated with aggregates of plate-like
particles forming slit-shaped pores.**** In general, the mecha-
nochemical approach resulted in a reduction in mean pore size,
pore volume, and surface area. This suggests that the high-
energy mixing and compression involved in extrusion may
lead to a denser material with less developed porosity, which
could potentially offer benefits in terms of material stability and
durability, depending on the specific application.** Conversely,
the hydrothermal method yielded samples with relatively
higher surface areas, larger pore sizes, and greater pore
volumes, compared to the unmodified CN, which could have
significant implications for their performance in catalytic
applications.***” Overall, these findings suggest that the choice
of synthetic method plays a crucial role in determining the
textural properties of CN/CDs composites.*®

Table 2 Textural properties and bandgap of the samples®

View Article Online
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The XRD diffractograms of the composite samples, pre-
sented in Fig. 4A, and the CN reference for comparison
purposes, displayed two key peaks. The prominent peak around
27°, corresponds to the (002) plane and is indicative of the
interlayer spacing in the graphitic structure of CN. The smaller
peak near 13°, corresponding to the (100) plane, provides
information about the in-plane periodicity of the atomic
arrangement within the individual layers.* This reflection is
associated with the repeating structure of tri-s-triazine motifs
within the CN sheets. In the three synthesized samples via the
hydrothermal method, the peak at 27° remained sharp and well-
defined, indicating that the CN retained its crystalline structure.
Conversely, in the three mechanochemical extrusion samples,
the (002) peak showed noticeable broadening. This broadening
is indicative of an increase in structural disorder, likely due to
the high-energy mechanical forces applied during the extrusion
process.*

Fig. 4B shows the FT-IR spectra of the four representative
CN/CDs composite samples alongside the reference graphitic
carbon nitride, with all spectra displaying identical character-
istic signals. These signals correspond to the typical vibrational
modes of CN, indicating that its fundamental chemical struc-
ture was preserved in the composite materials. The prominent
bands observed between 1200 and 1600 cm™ " can be attributed
to the stretching vibrations of C-N and C=N bonds within the
aromatic heterocycles, characteristic of the graphitic carbon
nitride framework.** Additionally, the sharp peak around
810 cm ™' corresponds to the out-of-plane bending vibrations of
the tri-s-triazine units, further confirming the presence of intact
CN structures in all samples.” The similarity in the FT-IR
spectra across the composite samples suggests that the incor-
poration of CDs into the CN matrix did not significantly alter
the chemical structure of the carbon nitride. This consistency in
the spectral features suggests that the CDs are well-dispersed
within the CN matrix without disrupting its covalent network.

Fig. 5(5A-C) shows the XPS results for the C 1s, N 1s,and O 1s
regions of the composite systems and the CN reference,
alongside with the corresponding proposed fittings (5D-5F) of
the composite sample e-CN/g-CDs(d). From the analysis of the C
1s region (Fig. 5A) a contribution at 284.6 eV due to C-C
bonds,* is clearly visible in all cases, but it is significantly
higher in all composite materials if compared to unmodified
CN.*** From the corresponding fitting in Fig. 5D well-defined

Samples Sger (m* g™ 1) Vr (cm® g ™) Dy (nm) Bandgap (eV)
CN 13.8 0.088 25.4 2.70
e-CN/a-CDS 3.0 0.015 19.8 2.59
e-CN/g-CDS(nd) 4.0 0.020 20.0 1.26
e-CN/g-CDS(d) 3.2 0.014 17.3 1.65
h-CN/a-CDS 22.4 0.155 27.6 2.71
h-CN/g-CDS(nd) 18.0 0.116 25.8 2.61
h-CN/g-CDS(d) 17.3 0.097 22.4 2.54

¢ Sper: specific surface area was calculated using the Brunauer-Emmett-Teller (BET) equation. Dypy: mean pore size diameter was calculated using
the Barret-Joyner-Halenda (BJH) equation. Vi: total pore volume from the N, uptake at p/p, ~ 0.99.

