Open Access Article. Published on 15 May 2025. Downloaded on 8/16/2025 9:33:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2025,
12, 5855

Received 5th February 2025,
Accepted 12th May 2025

Jordi Fraxedas,
DOI: 10.1039/d5mh00214a

rsc.li/materials-horizons

Nanostructures based on transition metal dichalcogenides have
attracted considerable attention due to their tunable optoelectronic
properties and large surface areas, showing a great potential as photo-
catalysts. Here, a novel supported structure based on 2D-MoS,/Cu,O
nanoflakes grown on 3D mesoporous silica templates fabricated by a
combination of solvothermal synthesis and e-beam deposition methods
is presented. The synthesized MoS, nanoflakes exhibited a combination
of trigonal-prismatic 2H and distorted-trigonal 1T’ phases, which con-
tributed to a high density of active catalytic sites, facilitating efficient
photogenerated charge transfer to analytes at the liquid interface. The
deposition of Cu on the MoS, nanoflakes enabled the formation of a
semiconducting MoS,/Cu,O heterostructure with greatly enhanced
photocatalytic activity. The supported MoS,/Cu,O nanoflakes showed
excellent stability and an efficient generation of reactive oxygen species
(ROS) with white and near infrared (NIR) light. The photocatalytic
potential of the MoS,/Cu,O nanoflakes was established by the nearly
complete degradation and mineralization of two organic pollutants (the
antibiotic tetracycline and the biotoxin anatoxin-A) under low intensity
white light, using ultralow catalyst concentration (ca. 4 pg mL™). In
addition, the use of MoS,/Cu,0 nanostructures as photodynamic agents
under low intensity NIR light was demonstrated. The NIR illuminated
MoS,/Cu,O nanoflakes, placed at a distance of 120 pm from cultured
cancer cells, enabled the complete elimination of cells via apoptosis,
despite the large separation between them. These results underline the
high photocatalytic activity of the supported MoS,/Cu,O nanoflakes to
produce ROS with visible and NIR light, thus highlighting their suitability
for environmental remediation and biomedical applications.
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New concepts

In this manuscript, we introduce a novel and highly reactive photocatalytic
platform with dual functionality for both environmental remediation and
biomedical applications, achieved by fabricating a hybrid 2D MoS,/Cu,O
nanoflake structure supported on mesoporous silica nanoparticles. The system
combines the unique 2H/1T’ phase of MoS, with Cu,O to form a synergistic
heterostructure that significantly enhances light absorption, charge separation,
and catalytic activity. The MoS, expanded 2D stacking layers and abundant
active sites notably boost photocatalytic performance, enabling efficient degra-
dation and mineralization of organic pollutants such as tetracycline and
anatoxin-A. Remarkably, this system outperforms previous studies by
achieving high catalytic efficiency at ultra-low concentrations (~4 pg mL™"),
reducing the need for large catalyst amounts. Furthermore, the platform
demonstrates very good recyclability and minimal secondary pollution,
making it a highly sustainable solution for environmental applications.
Additionally, we highlight its substantial potential in biomedical
applications, where it effectively generates reactive oxygen species under low-
intensity NIR light for photodynamic therapy in cancer treatments, positioning
it as a promising candidate for use in the first biological window.

1. Introduction

Within photocatalytic materials, 2D transition metal dichalco-
genides (TMDs), particularly MoS,, have attracted wide atten-
tion due to their tunable bandgap, favorable band alignment
for added-value chemical reactions, earth abundance, and cost-
effectiveness.’ MoS, exhibits a polyphasic nature, featuring a
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stable hexagonal 2H phase and metastable 1T or distorted 1T’
octahedral phases. These phases arise from the formation of
different coordination bonds between Mo and S atoms, which
significantly impact the electronic, optical, and chemical prop-
erties of MoS,.>* The bulk 2H phase of MoS, holds semicon-
ducting properties, with a bandgap that varies with the number
of layers, enabling valuable applications in optoelectronics and
photonics.' In contrast, the 1T phase is metallic, while the
distorted octahedral 1T’ phase is a very small-bandgap
semiconductor.* These 1T phases show great potential in
energy conversion and storage, (photo)catalysis, biosensing,
and photothermal therapies, due to their reduced charge
transfer resistance.””®

The synthesis conditions significantly influence the prevalence
and coexistence of the different MoS, phases. For example, in
liquid synthetic routes, factors such as ion intercalation, charge
injection, strain, pH, and temperature play a critical role in
determining the structural phase of MoS, and their ultimate
properties.” ™" Reported studies have shown that combinations
of different MoS, phases are highly efficient catalysts, particularly
for hydrogen evolution reactions and wastewater remediation.">™*®
The direct bandgap of 2H-MoS, enables efficient photon absorp-
tion, which can be exploited in photocatalytic reactions to produce
reactive oxygen species (ROS) through the activation of oxygen."”
Furthermore, the coexistence of 2H and 1T phases can enhance
charge separation, as the higher conductivity of the 1T and 1T’
phases facilitates efficient photocarrier transfer, reducing recom-
bination and boosting photocatalytic efficiency.'®>" Additionally,
the 1T phase has a higher absorption coefficient in the visible light
range compared to the 2H phase, and a mixed-phase structure
broadens the range of absorbed wavelengths, improving overall
photocatalytic activity.**

Edge sites in MoS, are also key for photocatalysis.>*** The
2H phase of MoS, primarily exhibits active sites at the stacked
layer edges, and efforts have focused on increasing their density
at the liquid/MoS, interface. While the growth of vertically
aligned stacked layers of MoS, offers a promising strategy to
increase the edge density and catalytic activity,>>>> other
approaches, such as creating mixed-phase structures or intro-
ducing defects and vacancies,”®?” can also achieve high edge
density and improve the overall performance. The coexistence
of the 1T phase, which often contains more abundant active
sites, not only at the edges but also at structural defects such as
vacancies and dislocations, provides a practical alternative.
These additional sites can enhance photocatalytic reactions
by facilitating the adsorption of reactants and boosting reaction
rates. Moreover, the photocatalytic activity of MoS, can be
further enhanced by forming heterojunctions with suitable
semiconductors and metallic structures.?*?*32 Therefore,
exploring new alternatives to promote these different features
is essential for optimizing photocatalytic efficiency.

Beyond photocatalytic performance, the recovery of the
catalytic structures from solution after pollutant degradation
remains a significant concern. This process is often complex,
costly, and may potentially cause secondary pollution when
used as dispersed heterogeneous catalysts. Growing MoS, on a
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solid support may alleviate these issues®>** but its 2D nature
could significantly decrease the number of active sites for
catalytic reactions. Thus, new strategies are needed to develop
supported MoS, structures maximizing surface area and active
sites while achieving a high degree of mineralization.

