
Research Article

Eman Aldosari, Mohamed Rabia*, Mahmoud Moussa, Ahmed Adel A. Abdelazeez, and
Asmaa M. Elsayed

Harnessing trichalcogenide–molybdenum(VI)
sulfide and molybdenum(VI) oxide within poly(1-
amino-2-mercaptobenzene) frameworks as
a photocathode for sustainable green
hydrogen production from seawater
without sacrificial agents

https://doi.org/10.1515/gps-2024-0129
received June 07, 2024; accepted October 17, 2024

Abstract: This research focuses on converting Red Sea sea-
water into environmentally friendly hydrogen (H2) gas by
developing an innovative photocathode termed MoS3–MoO3/
PA2MB. Fabricated through a single-step process, this photo-
cathode demonstrates impressive performance, achieving an
H2 production rate of 6.0 μmol/10 cm²·hwith a current density
(Jph) of −0.7mA·cm⁻². The effectiveness of this photocathode is
highlighted by its favorable morphological properties, char-
acterized by semi-spherical shapes measuring 130 nm in
width and 170 nm in length. Moreover, the MoS3–MoO3/
PA2MB photocathode exhibits excellent light absorbance
across a wide spectrum, benefiting from a small bandgap
of 1.6 eV, which significantly enhances its efficiency in con-
verting light energy into hydrogen gas. The photocathode’s
performance is rigorously tested under various optical con-
ditions, with photon energies ranging from 3.6 to 1.7 eV. As
the photon energies decrease from 3.6 to 1.7 eV, the Jph
values decrease from −0.53 to −0.43mA·cm⁻², demonstrating

the photocathode’s adaptability to different optical environ-
ments. Overall, the successful synthesis of the MoS3–MoO3/
PA2MB photocathode marks a significant advancement in
H2 gas production directly from seawater. This technology
shows potential for commercial applications, particularly in
remote and economically disadvantaged areas where access
to conventional energy sources is limited, offering a pro-
mising solution for sustainable energy generation.
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1 Introduction

Transitioning toward renewable energy sources, either
alongside or in lieu of fossil fuels, presents a primary chal-
lenge for scientists worldwide. This challenge stems from
the diverse techniques required to facilitate reactions for
harnessing renewable energy [1–3]. Moreover, fossil fuels
are plagued by the production of harmful byproducts, ren-
dering them hazardous as an energy source. In recent
years, dichalcogenide and trichalcogenide materials have
garnered attention as promising photocatalysts for H2 gas
generation [4,5]. This interest is attributed to their ability to
efficiently absorb photons and generate hot electrons,
which play a pivotal role in initiating the water-splitting
reaction. These chalcogenide materials exhibit enhanced
performance in H2 gas generation when their morpholo-
gies are optimized through the preparation of nanomater-
ials with favorable optical properties. By refining the
morphological characteristics at the nanoscale, thesematerials
can maximize their surface area-to-volume ratio, thereby
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increasing their catalytic activity and efficiency in light
absorption. Furthermore, the incorporation of chalcogen-
ides with additional oxide materials enhances their light
absorption capacity and stability, leading to improved overall
performance in H2 gas generation. These oxide materials
exhibit complementary properties, such as enhanced light
absorbance and structural stability, which synergistically
amplify the photocatalytic activity of the chalcogenides [6,7].

By combining chalcogenideswithoxidematerials, researchers
can create compositematerials with superior light absorption cap-
abilities, thereby increasing the efficiency of H2 gas production.
This synergistic approach not only maximizes the utilization of
incident light but also enhances the stability and durability of
the photocatalyst, resulting in a more sustainable and efficient
process for renewable H2 gas generation. Certain scientists are
exploring the integrationof chalcogenidematerialswithinpolymer
matrices characterized by exceptional optical absorbance. This
strategy involves embedding chalcogenides within polymers to
serve as both a protective barrier and a facilitator of their photo-
catalytic behavior. Among these polymers, thiophene derivatives
stand out as particularly promising candidates due to their high
light absorption properties and remarkable ability to mitigate cor-
rosion [8,9]. Thiophene derivatives exhibit exceptional optical
absorbance characteristics, making them ideal candidates
for encapsulating chalcogenide materials. By incorporating
chalcogenides within thiophene-based polymers, researchers
aim to create a protective environment that shields the chal-
cogenides from environmental degradation while simulta-
neously enhancing their photocatalytic activity. One of the
key advantages of using thiophene derivatives as encapsu-
lating materials is their ability to absorb a broad range of
light wavelengths. This property ensures efficient utilization
of incident light, thereby promoting effective photocatalysis.
Additionally, thiophene-based polymers offer excellent pro-
tection against corrosion, safeguarding the embedded chalco-
genide materials from degradation caused by exposure to
harsh environmental conditions. The incorporation of chalco-
genides within thiophene-based polymers also enables syner-
gistic interactions between the two components. The polymer
matrix provides structural support to the chalcogenides,
enhancing their stability and durability during photocatalytic
reactions. Furthermore, the polymer represents a barrier for
preventing the leaching of chalcogenide particles into the
surrounding environment and facilitating their controlled release
[10,11]. Moreover, thiophene derivatives possess inherent che-
mical stability, ensuring the long-term integrity of the composite
material. This stability is crucial for maintaining the efficiency
and functionality of the photocatalytic system over extended
periods of time.

A significant limitation observed in previous studies is
the relatively low current density (Jph) values associated

with H2 production, indicating a correspondingly low rate
of H2 generation. Additionally, the widespread use of corro-
sive media such as NaOH, Na2SO4, NaBH4, and H2SO4 as
sacrificial agents exacerbates electrode corrosion [12,13].
While these materials do contain hydrogen, they also have
adverse effects on the electrodes by promoting corrosion.
Furthermore, their corrosive nature and associated costs
pose significant challenges to the commercial application
of H2 gas in industrial settings.

