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Abstract: The increasing contamination of water sources by pesticides, particularly malathion, poses
a challenge for conventional treatment methods, while the global energy crisis highlights the need
for sustainable alternatives such as hydrogen. Photocatalytic water splitting is a promising method
for hydrogen production, but its efficiency is hindered by poor charge separation, limited light
absorption, and slow reaction rates. This study explores TiO,-based nanocomposites, specifically P25-
reduced graphene oxide (rGO) modified with varying MoS; loadings (1%, 3%, 5%, and 10%), to
simultaneously enhance pollutant degradation and hydrogen evolution. rGO improves charge
carrier separation, increases surface area, and facilitates electron transport, while MoS, serves as a co-
catalyst that promotes charge transfer and provides active sites for hydrogen evolution reactions. The
nanocomposites were synthesized and characterized by X-ray diffraction (XRD), Raman
spectroscopy, transmission electron microscopy (TEM), UV-Vis diffuse reflectance spectroscopy
(DRS), and photoluminescence (PL) to evaluate structural, morphological, and optical properties.
Photocatalytic degradation of malathion was analyzed under simulated solar irradiation using UV-
Vis spectroscopy and gas chromatography-mass spectrometry (GC-MS), while hydrogen production
was assessed in an aqueous suspension with a sacrificial agent, with hydrogen evolution quantified
via gas chromatography (GC-TCD). The results demonstrated that the synergistic incorporation of
rGO and MoS; into P25 TiO, significantly improved photocatalytic performance, where rGO
enhanced charge separation and electrical conductivity, while MoS; acted as an electron acceptor and
catalytic site for hydrogen generation. Under optimized conditions, nearly 100% degradation of
malathion was achieved within 2 hours, and hydrogen evolution rates approached 6000 umol g™ h™?.
An optimal MoS; loading maximized efficiency, though excessive amounts led to charge
recombination. This study highlights the potential of P25-rGO-MoS; nanocomposites for scalable
applications in water treatment and hydrogen production, contributing to sustainable and cost-
effective photocatalytic technologies.
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1. Introduction

Environmental contamination caused by pesticides has become a growing concern due to their
widespread use in agriculture and their persistence in water bodies [1]. Among these contaminants,
malathion, an organophosphate pesticide, is particularly problematic due to its toxicity,
bioaccumulation potential, and resistance to natural degradation [2,3]. Traditional water treatment
methods, such as adsorption, coagulation, and biological degradation, often failed to remove
malathion efficiently, requiring the development of alternative approaches [4]. At the same time, the
global energy crisis and the urgent need for sustainable fuel sources had driven increasing interest in
hydrogen production as an environmentally friendly alternative to fossil fuels [5-7]. Photocatalytic
water splitting had emerged as a promising method for producing hydrogen in a clean and renewable
manner [8,9]. However, challenges related to inefficient charge separation, limited light absorption,
and low reaction rates had hindered its large-scale application [10]. To address these issues, the
present study explored the use of TiO,-based nanocomposites, specifically P25-graphene
nanocatalysts modified with different MoS, loadings (1%, 3%, 5%, and 10%), for two key applications:
the photocatalytic degradation of malathion under simulated solar irradiation and the photocatalytic
production of hydrogen from water. The incorporation of graphene into P25 TiO, had previously
been shown to improve charge carrier separation, enhance surface area, and facilitate electron
transport, leading to increased photocatalytic efficiency [11-13]. Additionally, MoS,, a transition
metal dichalcogenide with a narrow bandgap (~1.8 eV) and high electron mobility, had demonstrated
potential as a co-catalyst in photocatalysis by promoting charge transfer and providing active sites
for hydrogen evolution reactions [14,15]. However, the influence of MoS; loading on the performance
of P25-graphene nanocomposites had not been systematically evaluated for simultaneous pollutant
degradation and hydrogen production.

In this study, a series of P25-graphene-MoS, nanocomposites were synthesized and
characterized to investigate their structural, morphological, and optical properties. X-ray diffraction
(XRD) was used to confirm phase composition, while Raman spectroscopy provided insight into
structural interactions between P25, graphene, and MoS,. Transmission electron microscopy (TEM)
allowed for the characterization of dispersion and morphology, and UV-Vis reflectance spectroscopy
(DRS) was employed to assess optical absorption properties. Photoluminescence (PL) spectroscopy
was further used to evaluate charge carrier recombination behavior. The photocatalytic degradation
of malathion was carried out under simulated solar irradiation, and the degradation efficiency was
monitored using gas chromatography mass-spectrometry (GC-MS). Additionally, photocatalytic
hydrogen production experiments were conducted in an aqueous suspension with sacrificial
reagents, and hydrogen evolution rates were quantified using gas chromatography (GC-TCD).

The results demonstrated that the incorporation of graphene and MoS, into P25 TiO,
significantly enhanced photocatalytic activity for both malathion degradation and hydrogen
evolution. As expected [16], the presence of graphene facilitated charge separation and improved
electrical conductivity, reducing electron-hole recombination. MoS, further contributed to the
process by acting as an electron acceptor and providing catalytic sites for hydrogen generation. An
optimal MoS; loading was identified, beyond which excessive MoS; led to charge recombination and
a decline in performance. These findings highlighted the importance of nanocomposite composition
in optimizing photocatalytic efficiency and provided valuable insights into the design of
multifunctional photocatalysts for environmental remediation and sustainable energy production.
This study not only demonstrated the dual functionality of P25-graphene-MoS, nanocomposites but
also provided a comprehensive understanding of the synergistic effects between the individual
components. By evaluating the impact of MoS, loading, this work contributes to the development of
cost-effective and scalable photocatalysts with potential applications in water treatment and
renewable hydrogen production. The findings underscore the potential of engineered nanomaterials
in addressing critical environmental and energy challenges, paving the way for further
advancements in photocatalysis-based technologies.
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2. Materials and Methods

2.1. Materials

All chemicals were used as received without further purification, and solutions were prepared
using deionized water (Milli-Q water, 18.2 MQcm™ at 25 °C). The TiO, used in this study was
Aeroxide(R) P25 (99.5% purity), provided by Thermo Scientific Chemicals. Reduced graphene oxide
(rGO, purified powder), MoS: (powder, <2mm, 98%), N-Methyl-2-pyrrolidone (ReagentPlus®, 99%),
and Malathion (TraceCERT® standard, 99.5%) were provided by Sigma Aldrich (Milwaukee, WI,
USA). Sodium sulfite (Na250s3) anhydrous for analysis EMSURE® Reag. Ph Eur, and sodium sulfide
nonahydrate (299.99% trace metals basis), used as sacrificial reagents, were provided by Sigma
Aldrich (Milwaukee, WI, USA). Hydrogen peroxide (H.O,, 30% w/w), methanol (CH;OH, HPLC
grade, >99.9%), and 0.45 um syringe filters were also obtained from Sigma Aldrich (Milwaukee, WI,
USA). Sodium hydroxide (NaOH, pellets, ACS Cerfified) and hydrochloric acid (HCl, ACS, 36.5-38%)
were provided by Fisher Chemical (Waltham, MA, USA).