Here, with the aim of achieving highly reactive 2D MoS, on a
substrate, we fabricated MoS, nanostructures on supported
mesoporous silica nanoparticles by a cost-effective solvothermal
process with an ammonium-based precursor. The mesoporous
template transfers its high surface area characteristics to MoS,
during growth and also promoting the enrichment of MoS, edge
and defect catalytic sites. Additionally, a thin Cu,O layer was
deposited on the grown MoS,, forming a heterojunction, to
significantly enhance the photocatalytic reaction. The optimized
MoS,/Cu,O0 nanoflakes exhibited a remarkable photocatalytic
performance in a wide pH range, being capable of degrading
and mineralizing organic pollutants and biotoxins with white
light. In addition, the MoS,/Cu,O nanoflakes exhibited very high
efficacy to Kkill cancer cells by illumination with low-intensity
near-infrared light in the first biological window (660-808 nm).
Therefore, the MoS,/Cu,O heterojunction nanoflakes on the 3D
mesoporous supports could be appealing for both environmen-
tal remediation and therapeutic applications.

2. Results and discussions

2.1. Fabrication and physicochemical characterization

The fabrication process of the supported MoS,/Cu,O nanoflakes
followed four steps (Fig. 1): (i) fabrication and self-assembly of the
mesoporous silica nanoparticles on a solid support,*® (ii) silaniza-
tion of the silica surface with (3-aminopropyl)Triethoxysilane
(APTES) to improve interaction with the growing MoS,, (iii) solvo-
thermal growth of the MoS, nanoflakes and (iv) copper deposition
by e-beam deposition. As comparison, we also fabricated MoS,
monolayer flakes by chemical vapor deposition (CVD).

The scanning electron microscopy (SEM) image in Fig. 2a
shows that the MoS, flakes form a high density and uniform 3D
network on the mesoporous silica particles. The low-resolution
transmission electron microscopy (TEM) image confirms the
2D character of the MoS, flakes (Fig. 2b). We also obtained
high-resolution TEM (HRTEM) images that reveal distinct
atomic arrangements, which can be attributed to the 2H and
1T’ crystallographic phases of MoS, (Fig. 2c and d). However,
high resolution imaging remains challenging due to the meso-
porous and amorphous nature of the silica support, which
causes scattering and contrast loss, significantly hindering
direct phase identification. Interestingly, we also observe a
significantly increased interlayer spacing in MoS, of approxi-
mately 0.8-1 nm (Fig. 2e and f), markedly larger than the typical
0.62 nm spacing reported for 2H MoS,.>’° Note that the
expanded spacing, often observed in 1T structures, is beneficial
for enhancing catalytic capabilities.'****" In addition, electron
energy loss spectroscopy (EELS) and energy dispersive X-ray
spectroscopy (EDS) mappings qualitatively reveal the uniform

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Fabrication process of the photocatalyst. Schematic representation of the fabrication process for MoS,/Cu,O nanoflakes, achieved through a
combination of solvothermal synthesis and metal evaporation (DMF: dimethylformamide; MSN: mesoporous silica nanoparticles).

distribution of the Cu, Mo and S elements and the absence of
contaminants (Fig. S1, ESIft).

To determine their crystallographic and electronic structures,
the samples were analyzed by UV-Vis spectroscopy, photolumi-
nescence, Raman spectroscopy, XRD and XPS. The results were

Fig. 2 Electron microscopy characterization. (a) SEM and (b) TEM images
of the solvothermally grown MoS,/Cu,O nanoflakes. (c) and (d) HRTEM
images of solvothermally synthesized MoS, on silica, exhibiting distinct
crystal structures, with the insets showing zoomed regions. (e) and (f)
Scanning TEM (STEM) images of MoS, displaying the interlayer distances.

This journal is © The Royal Society of Chemistry 2025

compared to CVD-grown MoS, flakes, which are known to
exhibit the more stable 2H or 1H phases. The UV-Vis spectra
of the CVD MoS, exhibited the expected three characteristic
absorption peaks, appearing at approximately 667 nm, 614 nm
and 440 nm (Fig. 3), which correspond to the generation of the A,
B, and C excitons, respectively.*> These peaks are typical for the
2D semiconducting 2H/1H phases. In contrast, the solvothermal
MoS, showed no distinct peaks; instead, it evidenced an
increased light absorbance across the entire inspected wave-
length range (Fig. 3). The broader absorbance is beneficial for
the photocatalytic performance, as it allows solvothermal MoS,
to harness a wider spectrum of light for enhanced catalytic
activity.>> Moreover, the CVD MoS, exhibited strong photolumi-
nescence as a result of direct band gap excitations at the K point
of the Brillouin zone, whereas the solvothermal MoS, did not
show any photoluminescence, which could be due to the
presence of phases with very small bandgap or a more metallic
nature (Fig. 3b). The mixed 2H-1T phase can quench photo-
luminescence through non-radiative pathways, such as charge
transfer between the semiconducting 2H phase and the more
conductive 1T phase. This charge transfer is highly beneficial for
photocatalysis, as it promotes the injection of carriers into the
electrolytic medium.

To shed more light on the electronic structure, Raman
spectroscopy was also carried out on the CVD and solvothermal
MoS,. As show in Fig. 3c, the CVD MoS, contained only the two
main peaks associated with the 2H phase: the E,, mode at
384 cm ™, and the A;; mode at 410.15 cm™ . In contrast, the
Raman spectrum of the solvothermal MoS, revealed multiple
peaks, indicative of a more complex phase composition
(Fig. 3c). The J; peak (143.6 cm ™) illustrates the presence of
a quite defective phase, that is related with a T’ phase.*?
Additionally, the J, (223.6 em™*) and J; (350.6 cm™ ') modes,
characteristic of the T phases, illustrate the shifting of S atoms
with respect to Mo atoms. Furthermore, the two typical E,; and
A,z Raman modes, although slightly shifted, implied that a 2H
phase is also present in the solvothermal sample. Noticeable
shifts and broadening of the E,g" and A;g Raman modes of 2H-
MoS, have been also reported in literature and attributed to

Mater. Horiz., 2025, 12, 5855-5871 | 5857
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Fig. 3 Spectroscopic and structural characterization of MoS, samples grown by CVD and by solvothermal processes. (a) UV-VIS absorption (Abs)
spectra, (b) photoluminescence (PL) spectra, (c) Raman spectra and (d) XRD patterns of the solvothermally grown sample. In panel (d) a bulk 2H-MoS,
crystal, and the reference peak positions for 2H-MoS, from JCPDS Card No. 37-1492 have been included for reference.

structural disorder, low crystallinity, strain effects, and the
coexistence of 2H and 1T phases.**™’

The XRD pattern of solvothermally synthesized MoS, is
shown alongside the diffraction pattern of bulk 2H-MoS, and
the reference peak positions from the JCPDS card for 2H-MoS,.
The latter data were included due to the difficulty in obtaining
intense diffraction signals from the monolayer CVD-grown 2H-
MoS, (Fig. 3d). The solvothermal sample exhibited relatively
poor crystallinity. Moreover, a diffraction peak was observed at
9.5°, corresponding to the (002) plane of the MoS, crystal
structure, which represents the interlayer spacing between
stacked MoS, layers.*®*° This peak is shifted to a lower angle,
compared to the bulk MoS, and JCPDS reference (~14.4°),
suggesting a larger interlayer distance. The estimated interlayer
distance using Bragg’s law was approximately 0.93 nm, in
concordance with the TEM images which showed experimental
values typically ranging between 0.8 and 1.0 nm. This is signifi-
cantly larger than the interlayer distance of around 0.62 nm for
the (002) plane of bulk 2H-MoS,, with an XRD peak at ~14.4°.
These XRD findings align with the TEM analyses and point to
the incorporation of defects, increased structural disorder, and
possible intercalation of ammonium ions.