This journal is © The Royal Society of Chemistry 2025
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peaks can be associated to the C-N bond, and the C-(N); group,
respectively.*® These contributions are characteristic of the
triazine structure of CN, where carbon is primarily bonded to

—CN

——h-CN/a-CDS-

e-CN/a-CDS ——e-CN/g-CDS (nd)

(A) XRD patterns and (B) FT-IR spectra of representative catalytic systems.

nitrogen within the graphitic network. The signals at 286.0 and
287.0 eV, corresponding to C-O and C=0 bonds, are primarily
attributed to oxygenated functionalities on the CDS surface,

e-CN/g-CDS (d)

-h-CN/g-CDS (nd) h-CN/g-CDS (d)

-
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Fig. 5 XPS results corresponding to the (A) C 1s, (B) N 1s, and (C) O 1s regions. Proposed fitting (D—F) for the e-CN/g-CDS(d) sample.
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with a possible contribution from surface oxidation. The XPS
analysis of the N 1s region provides further insight into the
chemical environment of nitrogen in both the reference CN and
the CN/CDs composites (Fig. 5B). As shown in Fig. 5E, the first
peak, located at approximately 398.5 eV, is attributed to the
C-N=C bonds, typically characteristic of sp>-hybridized
nitrogen within the triazine rings of CN.** At around 400.0 eV,
a contribution related to N-(C);, representing nitrogen atoms
bonded to three carbon atoms in a tertiary amine configuration
is considered. This peak reflects the nitrogen atoms at the edges
of the triazine units or within defects in the CN structure. A
smaller peak near 401.0 eV is typically assigned to protonated
nitrogen species, such as N-H, which may result from surface
interactions with atmospheric moisture or during the synthetic
process.** The XPS O 1s region spectra presented in Fig. 5C,
reveal that the pure CN exhibits a less intense band compared to
the CN/CDs composites. This low intensity suggests that pure
CN has minimal surface oxidation and fewer oxygen-containing
groups. In contrast, the composites exhibit a more pronounced
peak in the O 1s spectrum, indicating a significant increase in
surface oxygen functionalities due to the presence of carbon
dots (i.e. C-O/C=0). As presented in Fig. 5F, both C-O and
C=0 contributions were found placed at 532.4 and 530.0 eV,
respectively. This enhanced peak intensity reflects the success-
ful introduction of oxygenated groups with the carbon dots. The
analysis of the atomic percentages of carbon, nitrogen, and
oxygen, as well as the C/N, O/N, and O/C ratios obtained from
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XPS are summarized in Table S1} of the ESL.f The C/N ratio
remains relatively stable across all composite samples, ranging
from 1.03 to 1.25. For the reference CN, the C/N ratio is 0.81
which is in line with a well-defined CN structure.** The slight
variations in the ratio (C/N > 1) for composites are consistent
with the incorporation of carbon dots, which can introduce
additional carbon while maintaining the nitrogen-rich triazine
structure CN. The sample h-CN/g-CDS(d) shows the highest C/N
ratio (1.25), indicating an enhanced carbon contribution in the
system. The O/C ratio shows a more pronounced variation,
reflecting the extent of oxygenated groups in the samples. A
similar trend was observed for the O/N ratio. The reference CN
shows a ratio of 0.04, indicating a nitrogen-rich structure with
minimal oxygen. The addition of carbon dots, especially the
dialyzed ones, significantly increases this ratio. In the mecha-
nochemically prepared samples, the O/C ratio rises to 0.13-0.14,
while the hydrothermal method yields a maximum of 0.15 for h-
CN/g-CDS(d). This suggests that, as expected, carbon dots
introduce oxygenated functional groups in all samples, but the
presence of oxygen-related functional groups is maximized by
combining the hydrothermal synthesis and the use of purified
carbon dots.

TEM analysis has also been performed to further investigate
the morphology of the synthesised materials and verify the
incorporation of CDs (Fig. 6 and S1-S3 of the ESIT). Fig. 6 shows
a representative TEM image of the h-CN/g-CDs(d) photocatalytic
sample. It is worth to mention that, given the inherent low

1.6 1.8 20 22
Radius (nm)

Fig. 6 HR-TEM micrograph of the h-CN/g-CDs(d) photocatalytic sample.