2.2. Preparation of TiO,-rGO composite

The synthesis of the TiO,-rGO composite was conducted via a hydrothermal method, modifying
the approach reported by Perera et al [17]. To ensure a well-defined composition, the weight ratio
(w/w) of rGO to TiO, (P25) was set at 3%. In a single-step sonication process, rGO was dispersed in
30 mL of deionized water containing 10.5 g of NaOH. This solution was subjected to ultrasonication
at 40 kHz for 1 hour to achieve a uniform dispersion of rGO. Simultaneously, the TiO, powder was
incorporated into the mixture, ensuring homogeneous suspension. After sonication, the dispersion
was subjected to magnetic stirring at 500 rpm for 1 hour. Subsequently, the resulting TiO,-rGO
suspension was transferred into a 100 mL Teflon-lined stainless-steel autoclave and subjected to a
hydrothermal treatment at 120 °C for 24 hours under static conditions. This process facilitated the
incorporation of rGO onto the TiO, surface while preserving the structural integrity of both materials.
Upon completion of the hydrothermal reaction, the obtained gray gel was carefully collected and
washed with a 0.1 M HCI solution (prepared using concentrated HCl, 35%, Fisher Scientific). The
sample was continuously stirred overnight at room temperature (~25 °C) to ensure thorough removal
of NaOH. To purify the material, sequential washing steps were performed. The product was washed
five times with deionized water, followed by a final rinse with ethanol to enhance dispersion and
minimize agglomeration. Centrifugation (6000 rpm, 10 min) was employed between each washing
step to facilitate solid-liquid separation and ensure the removal of unreacted precursors and residual
ionic species. Following purification, the material was dried in a vacuum oven at 80 °C for 12 hours.
Finally, to enhance crystallinity and optimize the physicochemical properties of the composite, the
TiO,-rGO material was annealed at 300 °C for 60 minutes in an air atmosphere. This thermal
treatment was aimed at improving the interaction between TiO, and rGO while maintaining the
integrity of the composite structure.

2.3. Preparation of MoS:@TiO,-rGO catalysts

The incorporation of exfoliated MoS; into the previously synthesized TiO,-rGO composite was
carried out via a solution-based self-assembly method. Exfoliated MoS, nanosheets were obtained
via liquid-phase exfoliation (LPE) in anhydrous N-methyl-2-pyrrolidone (NMP) [18,19]. The
exfoliation process involved ultrasonication at 40 kHz for 6 hours in an ice-cooled bath. After
sonication, the dispersion was centrifuged at 3000 rpm for 30 minutes, and the supernatant,
containing well-dispersed MoS; nanosheets, was collected and filtered to remove unexfoliated bulk
material. The resulting MoS, suspension was washed with ethanol four times and then redispersed
in deionized water (pH 7) at a concentration of 1 mg/mL under continuous stirring for 1 hour before
use. To incorporate exfoliated MoS; into the TiO,-rGO matrix, 0.5 g of TiO,-rGO was dispersed in 50
mL of deionized water under magnetic stirring at 600 rpm for 1 hour. Subsequently, a MoS;
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suspension (1 mg/mL) was added dropwise in the appropriate amount to obtain composites
containing 1%, 3%, 5%, and 10% MoS, by weight relative to TiO,-rGO, while maintaining continuous
stirring. The resulting mixture was then subjected to ultrasonication at 40 kHz for 30 minutes to
ensure homogeneous distribution and to enhance the interaction between the MoS, nanosheets and
the TiO,-rGO hybrid structure. Following sonication, the dispersion was stirred for 4 hours at room
temperature to enhance adhesion and allow van der Waals interactions between MoS, and rGO
layers. After stirring, the MoS,-TiO,-tGO composite was collected via centrifugation at 8000 rpm for
10 minutes, washed three times with ethanol/water (1:1 v/v), and dried in a vacuum oven at 80 °C for
12 hours. To improve the structural integrity and enhance the electronic coupling between the
components, the dried composite was subjected to a mild thermal annealing step at 250 °C for 2 hours
under an inert nitrogen atmosphere. This step facilitated the reduction of residual oxygen functional
groups in rGO and improved the contact between MoS; and the TiO,-rGO surface without inducing
phase transitions.

2.4. Characterization Techniques

A comprehensive set of characterization techniques was employed to evaluate the structural,
morphological, optical, and chemical properties of the synthesized catalysts. The specific surface area
and porosity of the materials were determined using Brunauer-Emmett-Teller (BET) analysis on a
Micromeritics ASAP 2020 instrument, measuring nitrogen adsorption-desorption isotherms at 77 K.
The morphological features and microstructural details of the composites were analyzed by Field
Emission Scanning Electron Microscopy (FESEM) using an JEOL IT-500HR instrument. Additionally,
High-Resolution Transmission Electron Microscopy (HRTEM) was conducted on a JEOL JEM 3000F
microscope operating at 300 kV. The crystalline phases of the synthesized catalysts were
characterized by X-ray Diffraction (XRD) on a Bruker D8 Advance diffractometer, operating at 40 kV
and 40 mA. Raman spectroscopy was performed on a DXR Thermo Raman Microscope, employing
a 532 nm laser source with a power setting of 5 mW and a resolution of 5 cm™. The chemical states
were analyzed using X-ray Photoelectron Spectroscopy (XPS) on an ESCALAB 220i-XL spectrometer,
by using non-monochromatic Mg Ka radiation of a twin anode at 20 mA and 12 kV. The bandgap
estimation was obtained by UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS) on a Perkin
Elmer Lambda 850 UV-Vis Spectrophotometer. Photoluminescence (PL) spectroscopy was carried
out using an Edinburgh FS900 Fluorescence Spectrometer to evaluate charge carrier recombination
and photogenerated electron-hole interactions. The photocatalytic degradation of malathion was
characterized by UV-Vis spectroscopy on a Perkin Elmer Lambda 850 UV-Vis Spectrophotometer. To
characterize the degradation intermediates, gas chromatography-mass spectrometry (GC-MS)
analysis was performed using a Shimadzu GC 2010 Plus-QP2020 system. The separation of organic
compounds was achieved using a 30 m x 0.25 mm id. capillary column (Rtx-5MS, Restek
Corporation, Bellefonte, PA, USA) with helium (99.999% purity) as the carrier gas.

2.5. Photocatalytic Degradation Experiments

Photodegradation experiments were conducted using a 20-ppm solution of malathion mixed
with 1.1 g/L of the selected catalyst. The pH of the resulting solution was adjusted to 7 using either
sodium hydroxide (NaOH) or hydrochloric acid (HCI). To ensure adsorption/desorption equilibrium
between the catalyst and the contaminant, the suspension was stirred in the dark for 30 minutes.
Following this equilibration period, a 1 mL aliquot of a 0.01% hydrogen peroxide (H,O) solution was
added, and the system was continuously aerated to maintain sufficient oxygen levels. The reaction
mixture was then exposed to a solar simulator equipped with dual white light bulbs (100 W, 6300 1x).
Upon initiating irradiation, the experiment proceeded for 60 minutes at a controlled temperature of
22°C, with 5 mL samples collected at 10-minute intervals. Each collected sample was passed through
a 0.45 um membrane filter to remove any catalyst residues and subsequently analyzed using UV-
visible spectroscopy.
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For a detailed investigation of the photodegradation byproducts by GC-MS, aliquots were
collected at specific time points throughout the reaction. Each sample was prefiltered to remove any
residual catalyst particles and subsequently extracted using dichloromethane as the sole organic
solvent via liquid-liquid extraction. The organic phase was separated and dried over anhydrous
sodium sulfate to eliminate traces of water. The dried extract was then partially concentrated under
reduced pressure to enhance analyte detection, avoiding complete solvent removal. The concentrated
dichloromethane solution was directly used for analysis by GC-MS. A 5 uL aliquot of the sample was
injected for chromatographic separation and mass spectral identification. To ensure analytical
reliability, four injections were performed for each time point: three sample replicates and one blank.
Helium served as the carrier gas to ensure optimal chromatographic resolution.