5858 | Mater. Horiz., 2025, 12, 5855-5871

To gain insights into the phases appearing in the solvother-
mally grown MoS,, Fig. 4 presents comparative high-resolution
XPS spectra of the Mo3d/S2s lines (left) and the S2p lines (right)
for (a) a mechanically exfoliated MoS, natural crystal, (b) CVD-
grown MoS,, and (c) solvothermal MoS,, respectively.

The deconvolution of the Mo3d lines in Fig. 4a and b (left)
exhibit a main contribution of the Mo3d doublets (blue lines)
centered at 229.5-229.6 eV (Mo3ds;,), a minor contribution
(green lines) centered at 232.6-232.7 eV and a single S2s peak
at 226.7-226.9 eV (magenta lines). The S2p lines in Fig. 4a and b
(right) show a single doublet (blue lines), with the S2p;, lines
centered at 162.4-162.5 eV and with a full width at half max-
imum (FWHM) of 0.7 eV.>® The 229.5-229.6 and 162.4-162.56V
features are characteristic of n-type 2H MoS, (Mo**)*'>* and the
232.6-232.7 €V is assigned to MoO; (Mo®"),>* respectively. This is
further evidenced by the position of the valence band maximum
(VBM) that is located at 1.3 eV below the Fermi level of the
system [see inset in Fig. 4(a)]. Such VBM value is nearly the full
indirect band gap of bulk MoS,, indicating that the Fermi level
should be very close to the conduction band maximum.>

In the case of the CVD grown MoS,, an extra small contribution
at 230.5 (Mo3d) is observed (wine-colored lines). The origin of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 XPS analysis of MoS, samples. XPS spectra of the Mo3d/S2s lines (left) and of the S2p lines (right) for (a) mechanically exfoliated MoS, natural
crystal, (b) CVD grown MoS,, and (c) MoS, prepared by solvothermal (ST) methods. Least-squares fits of the experimental data (full black dots) are
included (see details in Materials and methods section). Continuous gray straight lines are shown to guide the eye. The insets of (a) and (b) correspond to
valence band, where the valence band maximum (VBM) values are also indicated.

230.5 eV might be assigned to MoO, (Mo*")> but certainly not to
Mo,S5>° since we observe single S2s and S2p double lines.

The convolution of the spectra corresponding to the sol-
vothermal MoS, sample is more complex. From Fig. 4c (left) we
obtain two S2s contributions (magenta and violet lines) at 225.7
and 226.9 eV, respectively (1.2 eV shift) and four contributions
to the Mo3d lines with the corresponding Mo3ds,, lines cen-
tered at 228.6 (red line), 229.3 (blue line), 230.6 (wine-colored
line) and 232.7 eV (green line), respectively. No feature at about
231.4 €V is observed, characteristic of MoS;, so that the
presence of this component can be safely ruled out.>” Addi-
tionally, the feature at 230.5 eV, identified in the CVD sample,
is also present. In the inset we observe that the VBM is located
at 0.15 eV. As can be seen in Fig. 4c (right), the region between
166 and 158 eV binding energies is satisfactorily deconvoluted
with two doublets, with the S2p;, lines centered at 161.6
(red line) and 162.8 eV (blue line), respectively, with a 1.1 eV
FWHM. The shift between both components is 1.2 eV.

This journal is © The Royal Society of Chemistry 2025

No hint of oxidation states lower than 4", e.g., Mo®", were
observed. Recently, a critical review on the experimental char-
acterization of the MoS, 1T phases has pointed out the
presence of Mo®" species."® In the case of XPS experiments this
is based on the observation of binding energies of the Mo3ds,,
line of about 228 eV, but when dealing with defective semi-
conductors band bending can shift the binding energies with-
out the relevant presence of lower oxidation states.>%>%>°

Fig. 4c evidences the presence of two different MoS, phases in
the solvothermal samples. We identify n-type 2H MoS, (blue lines),
with the Mo3ds,, and S2p3/, peaks located at 229.3 and 162.8 eV,
respectively, and a second phase (red lines) whose binding energies
are rigidly shifted by about 1.2 eV towards lower energies, a value
that approaches the full indirect band gap of MoS,. The comparison
of the FWHM of the S2p line corresponding to the solvothermal
sample (above 1 eV), natural crystal and CVD samples (0.7 eV)
evidence considerable disorder in the solvothermal sample due to
the presence of defects, which can induce the pinning of the Fermi

Mater. Horiz., 2025, 12, 5855-5871 | 5859
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level and thus the band bending.®>®" All these features indicate that
the proposed 1T phase could be either a defective p-type 2H-MoS, or
a defective small-gap octahedral phase. Previous UV-visible absor-
bance measurements, in which the absorption bands of 2H-MoS,
were smeared out, also indicate that the spectrum is dominated by
octahedral T phases, which have a more metallic character, rather
than a p-type 2H MoS,. This is supported by the lack of photo-
luminescence signals on the solvothermal samples, indicating again
that the overall performance is dominated by a more metallic
character. However, a pure metallic phase is ruled out since the
VBM lies below the Fermi level of the system by 0.15 eV. Such
finding discourages the presence of the pure metallic T phase and is
more consistent with the presence of the distorted T’ phase, which
exhibits small bandgaps and is more prone to defects, doping and
lattice deformation inducing band shifting and band bending.*

Finally, the XPS measurements were performed on the
solvothermal MoS, samples after Cu deposition (Fig. S2, ESIT).
The binding energy and shape of the Cu2p;z, component
(932.3 eV) and the shape of the Cu LMM line, which exhibits
a prominent maximum at a kinetic energy of 917.1 eV, are
indicative of +1 oxidation state for copper,®” thereby confirming
the formation of the MoS,/Cu,O heterostructure.

2.2. Photocatalytic degradation of organic pollutants

To determine the photocatalytic efficiency of the solvothermally
grown supported MoS, and MoS,/Cu,O samples, we investigated
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first their ability to degrade tetracycline (TC), a widely recognized
antibiotic pollutant in water. The degradation of this benchmark
pollutant was monitored at pH = 6 and pH = 8. The changes of
the TC absorbance were acquired during 180 min of irradiation
with visible light (Fig. 5a). The degree of TC degradation of
the bare solvothermal MoS, nanoflakes was 33.1% and 43.9% at
pH = 6 and pH = 8, respectively. Remarkably, the deposition of a
thin 3 nm copper layer on the MoS, significantly raised the
degradation rate of TC to 90% and 92% at pH = 6 and pH = 8,
respectively, indicating its excellent catalytic performance
(Fig. 5b).