This journal is © The Royal Society of Chemistry 2025
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contrast between carbon dots and the graphitic carbon nitride
matrix, identifying individual CDs presents a significant chal-
lenge. To maximize accuracy in their visualization, we carefully
selected regions where particle distinction was most reliable.
While analyzing a larger area could improve statistical repre-
sentation, the contrast limitations would compromise the clear
identification of CDs. The micrograph reveals that the particles
are predominantly spherical and uniformly dispersed across
the surface of the CN matrix. The particle size distribution was
relatively narrow, with most particles ranging from 1.2 to 2.2 nm
and an average diameter of 1.4 nm, as illustrated in the inset
size histogram. High-resolution TEM further confirmed the
crystalline nature of these carbon particles and the formation of
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a layered structure associated with the CN, which is consistent
with the typical architecture of the graphitic carbon nitride
framework.*

This contribution presents a rigorous analysis of the optical
properties based not only on DRS-UV-vis measurements
(Fig. 7A) but also on a strict determination of local volumetric
photon absorption profiles (Fig. 7B-I), calculated from the
modelling of light-matter interactions.*»** As shown in Fig. 74,
the reference sample CN exhibits a typical profile with absorp-
tion occurring in the UV region and extending into the visible
part, enabling the determination of a bandgap value of 2.7 eV.*
The composite materials obtained through extrusion and
hydrothermal methods exhibit different trends concerning

z/cm

ricm rfcm

z/cm

rfcm

rfcm

z/cm
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I
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¥
0 05
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Einstein cm= s

(A) UV-visible spectra of the CN reference and the CN/CDs composite materials. (B) Schematic description of coordinate system in which

the LSRPA is represented. Local volumetric rate of photon absorption (einstein per cm? per s) for (C) pristine-CN, (D) h-CN/a-CDs, (E) h-CN/g-
CDs(nd) (F) h-CN/g-CDs(d), (G) e-CN/a-CDs, (H) e-CN/g-CDs(nd), (I) e-CN/g-CDs(d).
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their absorption properties. The series obtained via the hydro-
thermal method shows less variation in terms of Bandgap
modification. The CN modified with a-CDS (amorphous
species) did not display any change in the Bandgap value,
whereas a slight reduction was observed for the samples
produced by the hydrothermal method with the g-CDs. The
reduction of the bandgap becomes more pronounced when the
¢-CDs are dialyzed. In contrast, the variation the bandgap is
observable in the series obtained by mechanochemistry must be
highlighted. As observed in Fig. 7A, the mechanochemical
approach provides structures which lead to the appearance of
a shoulder, detectable in all samples obtained through extru-
sion. The shoulder above 450 nm may arise from several factors
related to the incorporation of CDs. Firstly, it could be attrib-
uted to the formation of new localized energy states within the
bandgap of CN introduced by the carbon dots.>® These states
can act as intermediate energy levels, facilitating electronic
transitions at lower energies, thereby extending the absorption
spectrum into the visible range. Furthermore, the intense
mechanical forces involved in mechanochemistry can disrupt
the crystalline order of CN, leading to increased surface defects,
such as nitrogen vacancies, edge dislocations, and unsaturated
bonds. These defects create local electronic states within the
bandgap of CN, which can facilitate additional electronic tran-
sitions, contributing to the absorption band above 450 nm.** In
contrast, the hydrothermal method tends to produce more
crystalline and uniform materials with fewer defects.”® As
a result, the electronic structure of hydrothermally synthesized
CN is less altered, and the optical absorption of pristine CN is
maintained.

Fig. 7B describe the defined coordinate system for which the
Photon Absorption is calculated. Fig. 7C-I depicts the photon
absorption profiles of the composite systems, and the reference
CN expressed in Einstein per cm® per s. The shape of the
absorption profiles is similar for all samples and is determined
by the geometry of the reaction system (annular reactor and
symmetrically positioned illumination system at the centre of
the reactor). As expected, the direction associated with the z-
coordinate shows minimal variations for each evaluated
radius (r-coordinate), with a slight reduction attributed to what
is commonly referred to as the edge effect (defined by the lamp
dimension in that coordinate).® From the position 7 = 0 (the
first layer of liquid receiving radiation), a drastic reduction in
the absorption profile is detected. Fig. 7C shows the absorption
profile for the reference CN. Fig. 7D-F depict the profiles cor-
responding to the series obtained via the hydrothermal method.
The profiles demonstrate that using this method, the optical
properties of the suspension remain without significant varia-
tions in comparison to the unmodified CN (LVRPA values
approximately equal to 1.4-1.6 x 10~ ° einstein per cm® per s*).
In contrast, the photon absorption profiles for the samples
obtained via mechanochemistry (Fig. 7G-I) show a considerable
increase compared to the pure CN reference (2.6 x 10~ ° ein-
stein per cm® per s'), which indicates an enhancement of UV
light absorption. Similar values of LVRPA among amorphous,
crystallized, and dialyzed carbon dots prepared using the same
synthesis method, suggest that the primary factor influencing