2.8. Photocatalytic Hydrogen Production Experiments

To investigate the photocatalytic production of hydrogen by water splitting, a carefully designed
experimental setup was employed. The procedure involved dispersing 50 mg of the selected catalyst
in 100 mL of deionized water within a 250 mL quartz reaction vessel. To enhance electron transfer
efficiency, sacrificial electron donor solutions were incorporated, consisting of sodium sulfite
(NazS0Os) at a concentration of 0.03 M and sodium sulfide (NaxS) at 0.5 M [20]. The reaction system
was maintained at a controlled temperature of 20 °C and purged with nitrogen (N>) gas for 30 minutes
to remove dissolved oxygen and other interfering gases, ensuring an inert environment. Next, the
reaction mixture was exposed to a controlled light source to initiate photocatalytic activity. The
irradiation was carried out using a UV-Vis light system with an intensity of 120 mW cm™2. To examine
the influence of different energy levels on hydrogen production, irradiation was conducted at specific
wavelengths of 220 nm, 320 nm, 400 nm, 500 nm, 600 nm, and 700 nm using appropriate cut-off optical
filters. The experiment was performed over a duration of 2 hours, allowing sufficient time for the
photocatalytic splitting of water molecules and the subsequent evolution of hydrogen gas. The
generated hydrogen was collected and analyzed quantitatively by gas chromatography (GC) coupled
to a thermal conductivity detector (TCD). A Perkin-Elmer Clarus 600 chromatograph was used for
precise measurement of hydrogen concentration.

3. Results and Discussion

3.1. Characterization of the Catalysts

Figure 1 shows SEM images of the synthesized materials at increasing magnifications. The P25-
rGO support (Figures 1a and 1b) exhibits an interconnected network of fibrous TiO, structures with
lengths of several hundred nanometers and diameters below 20 nm. These nanofibers form a porous
and open framework that facilitates mass transport and light penetration. The reduced graphene
oxide (rGO) component is not distinguishable at this scale due to its low contrast and highly
exfoliated nature, but it is expected to interweave throughout the fibrous TiO, matrix, supporting
structural cohesion and charge transport. In the MoS,-modified catalyst (Figure 1c), corresponding
to 5 wt% MoS5,@P25-rGO, small and dispersed bright domains can be observed along the TiO: fibers
(highlighted by yellow arrows), which are attributed to the localized deposition of MoS, nanosheets.
These features suggest a good distribution of MoS, without bulk aggregation, maintaining the
structural integrity of the fibrous support.
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Figure 1. Field Emission Scanning Electron Microscopy (FESEM) image of P25-rGO at different magnification
(a, b); and 5%Mo0S5:@P25-rGO (c). Yellow arrows in c highlights dispersed MoS; nanosheets.

The different composites were also characterized by HRTEM (see Figure 2). Figure 2a shows a
dense arrangement of TiO, nanofibers, with rGO sheets visible as faint, translucent layers enveloping
the oxide structures. Figure 2b provides a higher-resolution view of an individual TiO, fiber, where
lattice fringes are clearly observed. The inset highlights an interplanar spacing of ca. 0.35 nm,
corresponding to the (101) plane of anatase TiO,, consistent with XRD analysis. Figure 2c shows a
HRTEM image of a single-layer MoS; nanosheet. The atomically resolved honeycomb pattern
indicates high structural quality and confirms the presence of monolayer MoS,. The corresponding
SAED pattern (inset) reveals a hexagonal diffraction arrangement, characteristic of the 2H-phase of
MoS;. The clear spots and absence of diffuse rings confirm high crystallinity and minimal structural
defects.

Figure 2. High-resolution transmission electron microscopy (HRTEM) images of the synthesized materials: (a)
P25-rGO composite; (b) P25-rGO at higher magnification, with the inset highlighting lattice fringes
corresponding to an interplanar spacing of approximately 0.35 nm, assigned to the (101) plane of anatase TiO,;
and (c) a monolayer MoS; sheet, with the inset displaying the selected area electron diffraction (SAED) pattern

characteristic of hexagonal 2H-MoS,.

The crystalline phase composition of the prepared catalysts was examined by XRD (see Figure
3). Pure P25 TiO, exhibits the most characteristic reflections of anatase TiO, at 25.5°, 38°, 48.2°, 54.4°,
assigned to the (101), (004), (200), (105) planes of anatase, along with a rutile peak at ca. 27.7° [21].
The TiO,-rGO composite shows a virtually identical diffraction pattern to P25, indicating that the
TiO; retained its crystalline structure after the graphene incorporation. Notably, no distinct new
peaks attributable to graphene are observed; any potential (002) graphitic peak (~23°) is broadened
or overlapped by the strong TiO. (101) peak [21]. This is expected given the low loading and
exfoliated nature of rGO, which lacks long-range order in stacking. Upon adding MoS,, the composite
XRD patterns still predominantly display TiO, reflections, but new low-angle peaks appear. In
particular, a faint diffraction peak appears around 13-14° in the 5%Mo0S,@TiO,-1GO sample (see
asterisk), which is the (002) basal plane of hexagonal MoS; [21]. An additional minor peak at ca. 33°
can be discerned, matching the (100) plane of MoS, [22] (see asterisk). The presence of these MoS;,
reflections confirms the successful incorporation of crystalline MoS, in the TiO,-rGO matrix.
Importantly, no significant shifts in the TiO, peak positions are detected upon MoS; or rGO addition,
suggesting that Mo and S are not substituting into the TiO, lattice but rather MoS, and rGO form an
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intimate heterostructure on the TiO, surface. The combination of TiO, and MoS, diffraction features,
with no extra impurity phases, evidences the formation of the intended composite.
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Figure 3. XRD patterns of commercial TiO2-P25 (a); rGO (b); exfoliated MoS: (c); and 5%Mo0S:2@P25-rGO (d).

UV-Vis DRS was used to assess the optical absorption properties and bandgap energies of the
catalysts (Figure 4). Pristine P25 TiO, shows a strong absorption edge in the UV region (ca. 390 nm),
corresponding to a bandgap of about 3.22 eV (consistent with anatase TiO) [23]. Incorporation of
rGO extends the absorption into the visible range (the TiO,-rGO sample appears darker), with a red-
shifted absorption edge. Tauc plot analysis (Figure 4) indicates a reduced bandgap of ~2.95 eV for
TiO,-rGO, implying that the introduction of rGO facilitates visible-light absorption. This bandgap
narrowing can be attributed to the electronic interaction between TiO, and the conductive rGO, which
may introduce mid-gap states and promote the formation of an adsorption tail in the band structure.
Upon loading 5% MoS; onto TiO,-rGO, the absorption edge shifts further into the visible (up to ca.
455-460 nm), yielding an estimated optical bandgap of ca. 2.72 eV for the 5%MoS,@TiO,-rGO
composite [23]. The progressive red-shift in the absorption onset from 3.22 eV (TiO:) to 2.72 eV
(M0S,@TiO,-rGO) confirms that the synergy of rGO and MoS,; effectively extends the light-harvesting
range of TiO, into the visible spectrum. This behavior is consistent with MoS, acting as a narrow-
bandgap sensitizer (2H-MoS; has a much smaller bandgap of ~1.2-1.8 eV) and rGO acting as a
photosensitizer and electron conduit [23]. The black-colored MoS, nanosheets strongly absorb visible
light and, when coupled with TiO,, enable the heterostructure to use a greater portion of the solar
spectrum [23]. In addition, intimate contact between TiO, and MoS, (and rGO) can create sub-band-
gap states or band bending at the interface, further contributing to the observed bandgap reduction
[24,25]. The enhanced visible-light absorption evidenced by DRS directly correlates with improved
photocatalytic activity under solar irradiation — by harvesting more photons in the visible range, the
MoS,@TiO,-rGO catalyst can generate more charge carriers for pollutant degradation and H,
evolution compared to pure TiO, [26].
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c: 5%MoS,@TiO,-rGO
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Figure 4. Tauc plots of (athv)? versus energy (eV), and determination of the bandgap energy of TiOz (P25) (a);
TiO2-rGO (b); and 5%Mo0S2@TiO2-rGO (c).