The photodegradation kinetics (Fig. 5c) shows that the
addition of Cu increased the rate constant 5.95 and 4.05-fold
(from 0.002 min~" to 0.013 min~" and from 0.0034 min™" to
0.014 min ') with respect to the bare MoS, at pH 6 and pH 8,
respectively (Fig. 5d). Notably, only 73 ng of catalyst was used in
18 mL of TC in order to completely remove TC in 180 min,
equivalent to a concentration of 0.004 g L™". Various MoS,-
based systems have been studied for TC degradation, but to our
knowledge, none of them have used such a minute photocata-
lyst amount in a time frame scale of 100-180 minutes for
degrading 5-10 mg L™" of TC.*>"® For a better comparison
with previous studies, the mass-normalized kinetic constant
was calculated (kxy = k/mica). The corresponding ky values
for TC at pH 6 and pH 8 using the MoS,/Cu,O catalyst were
178 min~ ' g ' and 192 min~ " g, respectively. Table S1 in the
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ESIt provides a detailed comparison of degradation conditions
reported for other studies. The table also includes studies
conducted at higher TC concentrations,®'°° studies achieving
shorter degradation times,?®*#%%97:9% and studies employing
additional activation strategies such as H,0,/Fe*" (photo-
Fenton), PMS/PDS activation, or sonophotocatalysis.”®***
However, most of these studies involve significantly larger
catalyst amounts. Only very few studies report the use of small
catalyst amounts (0.01 g L™ and 0.017 g L™") achieving max-
imum ky of 14 and 106 min~' g, respectively."®'°>'% The rest
use catalyst amounts equal to or greater than 0.1 g L™ with
kn below 11 except for a system using Ag;PO,/MoS,, where
0.2 g L' of catalyst achieved a ky of 52 min~* g~ *.%®

Moreover, the MoS,/Cu,O system achieved a high total
organic carbon (TOC) removal rate of 74.6% and 86.2% at
pH = 6 and pH = 8 respectively, which was nearly 3-fold higher
than the rate obtained with the bare MoS, system (22.6% at
pH = 6, 33.8% at pH = 8) (Fig. 5b). It is important to emphasize that
the mineralization efficiency is considerably large considering the
results reported in the literature (Table S1, ESIt).6%6%107-111

Furthermore, to clarify the individual contributions of the
photocatalyst components, additional experiments on TC
degradation in the presence of silica/Cu,O under dark and
illuminated conditions were conducted, confirming the limited
activity of the Cu,O system alone. Additionally, control experi-
ments using only the supported mesoporous silica showed that
it did not promote TC adsorption under the working pH
conditions, nor did it have any impact under light illumination
(Fig. S3, ESIY)

To determine the reactive oxygen species (ROS) responsible
of the photocatalytic degradation and mineralization of
the organic pollutant, ROS quenching experiments targeting
*OH, *0,  and holes (h") were performed. We used 1 mM
p-benzoquinone (p-BQ) as quencher of *O,~, 1 mM isopropanol
(IPA) as quencher of *OH, and 1 mM triethanolamine (TEA) as
quencher of h*. Fig. 6a shows that the TC removal efficiency
was significantly affected by IPA and p-BQ after 180 min. At
pH = 8, only 16.3% and 34.5% TC was degraded in the presence
of IPA and p-BQ, respectively. Similarly, in the presence of IPA
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and p-BQ, the nanoflakes decomposed 23.1% and 21.2% of TC
at pH = 6, respectively. In contrast, when TEA was added, the
removal rate was of 81.5% and 72.3% at pH = 6 and pH = 8,
respectively, thus suggesting that *OH and *O,  were the main
active species for TC removal.

Electron paramagnetic resonance (EPR) experiments were
performed, and the formation of hydroxyl radicals (*OH) was
successfully detected, although complex responses mediated by
DMPO (5,5-dimethyl-1-pyrroline N-oxide), the ROS trapping
agent, were observed. Hydroxyl radical generation was detected
in all systems, silica/Cu,0, silica/MoS,, and silica/MoS,/Cu,0,
even under ambient light conditions, as indicated by the
formation of the DMPO-OH adduct. In addition to this signal,
other spin-adducts were identified and are attributed to inter-
actions between DMPO and trace metal ions present either in
the solution or at the surface of the photocatalyst. Such inter-
fering reactions hinder the reliable monitoring of reactive
oxygen species generation with increasing light intensity; an
effect more pronounced in systems containing copper-based
components. This interference with radical detection using
DMPO has been previously reported in the literature.'* Nota-
bly, in the silica/MoS, system, despite the presence of second-
ary spin-adducts, a clear, consistent, and reproducible increase
in the DMPO-OH signal was observed as light intensity
increased. This behavior confirms the photogeneration of
hydroxyl radicals in the current experimental conditions. A
detailed description of the EPR measurements is provided in
the ESL{ In contrast, the detection of *O,” via EPR was
unsuccessful, despite evidence from chemical quenching
experiments using selective scavengers. Under the current
experimental conditions, and in the presence of metal-based
interferents that readily react with DMPO, the trapping of
superoxide anions remains challenging. It is likely that the
detected hydroxyl radicals could have resulted in part from the
rapid interconversion of superoxide anions through secondary
redox processes.

Evaluating reusability and stability is crucial for commercial
wastewater treatment. Therefore, we performed several conse-
cutive TC removal experiments at pH 6 and pH 8. Fig. 6b
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Fig. 6 ROS quenching and catalyst regeneration. (a) ROS quenching experiments in the presence of p-BQ, IPA and TEA. (b) Regeneration cycles of the

catalyst.
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revealed that the photocatalytic activity of MoS,/Cu,O nano-
flakes was nearly unchanged even after 10 cycles both at pH = 6
and pH = 8.

Moreover, no morphological changes were observed by SEM
for the silica/ST MoS,/Cu,O photocatalyst after multiple degra-
dation cycles. However, to gain deeper insights into the impact
of reusability, we also used spectroscopic techniques such as
XPS and Raman spectroscopy, which are more sensitive to
subtle structural and chemical changes (Fig. S9, ESI{). Raman
spectroscopy confirmed that the overall phase composition
remained largely stable, showing almost no changes after
repeated use (Fig. S9, ESIt). Complementary XPS analysis
supported this observation, revealing only very subtle variations
in the Mo signals after extended cycling (specifically beyond
eight degradation cycles) and notably, no increase in molybde-
num oxide formation was detected. A very slight increase in the
2H-MoS, phase was detected. Importantly, the Cu,O compo-
nent consistently retained its +1 oxidation state throughout the
degradation tests, which we believe is a consequence of the
charge transfer pathway, as discussed later on. In summary,
these results confirm that the MoS,/Cu,O nanoflakes could be a
potential candidate for commercial wastewater treatment.

To prove the potential of the MoS,/Cu,O nanoflakes for
complex environmental applications, we analyzed the removal
of the cyanobacteria anatoxin-A under white light irradiation.
Currently, the excessive reproduction and accumulation of
cyanobacteria and the toxins they produce pose a growing
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challenge to the water industry."">""* In particular, anatoxin-
A is one of the potent alkaloid neurotoxins produced by cyano-
bacteria globally.’*® Photocatalytic degradation using optimized
materials presents a promising and cost-effective approach for
fostering anatoxin-A breakdown. Some wider band-gap photo-
catalysts have already demonstrated significant performance in
degrading anatoxin-A.">''® However, the potential of low-band-
gap heterostructures based on transition metal dichalcogenides
for this purpose remains largely unexplored.