This journal is © The Royal Society of Chemistry 2025
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the absorption rate is the synthesis method itself rather than
the treatment of the CDS. In practical reaction conditions (using
an irradiation source of 365 nm), as reflected by the LVRPA
calculation, the optical properties are defined by the structural
and electronic properties induced by the synthesis method
rather than by the treatment of the CDs. Mechanochemical
synthesis may lead to enhanced photon absorption due to
increased defect density in the CN, which overshadows any
differences introduced by CDS treatment. Conversely, as afore-
mentioned, hydrothermal synthesis produces a more uniform
CN structure, resulting in similar absorption rates across
different CDs treatments.

3.3. Photocatalytic activity of CN/CDs composite materials
in the benzyl alcohol oxidation reaction

The photocatalytic results are illustrated in Fig. 8A and B
(reaction rate and selectivity to benzaldehyde). In the samples
prepared through extrusion, the amorphous CDs, with high
surface defect density, may strongly interact with the defect-rich
CN matrix, promoting more efficient charge transfer and higher
reaction rates. In turn, dialyzed graphitic CDs, although less
defective than amorphous ones, still contribute to higher
reaction rates, in comparison with the non-dialyzed CDs most
likely due to the interaction of molecular fluorophores or
impurities retained in the CDs before dialysis with the organic
reactants. On the one hand, the hydrothermal synthesis, with
a similar trend to the amorphous-related sample, showed the
highest reaction rate, followed by the dialyzed one. On the other
hand, quantum efficiency is identified as a more critical metric
for evaluating photocatalytic performance.*® Although mecha-
nochemically prepared samples exhibit a higher LVRPA, the
quantum efficiency data clearly show that this does not directly
result in improved quantum efficiency. The quantum efficiency
represents the efficiency of absorbed photons to be converted
into reactive species, and it is influenced by several factors not
limited to optical properties.> This suggests that the optimi-
zation of both optical properties and surface chemistry is
essential for achieving high photocatalytic performance. The
effective utilisation of absorbed photons, driven by favourable
charge carrier dynamics and surface interactions, is crucial for
maximizing the photocatalytic activity of CN/CDs composites.
However, in selective synthesis applications, such as the partial
oxidation of benzyl alcohol to benzaldehyde, the purification
and stabilization of carbon dots on the CN surface are expected
to enhance selectivity. A selectivity of approximately 60% for
benzaldehyde is achieved, indicating that while amorphous a-
CDs provides certain advantages, stabilization and purifica-
tion are critical for optimizing selectivity in the reaction. No
other organic intermediates were detected in the reaction
products, confirming that CO, and H,O are the sole by-products
resulting from the complete mineralization of the alcohol. The
optimization of the benzaldehyde production can be under-
taken considering that the purification by dialysis typically
removes smaller, non-covalently bound impurities and residual
solvents from the carbon dots.** This purification can lead to
a more uniform surface and a reduction in potential quenching
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sites or other interactions that could interfere with the photo-
catalytic process. The cleaner surface, with a more homoge-
neous structure, the better control of the photoactive sites for
effective aldehyde production.