Photoluminescence spectroscopy was used to investigate the recombination behavior of
photogenerated charge carriers in the photocatalysts. Figure 5 displays the room-temperature PL
emission spectra (Aexc = 380 nm) for P25-rGO and its composites containing different MoS, loadings
(1%, 3%, 5%, and 10%). The P25-rGO sample exhibits a strong and broad emission band in the UV-
visible range, reflecting a high rate of radiative recombination of electron-hole pairs in the absence of
additional charge separation pathways [27]. Upon incorporation of MoS,, the PL intensity generally
decreases, indicating improved charge separation due to the synergistic effects of MoS; and rGO [28].
The quenching trend follows the order: P25-rGO > 1%MoS,@P25-rGO > 10%MoS,@P25-rGO >
3%MoS,@P25-rGO > 5%M0S5,@P25-rGO, with the 5%MoS,@P25-rGO composite showing the lowest
PL intensity among all tested materials. Interestingly, the composite with 10% MoS, exhibits a higher
PL intensity than those with 3% and 5%, suggesting that excessive MoS, content may not be
beneficial. This could be due to agglomeration of MoS; layers or shielding effects that interfere with
light absorption and charge transfer processes. Therefore, beyond an optimal loading, MoS, may
hinder rather than enhance photocatalytic performance [28]. Overall, the PL quenching confirms that
moderate MoS; incorporation enhances charge carrier separation, while excessive loading could
counteract this benefit. The significant PL reduction observed in 5%Mo0S,@P25-rGO points to an
optimal interfacial configuration between TiO,, rGO, and MoS, that favors efficient charge extraction
and transport [22,27,28]. These results are consistent with the photocatalytic activity trends, as will
be discussed in a later section, where the 5%MoS, composite also displayed the highest performance
in both malathion degradation and hydrogen evolution, confirming that suppressed electron-hole
recombination is a key factor in the enhanced reactivity of these ternary composites.

d0i:10.20944/preprints202504.2554.v1
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Figure 5. PL spectra of P25-rGO, 1%Mo05$:@P25-rGO, 3%M0S:2@P25-rGO, 5%M0S:2@P25-rGO, and 10%MoS:@P25-
rGO.

Raman spectroscopy was employed to investigate the structural features and component
interactions within the 5%Mo0S,@TiO,-rGO photocatalyst. Figure 6 displays the Raman spectra of
individual and composite materials: (a) TiO,-P25, (b) rGO, (c) MoS;, and (d) the ternary
nanocomposite 5%MoS,@TiO,-rGO. In the spectrum of pristine TiO,-P25 (Figure 6a), three
characteristic vibrational modes of the anatase phase are clearly observed at approximately 398 cm™!
(Big), 518 cm™ (A;s + Byg), and 640 cm™ (Eg) [21]. The spectrum of rGO (Figure 6b) exhibits two
prominent and broad peaks centered at ca. 1345 cm™ (D band) and 1590 cm™ (G band). The G band
arises from the E.; vibrational mode of sp? carbon atoms (graphitic domains), while the D band
originates from defect-activated breathing modes in disordered sp? structures [21]. The observed
intensity ratio (In/Ic = 0.8-1.0) suggests a partially reduced graphene oxide with residual structural
defects and oxygenated functionalities, being this an expected outcome of mild reduction protocols.
In the MoS; spectrum (Figure 6c¢), the in-plane E>g' mode (ca. 379 cm™) and the out-of-plane A;g
mode (ca. 404 cm™) characteristic of the 2H phase of MoS; are clearly observed [27]. The band
separation (~25 cm™) is consistent with few-layer MoS,, as larger separations are typical in thinner
nanosheets due to decreased interlayer interactions [22]. A weak overtone near 990 cm™, attributed
to the 2A;g mode, further supports the presence of multilayer character. The composite
5%Mo0S,@TiO,-rGO (Figure 6d) presents vibrational features from all three components. The anatase
TiO; bands (black asterisks), the rGO D and G bands (red asterisks), and the MoS, peaks (green
asterisks) are all clearly visible, confirming the coexistence of each constituent in the hybrid structure
[27]. Importantly, no new bands or significant peak shifts are observed, suggesting that no
undesirable side reactions (e.g., Mo oxidation, Ti—C bonding, or carbide formation) occurred during
synthesis. These results validate the structural integrity of the ternary composite and the successful
assembly of TiO,, rGO, and MoS, without phase degradation. The presence of well-defined and
distinct vibrational signatures from each component further implies favorable interfacial contact,
which may facilitate charge separation and transport, being critical factors in enhancing
photocatalytic activity.
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Figure 6. Raman spectra of TiO2-P25 (a); rGO (b); Exfoliated MoS: (c); and 5%Mo05:@TiO2-rGO (d).

The specific surface areas of the synthesized materials were determined via nitrogen adsorption—
desorption measurements using the Brunauer-Emmett-Teller (BET) method. As summarized in
Table S1, the commercial P25 TiO, sample exhibited a surface area of 48 m?/g, consistent with its well-
established properties. Upon incorporation of reduced graphene oxide (rGO), the surface area
increased substantially to 483 m?/g, reflecting the textural contribution of rGO sheets, which help
prevent TiO, agglomeration and promote a more open porous structure. Further addition of
exfoliated MoS; led to a progressive rise in surface area, with values of 492, 496, 503, and 521 m?/g for
the composites containing 1%, 3%, 5%, and 10% MoS,, respectively. This trend suggests that the
introduction of layered MoS, contributes to additional mesoporosity and helps maintain a high
surface-to-volume ratio in the hybrid system. Interestingly, however, as will be discussed in
subsequent sections, the composite with 10% MoS,, despite having the highest BET surface area,
exhibited inferior photocatalytic performance in both malathion degradation and hydrogen
evolution. This highlights that surface area alone is not the determining factor for photocatalytic
efficiency. At higher MoS, contents, excessive coverage or restacking of MoS; layers may hinder light
absorption or block active sites, disrupting the optimal heterojunction structure necessary for efficient
charge separation and transfer [29].