We analyzed the anatoxin-A removal (initial concentration of
20 ppm) by the supported MoS,/Cu,O nanoflakes under white
LED irradiation (52 x 10> W cm™?). Fig. 7a shows the anatoxin-
A chromatograms, in which the decrease in the anatoxin-A
intensity over time under light illumination can be clearly
observed, yielding 93% degradation in 240 min. The TOC
measurements showed that the supported MoS,/Cu,O catalysts
achieved a high mineralization rate of 86% (Fig. 7b). The rate
constant of the anatoxin-A photodegradation, following a
pseudo-first-order kinetics (Fig. 7c), was 0.011 min~" (ky = 151
min~" g ). These results suggest that the solvothermal MoS,/
Cu,0 nanoflakes are extremely efficient for cyanotoxins removal
as compared with previous studies'"” and, importantly, without
using any noble metal as co-catalyst."™*

To further evaluate the photocatalytic performance of the
MoS,/Cu,O composite under more realistic conditions, we
investigated its activity in mixed-pollutant systems containing
both anatoxin-A (10 ppm) and tetracycline (10 ppm), in Milli-Q
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Fig. 7 Analysis of anatoxin-A degradation and kinetics. (a) The decrease in absorbance of anatoxin-A at its retention time passing through a
chromatography column. (b) Degradation and TOC rates. (c) Linear fitting of the rate constant (k).
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water and tap water, at pH values of 6 and 8. Total organic
carbon (TOC) measurements were employed to assess the
extent of mineralization achieved during photocatalysis. In
Milli-Q water, the mineralization efficiency reached 67.2% at
pH 6 and 74.1% at pH 8 after 180 minutes of illumination,
increasing to 81.3% and 85.3%, respectively, after 240 minutes.
Notably, in tap water, the mineralization rates were even
higher, achieving 83.5% at pH 6 and 87.4% at pH 8 after 180
minutes, and further improving to 92.5% and 96.1% at 240
minutes. These results highlight the robust performance of the
catalyst and adaptability in more complex aqueous environ-
ments, demonstrating its potential applicability in practical
water treatment scenarios. Detailed experimental conditions
and supporting data are provided in the ESL¥

2.3. Supported MoS,/Cu,0O nanoflakes as photodynamic
agents with NIR light

The observed photocatalytic efficiency of the SiO,-MoS,/Cu,O
heterostructures in generating ROS under visible light motivated
analyzing their potential as photodynamic agents for biomedical
applications. To date, studies investigating MoS, as a photody-
namic agent for biomedical therapies remain limited. Only a few
studies have explored MoS, quantum dots or flakes combined
with heterostructures for bacterial disinfection or antimicrobial
activity,'®**""711% with even fewer focusing on ROS-based
approaches for tumoral cells."*® Instead, most biomedical
research has centered on the MoS, exceptional photothermal
conversion efficiency, highlighting its use as a photothermal
agent."*"'*? A recent study has also addressed the use of Cu,O-
loaded MoS, nanoflowers, specifically designed for intracellular
ROS generation through chemodynamic (Fenton-like) reactions,
relying on Cu'-catalyzed hydrogen peroxide decomposition, and
photothermal effects under NIR-II (1064 nm) irradiation at high
power densities."*® Moreover, some efforts have explored com-
bining photothermal and photodynamic therapies involving
MoS,, although these often rely on additional materials acting as
photosensitizers.'>"'*

In light of these gaps, we investigated the catalytic efficiency
of the supported MoS,/Cu,O using NIR light illumination
(within the first biological window with higher penetration into
the tissues) under physiological conditions (cell medium and
37 °C). To demonstrate the strength and long-distance action of
the generated ROS, as proof of concept, the supported MoS,/
Cu,O nanoflakes were placed over Saos-2 bone cancer cells
maintaining a separation distance of 120 um, as depicted in
Fig. S13a (ESIf). Two different NIR illumination wavelengths
were used to trigger the nanoflakes ROS production: a 660 nm
LED and a 808 nm laser, both with an intensity of 100 mW cm >
(well below the maximum permissible light exposure'?”). The
photoinduced effect by the nanoflakes on the Saos-2 cells
viability was evaluated using a live/dead test 24 h after the
illumination. Live and dead cells were counted in five different
sites from three replicas, and were normalized with respect to
the control.

Firstly, we analyzed, as control experiments, the effect of the
660 nm illumination for 90 min and the supported

This journal is © The Royal Society of Chemistry 2025
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photocatalyst without illumination on the cell viability. As
Fig. 8a and f show, the 660 nm induced only a slight reduction
of the viability, thus corroborating that this wavelength is safe
in shorter exposures, as expected from other studies at the
same wavelength and with higher intensity."*! On the other
hand, the supported MoS,/Cu,O nanostructures exhibited a
complete lack of toxicity in the darkness (Fig. 8b and f).

Next, we studied the effects of the supported catalysts exposed
to the 660 nm light for increasing times (Fig. 8c-e). As can be
observed, after only 15 min of light exposure, there was a
significant reduction of cell viability, with large reduction in
the number of live cells and a considerable percentage of dead
cells, thereby reducing the viability to only 44%. Increasing the
illumination time to 30 min further reduced the number of live
cells and increased the amount of detected death cells, yielding a
viability of just 14%. Finally, after 90 min, less than 5% of the
cells remained alive. Therefore, the NIR LED at 660 nm with an
intensity of 100 mW cm > proved high efficiency in the ROS
production, inducing a remarkable cell death in a time-
dependent manner. To further validate that the photodynamic
effects originate exclusively from the MoS,/Cu,O heterostruc-
ture, we performed additional viability assays using supported
pure Cu,O or pure MoS, under the same NIR illumination
conditions. The results, presented in Fig. S14 in the ESI7
demonstrate that both individual components exhibit minimal
photodynamic activity when used separately. Moreover, the high
cell viability observed after 30 minutes of illumination in the
presence of the SiO,/Cu,O photocatalyst suggests that the
potential cytotoxicity typically associated with copper ion leach-
ing is also negligible. All these findings are also consistent with
the low degradation efficiency of organic pollutants previously
reported for the pure systems, and highlights the critical role of
the MoS,/Cu,O interface in enabling efficient ROS generation
and enhanced photodynamic response.

To assess the biomedical applicability with light showing
deeper penetration into the tissues and higher maximum
exposure levels, the same assay was carried out using a
808 nm NIR laser at 100 mW cm ™2 during 30 min. In this case,
the control of 808 nm light exposure yielded nearly 100% of
alive cells (Fig. 9a and c), which confirms the higher safety of
the 808 nm NIR light compared to the 660 nm light. Never-
theless, when the nanoflakes were irradiated with the 808 nm
laser for 30 min, only 16% of the cells remained alive (Fig. 9b-d),
therefore causing a similar effect as the 660 nm LED. A slight
increase in the irradiation time or intensity could achieve a
complete elimination of the cancer cells.