3.4. Mechanistic investigations of the photocatalytic
oxidation of benzyl alcohol using CN/CDs composite
materials

A tentative analysis of the mechanism of selective benzaldehyde
production based on reactions with different scavengers was
developed (Fig. 9A). There is no complete and exclusive inhi-
bition by the most popularly used scavengers and their addition
may alter the adsorption equilibria; however, this strategy leads
to a global understanding of the oxidative routes with a major
contribution. The sample with the highest quantum yield from
each series was selected, namely e-CN/a-CDs and h-CN/a-CDs.
The influence of the superoxide radical (O,"”) was analysed

(A) Reaction rate (pseudo-first order) and quantum efficiency,

] AN

and (B) selectivity to benzaldehyde of composite samples and CN

using three reaction schemes; eliminating O, from the reaction
medium by bubbling N,, adding p-benzoquinone (p-BZQ), or
disodium 4,5-dihydroxybenzene-1,3-disulfonate (tiron). One of
the major pathways for superoxide radical (O," ") formation is
through the reduction of molecular oxygen. This process, driven
by photogenerated conduction band electrons, is crucial for
producing reactive oxygen species that facilitate oxidation
reactions in photocatalysis. Removing O, from the medium by
bubbling N, blocks this pathway, significantly lowering the
generation of O, ", altering the recombination effect though. p-
Benzoquinone (p-BZQ) is commonly used in scavenger studies
in photocatalysis due to its high reactivity with O," ", while
tiron has been recognized as a more reliable alternative since
hinders some side reactions that p-BZQ promotes in a photo-
catalytic medium.***” It is evident, as shown in Fig. 9A, that the
removal of oxygen by bubbling nitrogen in the media leads to
significant reductions in quantum efficiency. Specifically, the
quantum efficiency decreased by a factor of 9.7 for h-CN/a-CDs

h—CN/La—CDS e—CN{a—CDS
r N |
3.0x102 —
9o A 100 B ——e-CN/a-CDS
& P 6/ | N ——h-CN/a-CDS
-~ 6/ \\ 7 \ 80 N 3
8'2.0x102 # T\ / D
ko Q /9 60 e >
2 / 60 > B
5 8 N || £5
E . =
2 1.0x102 - / ! \ 403 5
§ o 9 ‘ \ @ 5
5 : L t20
g ‘ é
|
B e it e 0 400 450 500 550
N Co¥ S ¥ 00 S Qn

\’b(\vs'\,/‘”\‘b«'\‘o A \‘bovg’\g;\/'\q’&\‘o N Wavelength (nm)

o < o <

(@) @)

Fig. 9

2040 | Sustainable Energy Fuels, 2025, 9, 2031-2044

(A) Quantum efficiency of selected samples using scavengers. (B) PL spectra selected samples and CN reference.
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and 3.7 for e-CN/a-CDs. The use of p-BZQ and tiron as scaven-
gers further support this, as both compounds trap O, .
However, a key limitation of scavengers like p-BZQ and tiron is
their ability to capture not only the target species but also other
reactive species, such as hydroxyl radicals (HO"), especially in
the case of p-BZQ.*® However, the reaction rates for capturing
HO" are much lower compared to those for O," meaning that
even if OH" is being scavenged to some extent, it would be at
a significantly lower rate than O,". The use of tert-butyl alcohol
(TBA), a known scavenger for HO', provides valuable insight
into the influence of this radical during the photocatalytic
reaction.® In the case of h-CN/a-CDs, the significant reduction
in quantum yield upon the addition of TBA suggests that HO"
radicals play a crucial role in enhancing the photocatalytic
performance of this material. The removal of HO" likely inter-
feres with key oxidative processes, leading to a marked decrease
in photocatalytic efficiency. This could indicate that HO" is
involved in reactions that promote the oxidation of substrates
or facilitate electron-hole pair separation, thus contributing to
the overall photocatalytic activity. In contrast, for e-CN/a-CDs,
the quantum yield remained largely unaffected by TBA,
implying that HO" radicals have a less significant role in the
photocatalytic process of this material. This lack of response
could suggest that the electron transfer dynamics or the reac-
tion pathways in the extruded sample are less reliant on HO", or
that other reactive species, such as O,", dominate the photo-
catalytic process. The formation of hydroxyl radicals HO" is not
expected in CN because the holes generated in the valence band
have an oxidation potential lower than that required to oxidize
water to OH" (+2.31 V vs. NHE at pH 7).”® The use of oxalate as
a hole-trapping agent is a common strategy to explore the
importance of holes (h") in photocatalytic reactions, as oxalate
can capture the holes generated in the valence band. The results
suggest that the direct attack on the molecule by the holes is
negligible, as the use of oxalate as a hole-trapping agent does
not significantly affect the quantum efficiency in either sample.
Preferentially eliminating O, from the system decreases
selectivity toward benzaldehyde, as O, plays a crucial role in
facilitating the oxidation of benzyl alcohol to benzaldehyde.
However, the increased importance of HO’, especially when
0,"” is reduced, can lead to undesired side reactions, as
hydroxyl radicals are a less selective oxidant. In this context,
HO® can cause overoxidation or the formation of other
byproducts, compromising the selective production of benzal-
dehyde. According to the data, the main photocatalytic mech-
anism in the e-CN/a-CDs sample is dominated by the
superoxide radical O, . On the other hand, in the h-CN/a-CDs
sample, there is a combined contribution of both O," and HO".
However, it is important to note that HO" is not expected to
come from the oxidation by the photo-generated holes, but
from an alternative pathway such as the protonation of O, ",
leading to the formation of HOj,, which can then decompose
into HO' and 0,.* In conclusion, both modified formulas seem
to prefer the oxidation of the alcohol by superoxide radicals.