To investigate the surface chemical composition and oxidation states of the elements present in
the 5%Mo05,@TiO,-rGO composite, high-resolution X-ray photoelectron spectroscopy (XPS) analyses
were performed (Figure 7). The spectra confirm the presence of all key elements: Ti, O, C, Mo, and S.
As shown in Figure 7a, the high-resolution Ti 2p spectrum reveals two well-defined peaks at 458.8
eV and 464.3 eV, corresponding to Ti 2ps/> and Ti 2p1/», respectively, which are characteristic of Ti**
in TiO; [30,31]. A minor shoulder at ca. 459.3 eV may indicate surface heterogeneity or electronic
interactions with MoS; or rGO [32], but no significant signal is observed at lower binding energies to
suggest the presence of Ti** species, confirming that the TiO, structure remains predominantly in the
fully oxidized state [30]. The O 1s spectrum (Figure 7b) shows a major peak at 529.8 eV attributed to
lattice oxygen (Ti-O-Ti) and a secondary component at 531.0 eV, which corresponds to surface
hydroxyl groups, adsorbed water, or oxygenated species on rGO [33]. These surface oxygen
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functionalities are often associated with enhanced photocatalytic activity, as they can facilitate charge
separation and radical formation [33]. The C 1s spectrum (Figure 7c) displays a dominant signal at
284.6 eV due to sp?-hybridized carbon atoms in the graphene lattice (C=C), along with minor peaks
at 287.2 eV and 289.3 eV that can be assigned to carbonyl (C=0) and carboxyl (O—-C=0O) groups,
respectively [34,35]. The relatively low intensity of these oxidized carbon species confirms the
successful partial reduction of graphene oxide to rGO, while the residual functional groups are
beneficial for improving interfacial bonding and electron transfer between components [36]. The Mo
3d spectrum (Figure 7d) exhibits two main peaks located at 228.9 eV (Mo 3ds/>) and 232.2 eV (Mo
3ds/2), characteristic of Mo** in MoS, [30,37]. No additional peaks are detected in the higher binding
energy range (233-235 eV), ruling out the presence of significant amounts of oxidized Mo®" species
such as MoO;s [37]. In the same region, a broad feature at 226.4 eV is assigned to the S 2s signal [38],
further supporting the existence of sulfide species (52°) in the MoS; lattice [30,38]. Altogether, the XPS
results confirm the integration of TiO,, MoS,, and rGO into a ternary heterostructure with minimal
chemical perturbation and strong interfacial interactions. The preservation of the oxidation states of
Ti* and Mo*, along with the partial reduction of rGO, is consistent with the enhanced photocatalytic
behavior observed in degradation and hydrogen evolution experiments.

CPS (a.u.)

If
466 464 462 460 458 /534 532 530 528

Binding Energy (eV)

CPS (a.u.)

290 288 286 284 282 !/ 230 225

Binding Energy (eV)

Figure 7. XPS core level spectra for 5%MoS,@TiO,-rGO: Ti2p (a); Ols (b); Cls (c); and Mo3d-52s (d).

3.2. Photocatalytic Degradation of Malathion

To establish the optimal reaction conditions, a series of preliminary experiments were carried
out using the most active material, 5%MoS,@TiO,-rGO, as the reference (see Figure S1). These studies
focused on evaluating the influence of key operational parameters, such as catalyst loading, initial
pH of the solution, and the presence or absence of irradiation and oxygen on the degradation of
malathion. The outcomes not only allowed us to determine the ideal experimental conditions for
maximum photocatalytic efficiency but also served to confirm the photocatalytic origin of the
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degradation process through control experiments. These optimized parameters were subsequently
applied in the evaluation of the remaining catalysts to ensure consistent and comparable performance
assessments. Figure Sla shows the effect of catalyst loading (from 0.4 to 1.8 g/L) on the
photodegradation efficiency of malathion after 2 hours of UV-visible irradiation. An increase in
catalyst loading led to improved degradation up to an optimal concentration of 1.0 g/L, where the
degradation reached nearly 100%. This enhancement is attributed to the increased number of active
sites and photon absorption capacity. However, beyond this concentration, the degradation efficiency
decreased significantly. At 1.6 and 1.8 g/L, degradation dropped to around 65% and 50%,
respectively. This decline is likely due to increased turbidity and light scattering at higher catalyst
concentrations, which reduce light penetration and active photon flux within the suspension. Figure
S1b shows the influence of the solution pH on photocatalytic degradation efficiency. Experiments
were performed over a pH range of 4 to 10, keeping all other conditions constant. The photocatalytic
activity showed a marked dependence on pH, with maximum degradation (ca. 100%) occurring at
neutral to slightly acidic conditions (pH 6-7). Below this range, especially at pH 4, degradation
efficiency decreased sharply (~60%), likely due to reduced malathion adsorption or catalyst surface
protonation. In alkaline media (pH > 8), the degradation also decreased, possibly due to hydroxide
ion competition or destabilization of reactive oxygen species. These results suggest that the surface
charge of the photocatalyst and the speciation of malathion both influence the reaction kinetics, and
that near-neutral conditions are ideal for optimal degradation. To confirm the photocatalytic nature
of the malathion degradation process, a series of control tests were conducted (Figure Slc). These
included: (i) photolysis (irradiation without catalyst), (ii) catalysis (catalyst in dark), and (iii)
photocatalysis under anoxic conditions (argon-purged system). The results clearly show that
significant degradation occurred only under full photocatalytic conditions (light + catalyst + air),
where the malathion concentration dropped steadily over time, reaching almost complete
mineralization within 120 minutes. In contrast, all control conditions showed minimal activity:
photolysis and catalysis resulted in only minor losses (<15%), and the anoxic photocatalytic test
demonstrated reduced efficiency, highlighting the essential role of dissolved oxygen as an electron
acceptor in the generation of reactive oxygen species (ROS).

The photocatalytic activity of the synthesized materials was evaluated under UV-visible
irradiation. The performance of the different catalysts —P25-rGO and MoS;-modified composites
with 1%, 3%, 5%, and 10% MoS,—was compared under previously optimized reaction conditions
(1.0 g/L catalyst loading and pH 7). As shown in Figure 8, all MoS,-containing composites
outperformed the P25-rGO sample, demonstrating the beneficial effect of MoS; addition. Among the
tested materials, 5%Mo0S,@P25-rGO exhibited the highest degradation rate, achieving near-complete
removal of malathion within 120 minutes. This enhanced activity is attributed to the synergistic
interaction between TiO,, rGO, and MoS,, which promotes charge separation and broadens light
absorption. The 3%MoS, and 1%MoS, composites also showed significant improvements compared
to P25-rGO, but to a lesser extent. Interestingly, the 10%MoS,@P25-rGO catalyst exhibited slightly
lower activity than the 3% and 5% counterparts, likely due to excessive MoS, loading that can shield
the active surface or induce recombination centers, corroborating the previously discussed BET and
PL results.
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Figure 8. Photodegradation rate of malathion as a function of time by the different synthesized catalysts.