As potential photodynamic therapy, it is relevant to investi-
gate the type of cell death caused by the illuminated MoS,/Cu,O
nanostructures. Apoptosis emerges as the preferred pro-
grammed cell death, as it holds the potential for therapeutic
benefits while minimizing the adverse effects associated with
alternative cell deaths, such as necrosis. The presence of
apoptotic cells was detected via Annexin V/PI protocol through
confocal microscopy. During apoptosis, phosphatidyl serine
(PS) translocate from the inner to the outer leaflet of the plasma
membrane. Fluorescent Annexin V binds with high affinity to
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Fig. 8 Viability of Saos-2 cells. Representative live/dead images of: (a) cells exposed to NIR at 660 nm and 100 mW cm™2 for 90 min, and (b) cells

exposed to immobilized photocatalyst (PhC) for 90 min without light. (c)—-(e) Cells incubated with supported photocatalyst and exposed to 100 mW cm

-2

of 660 nm NIR light for different times: (c) 15 min, (d) 30 min, and (e) 90 min. (f) Percentage of alive (green) and dead (red) cells in the different conditions.
Note that the reduction in the total number of live plus death cells as the illumination time increases is due to the already detached death cells, which are

washed away during the detection process.

PS, being a marker for the initial stages of apoptosis. In vitro, as
apoptosis progresses, DNA fragmentation and membrane per-
meabilization occur, which are characteristic of late-stage
apoptosis. In this case, PI enters the cells and binds to the
nucleic acid. Therefore, the presence of red fluorescence in the
nucleus is an indicator of the late-stage apoptosis. In our study,
Saos-2 cells were incubated with the supported MoS,/Cu,O
nanoflakes and illuminated with 808 nm laser for 30 min. After
this time, the few remaining cells exhibited typical features
present in apoptotic cells as presence of blebs and condensed
nucleus (Fig. S13b, ESIt). These features suggest apoptosis as a
possible cell death mechanism. As further confirmation, the
annexin V/PI analysis (Fig. 9d) showed that 57% of the cells
were positively stained with annexin V, thus undergoing apop-
tosis. From this set of cells, 34% were negatively stained to PI,
reflecting intact membranes where PI was not yet bound to
nucleic acids, thus being at an early stage of apoptosis. The
remaining 66% of the apoptotic cells stained positively for both
annexin V and PI, being consequently in the late apoptosis
stage. Therefore, the generated ROS triggered by the supported
MoS,/Cu,0 nanostructures efficiently induced the dead of the
Saos-2 cells by apoptosis by using safe low intensity NIR light.

With respect to a plausible mechanism for the apoptosis
induction, it is proposed that ROS generated by the MoS,/Cu,O
system initiate cell death primarily through oxidative damage
to the cell membrane, rather than intracellular pathways.

5864 | Mater. Horiz., 2025, 12, 5855-5871

Before we have seen that the main photogenerated ROS are
superoxide anions and hydroxyl radicals, which are known for
their high reactivity and short lifetimes. Considering the
experimental configuration, where MoS,/Cu,O nanoflakes are
immobilized and separated from the cultured cancer cells by a
120 pm gap, it is highly unlikely that these ROS reach the
cytoplasm. Instead, the photodynamic effect is presumed to
occur extracellularly, at the outer cell membrane. The ROS
likely induce oxidative damage by initiating lipid peroxidation
and modifying membrane proteins, ultimately disrupting
membrane integrity and triggering apoptosis through external
signaling pathways.'*® This hypothesis is further supported by
the intracellular ROS measurements, which showed no signifi-
cant increase in ROS levels within the cells after illumination of
the MoS,/Cu,0 nanoflakes for 30 min (see ESI,{ Fig. S15).
This approach could offer a promising alternative to the use
of the conventional photosensitizers, thereby enhancing photo-
dynamic performance through the efficient generation of cyto-
toxic ROS on cancer cells. Moreover, by increasing the 808 nm
light intensity (e.g., at 300 mW cm ™2, which remains well below
the maximum permissible exposure level’>®), combined photo-
thermal and photodynamic effects could be achieved using a
single light source. This approach could significantly reduce
the light exposure time to completely kill cancer cells. It is
important to note that, while the present study did not include
experiments with normal bone cells due to the considerable

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Viability and apoptosis detection of Saos-2 cells under 808 nm illumination (100 mW cm~2 for 30 min). Representative live/dead images of: (a)
control cells without MoS,/Cu,O exposed to NIR, and (b) cells incubated with supported nanoflakes and exposed to NIR. (c) Percentages of alive (green)
and dead (red) cells in both conditions. (d) Fluorescence image showing early and late apoptotic cells, in which annexin V binds to the translocated PS

(green) and PI binds to DNA (red).

challenges involved in obtaining, culturing, and maintaining
these cells, previous studies by our group using other photo-
sensitive agents and comparing normal and tumoral human cell
lines have shown a tendency toward selective cytotoxicity in
cancer cells.'"”” These earlier findings suggest that our current
photocatalytic system could potentially exhibit similar behavior.

2.4. Analysis of the photocatalytic pathway

The characterization techniques have shown that, apart from
the already good visible light absorption characteristics of
MoS,, the presence of Cu,O further promotes the efficiency of
light absorption. The Cu,O heterojunction also contributes to
improve the charge separation of the photocarriers. The lack of
photoluminescence of the overall MoS,/Cu,O nanoflakes also
indicates its excellent photocatalytic activity due to a lower
electron-pair recombination rate. Moreover, the presence of the
additional T’ phase in the solvothermal MoS, provides more
conductivity and high density of exposed active basal, edge and
defect sites as compared to a pure 2H-MoS, phase. These sites
serve as catalytic sites for the redox processes of the analytes at
the liquid interface. Moreover, the growth of MoS, on a high
mesoporous silica support introduces more defects and opens
stacking layers, driven by support-induced strain and ion
intercalation, significantly expanding the interlayer spacing,
weakening van der Waals interactions, and enhancing electro-
lyte penetrability and access to catalytic sites. Collectively, these

This journal is © The Royal Society of Chemistry 2025

factors synergistically enhance the photocatalytic performance
of the hybrid system.

To better understand the photocatalytic degradation path-
way, we have measured the bandgap of the Cu,O and the
solvothermally synthesized MoS,, along with their corres-
ponding valence and conduction band edges. Band-gap mea-
surements were performed using Kubelka-Munk analysis
(details in the ESIL,1 Fig. S10a and b). The measured band gaps
were 1.97 eV for MoS, and 1.89 eV for Cu,O. The Eg,, value of
MoS, is slightly higher than expected for 2H-phase MoS,, which
could be attributed to some contributions of molybdenum
oxide, as suggested by the XPS analysis.

A proposed photocatalytic degradation mechanism has been
hypothesized based on photoemission measurements (Fig. 10),
which provided a more accurate determination of the valence
band maximum relative to the vacuum level (see ESIt for details).

Precisely defining electron transfer pathways in this system
remains challenging due to the inherent complexity of the
materials involved due to the polyphasic nature of MoS,, con-
taining both 2H and 1T’ phases, along with some contribution of
molybdenum oxide. Furthermore, interfacing Cu,O with this
multiphase MoS, introduces an additional level of complexity.
The spatial arrangement of these nanostructures, specifically,
whether the 2H or 1T" phases are more in direct contact with
Cu,0, can significantly influence charge transfer pathways and
the overall reaction mechanism. This structural variability
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Fig. 10 Schematic of photocatalytic degradation mechanism of sol-
vothermal MoS,/Cu,0.

introduces uncertainties that cannot be fully captured by simple
band alignment models.