A relationship between the optical properties of the samples
and the mechanisms described earlier can be stated. The
heightened activity in the hydrothermal sample could be related

This journal is © The Royal Society of Chemistry 2025
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to LVRPA calculations (Fig. 7D-F). The reaction rate of the
sample prepared by mechanochemistry is competitive
compared to those obtained using the traditional hydrothermal
method. However, the quantum yield values are higher in the
series produced by the hydrothermal approach. This indicates
that, although the hydrothermal series absorbs less radiation
(Fig. 7D-I), UV light is sufficient to release the generation of
holes and electrons, followed by the subsequent radical mech-
anism. This enhanced absorption capacity directly correlates
with its improved photocatalytic performance under UV irra-
diation, likely facilitating the generation of reactive species,
especially photogenerated holes, in the reaction.

In addition to the involved ROS in the reaction mechanism,
it is interesting to assess the recombination effect launched by
each sample. Fig. 9B shows the photoluminescence (PL) spectra
for both composite samples and the reference (CN) sample,
excited at 365 nm. Both composites display a noticeable
decrease in PL intensity compared to the CN reference, indi-
cating an efficient charge separation likely due to electron
transfer between CN and the CDS, which reduces electron-hole
recombination. The extrusion-synthesized sample showed
a more significant intensity reduction than the hydrothermal
counterpart, suggesting that the extrusion process enhances the
electronic interaction between CN and the CDs, possibly
through the introduction of surface defects or heterogeneous
charge transfer sites. Furthermore, the extrusion-synthesized
sample reveals a distinct shoulder in the PL spectrum, which
is absent in the hydrothermal sample. This spectral feature
could indicate the presence of unique defect states or inter-
mediate energy levels introduced during the mechanochemical
synthetic process, potentially acting as active sites for the
generation or stabilization of photogenerated electrons
consumed by adsorbed O, that triggers the formation of
superoxide, and therefore a more selective oxidation from the
alcohol to the aldehyde.

3.5. Influence of solvent, recyclability and stability of CN/
CDs composite materials

Despite the limitations of using scavengers, it is possible to
identify potential improvements in activity by using solvents that
commonly favour the generation of radicals identified as more
relevant. The catalytic activity was evaluated using acetonitrile as
a solvent (A) and a 50/50 mixture of acetonitrile and water (W/A).
Acetonitrile, being a polar aprotic solvent, can stabilize reactive
intermediates such as O, , which is crucial in the oxidation of
alcohols to aldehydes. Furthermore, the solubility of O, in
organic solvent is enhanced if compared to water,* consequently
boosting the formation of O, . The results presented in Fig. 10A
show that the activity reaches a similar value, expressed as
quantum efficiency, using water, acetonitrile or the water/
acetonitrile mixture. However, selectivity towards benzaldehyde
is optimized when acetonitrile is used. This can be explained by
the fact that acetonitrile minimizes the formation of unselective
radicals leading to the production of benzaldehyde.®** Addi-
tionally, acetonitrile can interact more effectively with CN,

Sustainable Energy Fuels, 2025, 9, 2031-2044 | 2041
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two reaction cycles (C1 and C2).

improving the efficiency of electron transfer and, consequently,
the selectivity of the process.