To better understand the degradation mechanism of malathion using the 5%Mo0S,@P25-rGO
composite, a series of scavenger experiments were carried out to identify the main reactive species
involved (see Figure S2). The addition of 1,4-benzoquinone (BQ), a selective quencher of superoxide
radicals (-O77) [39], resulted in a pronounced decrease in degradation efficiency, strongly suggesting
that -O,™ species play a central role in the photocatalytic process [39]. In contrast, the use of EDTA-
Nay, a hole (h*) scavenger [40], led to negligible inhibition, indicating that direct oxidation by
photogenerated holes is not the primary degradation pathway [40]. Similarly, the addition of tert-
butanol (t-BuOH), a hydroxyl radical (-OH) scavenger [41,42], caused only moderate suppression,
pointing to a secondary contribution of -OH radicals [41,42]. These findings are consistent with a
mechanism in which photoexcited electrons, generated upon UV-visible irradiation of TiO,, are
efficiently transferred to MoS, and/or rGO, reducing adsorbed O, molecules to form superoxide
radicals. The layered structure and intimate contact among TiO,, MoS,, and rGO facilitate efficient
charge separation and migration across the heterostructure, possibly through a Type-II or Z-scheme
charge transfer mechanism. MoS,, with its suitable conduction band position, acts as an electron
acceptor and stabilizer, while rGO provides a rapid electron transport pathway [15,43]. The result is
enhanced generation of -O, species, which act as the dominant oxidizing agents responsible for the
breakdown of malathion.

A detailed GC-MS analysis was conducted to elucidate the photocatalytic degradation pathway
of malathion under UV-visible irradiation using the most active catalyst, 5%MoS,@P25-rGO (Figure
9). Reaction aliquots were collected at different irradiation times and analyzed to identify
intermediate products based on their mass-to-charge (m/z) ratios. The parent compound, malathion
(m/z = 330), was progressively decomposed through a sequence of hydrolytic and oxidative
transformations. Five main degradation pathways (A-E) were proposed based on the detected
fragments and their temporal evolution, as illustrated in Figure 9. In Pathway A, hydrolysis of ester
bonds and ring opening lead to the formation of lower-mass products [44]. Pathways B and C involve
oxidative desulfuration and P-S bond cleavage, producing fragments such as m/z 303, 302, 214, and
156 [45-48]. Pathway D comprises further oxidation and sulfur removal, generating species at m/z
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317, 270, and 224 [44], while Pathway E involves oxidative demethylation and side-chain
fragmentation, yielding intermediate ions like m/z 287, 241, and 133 [49]. The presence of low
molecular weight fragments (m/z 128, 126, 137) indicates the occurrence of advanced oxidation
processes, suggesting partial mineralization of malathion into CO, and H>O, consistent with the
mineralization trends observed in other TiO,-based systems. Importantly, the formation of
intermediates such as m/z 214 and 156 supports the predominant role of superoxide radicals (-O2") as
oxidative agents, consistent with the radical trapping experiments discussed previously [50,51]. The
heterostructure of TiO,, MoS,, and rGO favors efficient charge separation and facilitates electron
transfer to molecular oxygen, sustaining the generation of reactive oxygen species (ROS). MoS;, due
to its narrow bandgap and appropriate conduction band alignment, acts as an effective electron sink,
while rGO enhances electron transport and surface dispersion. This synergistic configuration
promotes a Z-scheme or Type II-like mechanism that enhances photoinduced redox activity [52].
Altogether, the results demonstrate that the 5%Mo0S,@P25-rGO catalyst enables efficient and multi-
step degradation of malathion via concurrent hydrolytic and oxidative pathways, ultimately leading
to detoxification of the pollutant and partial mineralization under mild conditions.
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Figure 9. Proposed photocatalytic degradation pathways of malathion (m/z 330) under UV-visible irradiation
using the 5%MoS,@P25-rGO catalyst, based on GC-MS analysis. Five main degradation routes (Pathways A-E)
were identified, involving hydrolysis, desulfuration, C-O and P-S bond cleavage, oxidative demethylation, and

ring-opening reactions.

To ensure the practical viability of the developed photocatalysts, long-term operational stability
and reusability were also evaluated. In this context, a recyclability study was conducted using the
most active material, 5%MoS,@P25-rGO, to assess its performance over successive degradation
cycles. As shown in Figure S3, the photocatalyst maintained nearly constant activity throughout ten
consecutive runs, with only a slight decline of approximately 4.7% in degradation efficiency. This
stability underscores the structural robustness and chemical durability of the MoS,-rGO-TiO;
heterojunction, confirming its suitability for repeated use in aqueous photocatalytic systems under
UV-visible light irradiation.

Based on all the results presented above, a plausible mechanism for the photocatalytic
degradation of malathion has been proposed, as illustrated in Figure 10. The electronic band structure
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and the migration direction of photogenerated charge carriers were estimated using the Mulliken
electronegativity approach [53,54] in conjunction with the experimentally determined bandgap
values (see Figure 4). The conduction and valence band edge potentials were calculated according to
the following equations:
Ecs=X — Ec - 0.5E; (1)
Evs =Ecs + Eg (2)

where X is the absolute electronegativity of the semiconductor, Ec=4.50 eV is the energy of free
electrons on the hydrogen scale [55], E; is the optical bandgap, and Ecs and Evs are the potentials of
the conduction and valence bands, respectively. Based on this model, the calculated band edge
positions for P25-rGO are Ecs=-0.165 eV and Evs=+2.785 eV, while for MoS, they are Ecs=-0.405 eV
and Eve=+2.045 eV. Under visible light irradiation, TiO. (P25) is largely inactive due to its wide
bandgap (~3.2 eV) [56]. However, MoS, and rGO, with narrower bandgaps, can absorb visible
photons and become photoexcited [57]. In the case of MoS,, visible light promotes electrons from the
valence band to the conduction band, leaving behind holes. These photoexcited electrons, due to the
more negative conduction band of MoS; (-0.405 eV) relative to P25-rGO (-0.165 eV), can transfer to
the TiO—rGO interface, where they are readily scavenged by molecular oxygen dissolved in the
medium. This reduction leads to the formation of superoxide radicals (-O,"), which are highly reactive
and capable of oxidizing malathion. Simultaneously, holes remaining in MoS, and photoinduced
holes in rGO may weakly contribute to oxidation, although scavenger experiments indicate that their
role is secondary (see Figure S52). Instead, hydroxyl radicals (-OH), generated from water or hydroxide
oxidation by valence band holes in TiO,, provide an additional oxidative pathway. The high surface
area of rGO facilitates these processes by providing a large number of adsorption and reaction sites,
while also improving charge mobility and suppressing recombination via rapid electron conduction
[58]. The dominant degradation route, as supported by radical quenching experiments and GC-MS
analysis, is thus initiated by ‘O, radicals attacking the ester and phosphorothioate bonds in
malathion, leading to a stepwise oxidative fragmentation into less toxic and lower-molecular-weight
intermediates. This mechanism is fully consistent with the observed suppression of activity upon
addition of 1,4-benzoquinone (a -O;~ scavenger), as well as with the enhanced photocatalytic activity
shown by the 5%Mo0S,@P25-rGO composite compared to binary or unmodified systems. The
proposed mechanism involves a type-II heterojunction [59] in which MoS, and rGO sensitize the
composite to visible light [14], and the hierarchical structure promotes directional charge transfer
from MoS; to TiO»—rGO [60]. This configuration enables the generation of reactive oxygen species —
mainly superoxide and, to a lesser extent, hydroxyl radicals —which drive the oxidative degradation
of malathion under solar-like irradiation conditions.
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Figure 10. Schematic diagram of the proposed mechanism for the photodegradation of malathion, using the
5%Mo0S5:@P25-rGO catalyst under irradiation.