Nonetheless, based on our characterization, it can be rea-
sonably assumed that the 1T’ phase is dominant within the
MoS, structure, and that Cu,O nanostructures are more likely
interfacing with the 1T’ phase, while also the 1T’ phase main-
taining contact with the semiconducting 2H phase. With this
assumption, a band diagram has been constructed accordingly.
Photoemission measurements revealed that the VBM of the 2H-
MoS, phase lies at a more positive potential than that of Cu,O,
whereas the VBM of the 1T’ phase is positioned at a less
positive potential than that of Cu,O (see Fig. S1ic, ESIt). By
combining these VBM values with band gap estimations from
absorption spectroscopy, we inferred the conduction band
positions for each component and constructed the hypothetical
band diagram of Fig. 10. The resulting diagram, referenced to
the normal hydrogen electrode (NHE) scale, suggests that the
system could operate via a Z-scheme mechanism, enhancing
charge separation and photocatalytic efficiency. Under light
illumination, electrons from the valence band (VB) of 2H-
MoS, are excited to its conduction band (CB) and can subse-
quently transfer to the CB of 1T'-MoS,, which could mainly act
as an electron mediator due to its more metallic character.
These electrons could then recombine with holes in the VB of
Cu,0, facilitating charge recombination at this interface. Mean-
while, photoexcited electrons in the CB of Cu,O remain avail-
able to reduce molecular oxygen, generating superoxide
radicals (*O, "), which subsequently react with water to form
hydroxyl radicals (*OH). These have been the main ROS com-
ponents detected by chemical quenching with selective ROS
scavengers and EPR. The holes remaining in the VB of 2H-MoS,
could contribute to alternative oxidation pathways during
analyte degradation. However, the generation of hydroxyl radi-
cals via direct oxidation of water by these holes is unlikely, as it
requires redox potentials of approximately 2.8 eV (depending
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on pH), and in this case the VB levels of MoS, remain below
2 eV. Moreover, this charge pathway could explain the remark-
ably stability of Cu,O during the degradation process. This
stability could be likely facilitated by the 1T’-MoS, phase, which
may act as an electron mediator, supplying electrons to the
valence band of Cu,O, thereby stabilizing its oxidation state.
This electron transfer pathway contributes to maintaining a
sustainable source of photocarriers and supports the long-term
operational stability of the photocatalyst system. Eqn (1)-(4),
illustrate the possible reaction pathway.

Cu,O/T’ — 2H MoS, + i — ((Cu,O/T’ — 2H MoS,))* + e~ + h'

)
0, +e - 0, (2)
*0,” + H,0 - H,0, + *OH (3)

Analyte + h*/*0, /*OH — Degraded products  (4)

3. Conclusions

2D MoS, nanoflakes were successfully grown on supported
mesoporous silica nanoparticles by solvothermal treatment
using a single precursor serving as both the Mo and S source.
The characterization suggests that the most likely structure of
the solvothermal MoS, is a combined 2H-1T’ phase, featuring
higher density of catalytic sites (basal, edge defect active sites)
and expanded stacking layers, which promote electrolyte
penetrability and the transfer of photogenerated charges to
analytes at the liquid interface. The deposition of an extremely
thin layer of Cu greatly enhances the photocatalytic properties
of the system. Cu in the form of the semiconducting Cu,O
promotes light absorption and charge separation. The syner-
gistic effect of all these features makes the photocatalytic
performance of MoS,/Cu,O nanoflakes superior to that of the
bare MoS, towards tetracycline and anatoxin-A degradation and
mineralization with white light. Moreover, the MoS,/Cu,O
nanoflakes were stable even after 10 cycles. It is important to
highlight the use of an ultralow amount of photocatalyst to
achieve effective contaminant degradation and a high degree of
mineralization, surpassing reported studies. This outstanding
performance, combined with the low amount of material usage
and excellent recyclability, highlights the system’s sustainabil-
ity. In addition, the catalytic activity of the MoS,/Cu,O nano-
flakes was tested on cancer cells in vitro under NIR light
irradiation. They showed negligible cytotoxicity in darkness
and efficient cancer cells elimination under NIR light irradia-
tion. Overall, we anticipate that the environmentally friendly,
cost-efficient solvothermal supported MoS,/Cu,O nanoflakes
could be a potential catalyst not only for environmental appli-
cations but also for biomedical applications, especially for NIR
photodynamic cancer treatment.

This journal is © The Royal Society of Chemistry 2025
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4. Materials and methods

4.1. Synthesis and self-assembly of mesoporous silica
nanoparticles

A surfactant-template method based on the Stober approach
was chosen to synthesize mesoporous silica nanoparticles.*®
First, 1.02 g of cetyltrimethylammonium bromide (CTAB) surfac-
tant was dissolved in 340 mL distilled water in a 500 mL
Erlenmeyer flask and sonicated until clear. The solution was
heated to 30-35 °C in an oil bath, followed by the addition of
120 mL absolute ethanol and 1.5 mL of 35% NH; under vigorous
stirring, facilitating the formation of uniform spherical micelles.
Tetraethyl orthosilicate (TEOS) was added dropwise (1.5 mL) at
80 °C. Additionally, 1 mL of trimethylbenzene (TMB) was intro-
duced as a pore-expanding agent. The reaction was maintained at
80 °C for 2 hours. Then the suspension was centrifuged and
washed in ethanol three times. To remove the CTAB template, a
solvent extraction strategy was used. The nanoparticle dispersion
was subjected to an ethanolic solution of ammonium nitrate
(0.0038 M), heated at 80 °C, and maintained under constant
stirring for 1 hour. The dispersion was then washed three times
with ethanol via centrifugation steps. Nanoparticles with sizes
around 230 nm and pore sizes of approximately 35 nm were
obtained.

For the self-assembly process, a capillarity-mediated self-
assembly at a liquid/air interface was performed. To achieve
this, a silicon wafer was placed on a slanted support inside a
tank. The tank was filled with distilled water until the wafer was
submerged. The colloidal dispersion of silica (4 mL) contained
in a syringe and connected to a high-precision peristaltic pump
was injected directly at the air-liquid interface up to form a
floating monolayer of nanoparticles. The tank was then slowly
drained at a rate not exceeding 5.5 mL s~ until the nano-
particles were completely transferred to the silicon support.
The assembled nanoparticles were further subjected to oxygen
plasma cleaning (400 W, 60 sccm O,, 4 min).