The stability and reusability of the e-CN/a-CDs sample have
been evaluated as well. Structural, morphological, and optical
stability were assessed using FT-IR, N, physisorption, and the
determination of the photon absorption rate (differences
between fresh and used samples below 1%), respectively
(Fig. 10B and C). The main peaks that identify this structure
include those corresponding to the stretching vibrations of
C=N and C-N bonds, typically observed around 1200-
1650 cm ™. The results indicate a lack of significant changes in
these peaks between the fresh and used samples, suggesting
that the polymeric structure remains stable after use. While the
structure of the sample remains practically unchanged, changes
in morphology were detected. The BET area of the sample
increased from 3 (fresh) to 12 (used) m” g~ '. This increase in
BET area can be attributed to the cleaning and re-activation of

2042 | Sustainable Energy Fuels, 2025, 9, 2031-2044

the pores within the sample. After this initial modification (C1),
the morphology in terms of surface area and other porosity
parameters remained constant. The samples are stable in terms
of their optical properties, with a variation in the average
photon absorption rate below 1%, indicating that the beneficial
interaction between the CDS and the CN polymeric structure,
described in previous sections, is maintained after several
reaction cycles. This stability is also reflected in the reproduc-
ibility of the selective alcohol-to-aldehyde reaction. The
quantum yield decreases slightly by 1% after two reaction cycles
(C2), while the selectivity remains at ~80%.

4 Conclusions

In this study, we explored the development of sustainable,
metal-free photocatalysts by synthesizing carbon dot-decorated
graphitic carbon nitride composites through two distinct

This journal is © The Royal Society of Chemistry 2025
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methods - a hydrothermal approach and a solvent-free mecha-
nochemical extrusion process. The choice of synthetic method
played a crucial role in determining the structural, optical, and
photocatalytic properties of the CN/CDs composites.

The similarity in LVRPA among different types of CDs within
the same synthesis method underscores that the synthetic
method is the predominant factor that define the photon
absorption characteristics of the CN/CDs composites and
determines the material's overall structure and defect density,
rather than the specific treatment of the CDs.

The observed higher reaction rates in mechanochemical
samples with amorphous and dialyzed CDs were attributed to
the increased structural defects and better interaction with the
CN matrix, which enhance charge carrier dynamics. However,
the lack of corresponding improvement in quantum efficiency
suggests that merely having a higher photon absorption rate
does not guarantee better photocatalytic performance. The
hydrothermal samples, although having lower LVRPA, exhibit
better quantum efficiency due to more favourable optical and
surface chemistry characteristics. The optimization of optical
absorption and surface properties is crucial for achieving high
photocatalytic performance.

The photocatalytic oxidation of benzyl alcohol to benzalde-
hyde in CN/CDs composite systems is primarily governed by
superoxide radicals. The hydrothermal sample exhibits an
enhanced contribution, involved by superoxide and hydroxyl
radicals, making it more active under OA conditions. LVRPA
data further supports the hydrothermal sample's greater UV
absorption capacity, aligning with its superior performance.
The extrusion sample, e-CN/a-CDs, demonstrates a more
extensive suppression of electron-hole recombination, as evi-
denced by the greater PL intensity reduction. The unique PL
shoulder observed in the extrusion sample may be associated
with defect-induced active sites that could impact the stability
and reactivity of the radicals. This study highlights the influ-
ence of synthetic methods on photocatalytic efficiency, show-
casing the potential of tuning ROS generation and electron-
hole dynamics through mechanical or hydrothermal prepara-
tion techniques in CN/CDs composites.

The e-CN/a-CDs sample demonstrates excellent stability and
reusability. The structural integrity of the polymeric CN
framework remains intact, as evidenced by consistent FT-IR
spectra between fresh and used samples. Morphologically,
while there is an increase in BET surface area, it does not
significantly impact catalytic performance. The optical proper-
ties of the samples are stable, with less than 1% variation in the
average absorption rate, indicating sustained beneficial inter-
actions between CDS and the polymeric structure. Furthermore,
the catalytic performance remains robust, with only a 2%
decrease in quantum yield after two reaction cycles and
consistent selectivity within the specified range. These findings
underscore the sample's potential for long-term application in
selective alcohol-to-aldehyde conversion reactions.
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