3.3. Photocatalytic Hydrogen Production

As performed for the malathion photodegradation studies, a similar approach was employed to
determine the optimal conditions for photocatalytic hydrogen production (Figure 54). The influence
of catalyst loading on the photocatalytic hydrogen production performance of the most active
nanocomposite, 5%MoS,@P25-rGO, was first investigated (Figure S4a). The hydrogen evolution rate
increased with catalyst concentration up to an optimal loading of 1.0 g L, reaching a maximum yield
of nearly 6000 umol g*h™'. Beyond this point, the activity decreased, likely due to excessive light
scattering, increased turbidity, and agglomeration of photocatalyst particles, which limit light
penetration and reduce the number of accessible active sites. At lower catalyst dosages, the lower
availability of surface-active regions similarly limits the overall rate of hydrogen generation. The
effect of solution pH on hydrogen production was subsequently evaluated (Figure S4b). The system
exhibited optimal performance under neutral conditions (pH=7), where both charge carrier
separation and proton availability are favorably balanced. In strongly acidic environments (pH =4),
the excessive concentration of H* ions can hinder charge mobility and promote recombination.
Conversely, under alkaline conditions (pH = 10), the reduced proton concentration limits the supply
of reactants necessary for H, evolution, leading to a significant drop in photocatalytic efficiency [61].
To confirm the photocatalytic nature of the observed hydrogen generation, control experiments were
carried out under different conditions (Figure S4c). Negligible H, evolution was detected in the
absence of either the catalyst or light, confirming that both components are essential for the reaction
to proceed. These results validate that the process is strictly photo-driven and demonstrate the
synergy between MoS;, TiO,, and rGO in facilitating efficient light-induced hydrogen evolution.

Figure 11 shows the wavelength-dependent hydrogen production profiles, clearly highlighting
the superior photocatalytic activity of MoS,-modified P25-rGO composites relative to the unmodified
P25-rGO system. As a function of the incident photon energy, all catalysts show enhanced activity
within the 300-500 nm range, where the absorption of UV and visible light is most efficient. Among
the materials studied, the 5%Mo0S,@P25-rGO nanocomposite exhibits the highest hydrogen evolution
rate, reaching nearly 6000 umol g™ h™* at 500 nm. This outstanding activity can be rationalized by the
formation of an efficient heterojunction between TiO,, MoS,, and rGO, which synergistically
enhances charge separation, interfacial charge transfer, and visible-light absorption. TiO; serves as a
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stable wide-bandgap photocatalyst with strong UV absorption, while rGO provides a conductive
platform that facilitates electron mobility, reduces charge recombination, and promotes light
harvesting through its extended m-conjugated system [62]. The incorporation of MoS, introduces a
narrow-bandgap semiconductor with well-known catalytic activity for the hydrogen evolution
reaction (HER), acting as a co-catalyst that offers abundant active edge sites and lowers the
overpotential required for proton reduction [63]. The observed activity trend —5%MoS; > 3%MoS, >
10%MoS; > 1%MoS; > P25-rGO—clearly indicates that a moderate MoS, loading is optimal for
balancing these effects. At 1% MoS,, the number of catalytically active sites is likely insufficient to
significantly improve HER kinetics, while an excessive amount of MoS; (e.g., 10%) could lead to
detrimental effects such as nanoparticle agglomeration, light shielding, and partial coverage of TiO,
or rGO surfaces, thereby impeding photon absorption and reducing charge accessibility.
Additionally, the decline in activity observed beyond 500 nm is consistent with the intrinsic bandgap
limitations of the semiconductor components, as the photon energy becomes inadequate to excite
electrons from the valence to the conduction band. These findings support that the careful
modulation of MoS, content within the ternary composite is essential to maximize photocatalytic
efficiency, and they emphasize the importance of interfacial engineering, band alignment, and light
absorption optimization in designing next-generation nanostructured materials for sustainable

hydrogen production.
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Figure 11. Hydrogen production profiles of the synthesized catalysts under irradiation at different

wavelengths.

The long-term performance and mechanistic aspects of the photocatalytic hydrogen evolution
reaction (HER) using MoS,@P25-rGO composites were further examined through a series of
complementary experiments, including transient photocurrent measurements, scavenger assays, and
recyclability tests. The photocurrent responses under chopped light illumination (Figure 12) provide
direct insight into the efficiency of photogenerated charge separation and transport. The
5%Mo0S,@P25-rGO catalyst exhibited the highest photocurrent density (~5pA), followed by
3%Mo0S,@P25-rGO, 10%Mo0S,@P25-1GO, 1%MoS,@P25-rGO, and finally the unmodified P25-rGO.
This order of photocurrent response precisely mirrors the trend observed in photocatalytic hydrogen
production (Figure 11), and also aligns with the photocatalytic activity for malathion degradation
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discussed in earlier sections. These consistent trends across multiple techniques confirm that the
enhanced photoactivity of the 5%MoS, composite is directly linked to its superior charge separation
and transport characteristics, which are facilitated by the synergistic interactions between MoS,, P25,
and rGO.
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Figure 12. Transient photocurrent response in the light on-off processes of the synthesized catalysts under

irradiation at 500 nm.

To further clarify the mechanistic pathway of HER, radical scavenger experiments were
conducted using EDTA-Na,, a known hole scavenger (see Figure S5) [40]. The addition of EDTA
resulted in a significant enhancement in H, production across the tested wavelengths compared to
the control without scavenger. This suggests that photogenerated holes act as recombination centers
or engage in parallel oxidative reactions, and that their suppression enables a higher fraction of
electrons to participate in proton reduction. These results support the hypothesis that MoS, not only
facilitates electron transfer but also serves as an efficient co-catalyst for proton reduction, with rGO
acting as an electron mediator that enhances interfacial conductivity [15,64].

In terms of practical application, the recyclability of the 5%MoS,@P25-rGO photocatalyst was
evaluated over ten consecutive HER cycles (Figure S6). The system retained 91.9% of its initial
hydrogen production capacity after ten uses, with a performance drop of only 8.1%. This
photostability underscores the structural robustness of the heterostructure and the durability of the
active sites, confirming the feasibility of this material for long-term solar hydrogen generation. The
strong interfacial bonding among MoS,, TiO,, and rGO components likely prevents leaching or
deactivation, maintaining catalytic integrity over multiple uses. Taken together, these findings
demonstrate the strong correlation between photocatalytic performance, charge transport efficiency,
and material stability, positioning 5%MoS,@P25-rGO as a promising candidate for sustainable
hydrogen production.