4.2. Synthesis of MoS,/Cu,O nanoflakes on mesoporous SiO,
nanoparticles

As the mesoporous silica nanoparticles are negatively charged,
a silanization process was needed to grow the MoS, flakes on
the silica surface. For this purpose, the substrate was immersed
in (3-aminopropyl)triethoxysilane (APTES) 4% solution in
toluene for 2 h at 80 °C. Then, the substrate was rinsed with
toluene and immersed in DI water for 2 h to clean the excess of
APTES. For the solvothermal growth of MoS,, 0.3 mg of
ammonium tetrathiomolybdate ((NH,),MoS,) was dissolved in
10 mL dimethylformamide (DMF) and the solution was soni-
cated for 30 min. Subsequently, the substrate was submerged in
DMF solution, transferred to a stainless-steel autoclave, and
solvothermally treated for 18 h at 180 °C. After 18 h, the as-
prepared sample was rinsed with water and dried with a
nitrogen gun. Finally, 3 nm copper (Cu) was deposited onto
the MoS, nanoflakes via e-beam deposition and exposed to air.
The mass and molar ratios of Cu,O to MoS, in the Silica/MoS,/
Cu,O system were determined based on elemental analysis
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using inductively coupled plasma mass spectrometry (ICP-MS).
This method enabled precise quantification of the copper and
molybdenum content within the composite. Based on these
measurements, the mass ratio of MoS, to Cu,O was 6.2, while
the molar ratio was 5.6. For the MoS, samples grown by chemical
vapor deposition (CVD), an alumina boat with a precursor MoO;
(5 mg) was placed in the middle of the quartz tube furnace. Then
the wafer (4 cm”) with the mesoporous silica nanoparticles was
placed onto the alumina boat in an upside-down manner.
Another alumina boat was inserted at the cold side of the quartz
tube at a distance of 15 cm with sulfur powder as the other
reagent precursor. The furnace was heated up to 750 °C at a rate
of 50 °C min~" under Ar (at a flow of 40 sccm) to induce the
reaction. After 25 min growth time, the furnace was rapidly
cooled down.

4.3. Structural, morphological, and spectroscopic
characterization of the photocatalyst

Scanning electron microscopy (SEM) measurements were
conducted using a FEI Magellan 400L XHR SEM microscope,
while transmission electron microscopy (TEM) images were
captured with a Thermo Fisher Scientific Spectra 300 (S)TEM.
X-ray diffraction (XRD) analysis was carried out using a Malvern
PANalytical X’pert Pro MPD, and Raman/photoluminescence
analysis were performed with a Horiba T64000 spectrometer.
X-ray photoelectron spectroscopy (XPS) experiments were car-
ried out using a SPECS PHOIBOS150 hemispherical analyzer
with a monochromatic X-ray source (1486.6 eV) operated at
300 W. The reported binding energies were obtained with an
error of £0.1 eV and were referred to the Fermi level of the
analyzer, which is periodically determined by measuring the
photoelectron energies from an atomically clean reference
Au(111) sample. No corrections to the binding energies have
been applied. The estimated overall energy resolution (analyzer
and photons) is better than 0.6 eV at a pass energy of 20 eV.>°
Least-squares fits of the experimental data after a Shirley-type
background subtraction has been obtained using a combi-
nation of Gaussians and Lorentzian functions. The branching
ratios for the Mo3d and S2p doublets were set to 2/3 and 1/2,
respectively, and the spin-orbit splitting was fixed to 3.16 and
1.19 eV, respectively. For all samples, the binding energy of Cl1s
is 284.5 £ 0.1 €V, arising from graphitic carbon contamination,
so that charging effects can be ruled out. The valence band
maximum (VBM) was obtained by a linear extrapolation of the
leading edges in the valence band spectra using both XPS and
ultraviolet photoelectron spectroscopy (UPS) and the ionization
potentials (IP), by subtracting the spectral width, ie., the
difference between the onset of photoemission (secondary
electrons cut-off, SECO) and the VBM, while applying a —10 V
bias to the sample to clear the analyzer work function, to the
21.22 eV energy used in UPS.'?®

Electron paramagnetic resonance (EPR) measurements were
performed using a Bruker Elexsys 580 spectrometer operating
in X-band (9.858 GHz), with a Bruker ER4122SHQE superhigh-
Q cylindrical resonator. Spectra were recorded in continuous-
wave (CW) mode at room temperature using a microwave power
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of 4.7 mW and a modulation amplitude of 0.3 mT to avoid
signal saturation and distortion. For radical spin trapping,
50 pL of DMPO solution (90 mM or 0.5 M, depending on the
sample) in deionized water was applied directly to the device
surface. After optional irradiation with visible light, the
solution was transferred to Hirschmann capillary tubes and
sealed with Critoseal®. Spectral simulations were performed
using the EasySpin software package.'*’

4.4. Photodegradation characterization

The MoS,/Cu,0 photocatalyst (4 cm*) was immersed in a solution
containing 5 ppm tetracycline (TC) (pH = 6 and pH = 8) or 20 ppm
anatoxin-A. The system was kept in the dark for 30 min to reach
adsorption equilibrium. Afterward, the nanoreactors were irra-
diated with visible light using a warm LED (4 > 420 nm, max.
600 nm, 52 x 10> W cm ). During all photodegradation
experiments, the reaction solution was continuously agitated
using a magnetic stirrer to ensure homogeneous mixing and
effective contact between the immobilized photocatalyst film
and the pollutants. In the case of TC, the photoreaction progress
was monitored via absorbance measurements in the case of TC
using a Cary 4000 spectrophotometer. For anatoxin-A, the com-
position was analyzed via high-performance liquid chromatogra-
phy (HPLC) using a Waters Alliance 2795 instrument equipped
with a PDA detector (Waters 2996) and a mass detector (Waters ZQ
2000). The mineralization efficiency was evaluated using a TOC-
VCSH equipment (Shimadzu) with a high-sensitivity column.

4.5. Cell viability analysis

Supported MoS,/Cu,0 nanoflakes (size 1 cm?) were UV-
sterilized to avoid any contamination before placing them
inside the cell media. To check the biocompatibility of the cells
with the nanophotocatalysts and NIR light separately, a live/
dead viability/cytotoxicity assay was performed. In a 35 mm
Petri dish, a thin double-sided adhesive spacer was placed.
Saos-2 cells were seeded only inside the spacer at a density of
10000 cells. After 48 h, different conditions were tested: (i) cells
exposed to 660 nm LED for 90 min, (ii) cells exposed to 808 nm
laser for 30 min, (iii) cells incubated with immobilized photo-
catalysts for 90 min, (iv) cells incubated with immobilized
photocatalysts and exposed to 660 nm LED for 15, 30 or 90 min,
(v) cells incubated with immobilized nanophotocatalysts and
exposed to 808 nm laser for 30 min. In the next step, the wafers
were removed, and the cells were kept at standard conditions
(37 °C, 5% CO,) for 24 h. Then the cells were analyzed with the live/
dead kit according to manufacturer’s instructions. Images from
different sites were taken by Olympus inverted microscope
equipped with epifluorescence. Note that the wafer size is 1 cm?
with an amount of 18.25 pig ecm™? of photocatalyst.

4.6. Apoptosis detection

Annexin V/propidium iodide (PI) assay was employed to deter-
mine the nature of cell death, specifically focusing on apopto-
sis. In a 35 mm Petri dish, a thin double-sided adhesive spacer
was placed. Saos-2 cells were seeded only inside the spacer at a
density of 10000 cells. After 48 h, cells were incubated with
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UV-sterilized immobilized nanophotocatalysts (wafer size:
1 cm?, 18.25 ug cm 2 nanoreactors amount) and exposed to
808 nm laser for 30 min. Then, the wafer was removed, and
cells were kept in standard conditions (37 °C, 5% CO,) for 4 h.
In the last step, cells were stained with a mix of annexin V and
PI according to manufacturer’s instructions. Images from
different sites were taken by Olympus inverted microscope
equipped with epifluorescence.
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