Based on the previously discussed results, a plausible mechanism has been proposed to explain
the photocatalytic hydrogen evolution activity, consistent with the experimental observations (see
Figure 13). The outstanding H, production performance of the 5%Mo0S,@P25-rGO photocatalyst
arises from the interplay between its three constituents—TiO, (P25), MoS,, and reduced graphene
oxide (rGO)—which together form a hierarchical heterostructure capable of efficient light absorption,
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charge separation, and catalytic functionality under visible-light irradiation. Among them, MoS; acts
as the primary absorber of visible light. Upon irradiation, electrons are promoted from its valence
band (VB) to its conduction band (CB), leaving behind photogenerated holes. TiO, (P25), with a wider
bandgap (~3.2 eV), is less responsive to visible light; however, the incorporation of MoS; and rGO
into the structure red-shifts the optical absorption of the composite, allowing some activation of TiO,
under solar-simulated conditions. Moreover, interfacial interactions can induce localized mid-gap
states, enhancing visible-light response. Band edge calculations based on Mulliken electronegativity
theory suggest that the CB potential of MoS; (-0.405 eV vs NHE) is more negative than that of TiO,
(-0.165 eV), while TiO, has a more positive VB (+2.785 eV), making it a potent oxidant. This band
alignment favors a directional flow of charge carriers: electrons generated in TiO, or MoS; transfer
toward MoS; and rGO, while holes accumulate on TiO, [65]. Additionally, rGO acts as a conductive
electron mediator that bridges MoS; and TiO,, facilitating ultrafast charge transfer and delocalization,
while also serving as a high-surface-area scaffold for active site dispersion [36]. This spatial charge
separation is further evidenced by the strong quenching of photoluminescence (PL) in the composite
and its enhanced transient photocurrent response, which indicate suppressed electron-hole
recombination. The 5%Mo0S,@P25-rGO composite shows the highest photocurrent density and the
lowest PL intensity among all tested samples, consistent with its superior H, production rates. At the
MoS,; surface, electrons reduce protons (H*) from the solution to generate H,, taking advantage of the
abundant and catalytically active edge sites on MoS,. Meanwhile, the holes in TiO, oxidize sacrificial
agents added to the solution, preventing recombination and sustaining the redox cycle. Scavenger
experiments confirm that hole consumption significantly enhances H, evolution, highlighting the
importance of maintaining separate pathways for electrons and holes. This mechanism is coherent
with that proposed for malathion degradation, where the same spatial charge separation and
vectorial charge migration were identified. In the absence of oxygen, electrons that would otherwise
reduce O (to form -O," for oxidative degradation) are now fully available for proton reduction, thus
explaining the high H, evolution rates. The rGO sheets not only improve conductivity and
dispersibility of MoS,, but also ensure intimate contact among the components, which is essential for
maintaining an efficient interfacial electric field and continuous charge flow [66,67]. Overall, the
5%MoS5,@P25-rGO catalyst operates via a cooperative mechanism that combines light absorption,
charge generation, and catalytic functionality across its components. The result is a system capable
of exploiting a broad portion of the solar spectrum while maintaining low recombination losses and
high redox activity —delivering significant hydrogen generation rates and demonstrating its promise
for sustainable solar fuel applications.
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Figure 13. Schematic diagram of the proposed mechanism for hydrogen production under irradiation.

4. Conclusions

In this study, a series of MoS,-decorated TiO,-rGO ternary nanocomposites were successfully
synthesized and extensively characterized to evaluate their dual functionality in photocatalytic
malathion degradation and hydrogen evolution under UV-visible irradiation. The hybrid
photocatalysts were prepared by integrating exfoliated MoS, nanosheets with TiO, nanoparticles
supported on reduced graphene oxide, creating intimate heterojunctions designed to enhance light
absorption, charge separation, and surface reactivity. Among the catalysts tested, the composite
containing 5 wt% MoS, exhibited the highest photocatalytic performance in both applications,
confirming the critical importance of compositional balance and interfacial engineering in these
systems. Comprehensive structural, morphological, and electronic analyses revealed that all
nanocomposites maintained the anatase phase of TiO, while incorporating well-dispersed rGO and
MoS,. Raman spectroscopy and XRD confirmed the phase purity and successful integration of all
components without the formation of undesirable secondary phases. HRTEM and SEM analyses
illustrated the morphological coherence and homogeneous dispersion of the layered materials, while
BET analysis demonstrated a marked increase in surface area with the inclusion of rGO and MoS..
Interestingly, despite having the highest surface area, the 10% MoS;-loaded composite
underperformed in both degradation and hydrogen evolution, indicating that excessive MoS, can
hinder photocatalytic efficiency by introducing recombination centers or limiting photon penetration
due to light shielding or overcoating of active sites. Optical studies provided further insights into the
behavior of the ternary systems. UV-Vis DRS demonstrated a systematic red shift and bandgap
narrowing with increasing MoS, content, enhancing visible-light absorption. PL measurements
revealed a significant suppression of electron-hole recombination, particularly in the 5% MoS,@TiO,-
rGO sample, suggesting a highly efficient charge separation mechanism facilitated by the synergistic
roles of rGO as an electron mediator and MoS; as an electron acceptor and catalytic site. XPS
confirmed the stability of the Ti* and Mo* oxidation states, as well as interfacial electronic
interactions indicative of covalent or electrostatic coupling between the components. Photocatalytic
degradation of malathion revealed clear performance trends across the different composites, with the
5% MoS; catalyst achieving nearly complete degradation within 60-90 minutes. GC-MS analysis
identified multiple intermediate products and proposed five principal degradation pathways
involving hydrolysis, desulfuration, demethylation, and oxidative ring-opening, supported by
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radical scavenger experiments which established superoxide radicals (-O,") as the main active species.
The optimal photocatalytic performance was linked to the ability of the heterostructure to promote
efficient interfacial charge separation and favor a Z-scheme or Type-II electron transfer mechanism.
Additionally, recyclability tests confirmed that the best-performing catalyst retained more than 95%
of its activity over ten consecutive cycles, underscoring its structural stability and potential for real-
world environmental applications. In the hydrogen evolution reaction (HER), similar trends were
observed. The photocatalytic H, production peaked at 5% MoS, loading, achieving yields of nearly
6000 pmol-g™h™ under neutral pH and optimal catalyst dosage (1.0 g-L'). Photocurrent
measurements, radical trapping studies, and recyclability tests supported the same conclusions
drawn for malathion degradation: that effective charge separation and transport are crucial for
photocatalytic efficiency, and that the ternary synergy among TiO,, MoS,, and rGO plays a pivotal
role. Notably, the catalyst’s photocurrent generation profile mirrored both HER and pollutant
degradation efficiencies, providing strong evidence of consistent structure—function relationships.

Altogether, this work demonstrates that careful modulation of MoS;, content in TiO,-rGO
nanocomposites results in significantly improved photocatalytic activity for both pollutant removal
and renewable energy production. The 5% MoS,@TiO,-rGO nanocomposite represents an optimal
configuration for exploiting visible-light-induced processes via enhanced interfacial charge transfer,
light harvesting, and active site accessibility. These findings not only highlight the versatility of MoS,-
based ternary photocatalysts but also offer valuable design principles for developing next-generation
multifunctional materials aimed at environmental remediation and sustainable hydrogen
production.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1. Evaluation of the initial concentration of 5%Mo0S2@P25-rGO on the
photodegradation of malathion (a); effect of pH on the photocatalytic activity of the 5%Mo0S2@P25-rGO catalyst
for photodegradation of malathion (b); and control experiments for 5%Mo0S:@P25-rGO with malathion, under
irradiation (c); Figure S2. Photodegradation of malathion by 5%Mo0S:@P25-rGO in the presence of different
scavengers; Figure S3. Recyclability of 5%MoS:@P25-rGO after 10 consecutive -catalytic cycles of
photodegradation of malathion under irradiation. Figure S4. Evaluation of the initial concentration of
5%Mo05:@P25-rGO on the efficiency of hydrogen production (a); effect of pH on the photocatalytic activity of the
5%Mo05:@P25-rGO catalyst for hydrogen production (b); and control experiments for 5%MoS2@P25-rGO on the
efficiency of hydrogen production (c); Figure S5. Hydrogen production via water splitting using 5%MoS:@P25-
rGO under irradiation, and also in the presence of EDTA-Na; Figure S6. Recyclability of 5%MoS:@P25-rGO after
10 consecutive catalytic cycles of hydrogen production, under irradiation at 500 nm; Table S1. BET surface area
of the synthesized materials.
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