One notable drawback identified in the literature is
the limited efficiency in H2 generation, as evidenced by
the low current density values recorded. These values
serve as a crucial indicator of the H2 gas rate. However,
the observed values suggest that the H2 generation rate
achieved in previous studies is relatively modest. This lim-
itation highlights the need for improved methodologies
and materials for efficient H2 production process enhance-
ments [14]. Furthermore, the use of corrosive media such
as NaOH, Na2SO4, NaBH4, and H2SO4 as sacrificial agents
exacerbates the issue of electrode corrosion. While these
materials contain hydrogen and play a role in facilitating
H2 generation, they also have adverse effects on the elec-
trodes. Specifically, these corrosive agents can lead to the
degradation of electrode materials over time, compro-
mising their performance and longevity. The corrosive
nature of these mediums poses significant challenges in
maintaining the integrity and functionality of electrodes
used in H2 production systems. Moreover, the use of these
corrosive media introduces additional costs and complex-
ities to the H2 production process. Not only are these mate-
rials expensive to procure, but they also require careful
handling and disposal procedures to mitigate environ-
mental and safety risks. The increased cost associated with
acquiring and managing these corrosive agents further
impedes the commercial viability of H2 gas production on
an industrial scale. Additionally, the cohesive effect of these
corrosive media on the electrodes exacerbates the issue of
electrode corrosion. This cohesion hampers the perfor-
mance of the electrodes, limiting their efficiency in cata-
lyzing H2 generation reactions. As a result, the overall
effectiveness of H2 production processes is compromised,
further highlighting the need for alternative approaches
that minimize electrode corrosion and improve H2 genera-
tion efficiency [15].

In this research, a novel photocathode namedMoS3–MoO3/
PA2MB is developed through a single-step fabrication process.
This photocathode exhibits promising performance in gener-
ating hydrogen gas using Red Sea water as a promising eco-
friendly electrolyte source, highlighting its effectiveness as a
photocatalyst. The noteworthy success of this photocathode is
attributed to its favorable optical properties and small bandgap,

2  Eman Aldosari et al.



which enable efficient light absorption. Furthermore, the photo-
cathode is subjected to testing across a wide range of light
photons with energies ranging from 3.6 to 1.7 eV. The rate of
H2 gas production aligns with this optical spectrum, indicating
the photocathode’s sensitivity to light energy. The successful
synthesis of the MoS3–MoO3/PA2MB photocathode represents
a breakthrough in the field, opening the door to potential com-
mercial applications, especially for the direct conversion of sea-
water into H2 gas. This technology holds significant promise for
use in various environments, including remote locations and
economically disadvantaged areas where access to conven-
tional energy sources is limited.

2 Materials and methods

2.1 Materials

Sodium molybdate (Na2MoO4, 99.9%) and 1-amino-2-mer-
captobenzene (99.9%) are sourced from Pio-chem (Egypt)
and Merck (Berlin), respectively. Meanwhile, HCl (36%) is
provided by Merck Co. (Germany). Additionally, potassium
persulfate (K2S2O8, 99.8%) is acquired from El-Nasr Chemical
Company (Egypt).

2.2 One-pot synthesis of MoS3–MoO3/PA2MB
nanocomposite thin film

The synthesis of MoS3–MoO3/PA2MB is achieved through a
one-pot reaction, where 0.06 M 1-amino-2-mercaptoben-
zene is directly polymerized using the oxidant K2S2O8 in
the presence of 0.07 M Na2MoO4. This reaction ensures
complete polymerization, leading to the precipitation of
the polymer, which forms a film on a glass substrate placed
in the reaction solution during oxidation. The monomer-to-
oxidant ratio is precisely maintained at 1:2.2, and themonomer-
to-HCl ratio is carefully adjusted to 1:15. The reaction is carried
out at room temperature and lasts for 2 days. In contrast, the
preparation of PA2MB as a pristine polymer is conducted under
the same conditions but without the addition of Na2MoO4.

Upon the conclusion of the reaction, chloride ions (Cl−)
emerge as significant residues that intricately intercalate
with the polymer chains. This integration has a vital role in
augmenting the conductivity of the chains, thereby contri-
buting to an additional boost in the conductivity of the
resulting MoS3–MoO3/PA2MB thin film. This heightened
conductivity not only characterizes the overall nature of
the composite but also acts as a catalyst for improving its
optical properties.

The conductivity enhancement achieved through the inter-
calation of Cl− ions is particularly promising for advancing the
optoelectronic characteristics of the produced MoS3–MoO3/
PA2MB thin film. This improvement is vital for its applica-
tion in various areas, including optoelectronics and renew-
able energy. The optimized thin film is envisioned to exhibit
superior optical behavior, paving the way for enhanced
performance in optoelectronic devices and showcasing sig-
nificant potential for applications such as the production of
H2 gas, further contributing to advancements in the field of
renewable energy.

2.3 Characterization techniques

The validation of the synthesized MoS3–MoO3/PA2MB mate-
rials is substantiated through the utilization of diverse ana-
lytical instruments. Morphological analyses, encompassing
both two-dimensional (2D) and three-dimensional (3D)
examinations, are conducted using SEM provided by ZEISS
and TEM from Joel, respectively. Meanwhile, the optical
properties are investigated using a Berkin-Elmer spectro-
photometer. In-depth structural assessments are carried
out through XRD utilizing the X’Pert Pro instrument, shed-
ding light on the crystalline nature of the synthesized mate-
rials. Chemical analyses, specifically XPS, are performed
with Kratos Analytical devices in the USA. These analyses
are complemented by FTIR utilizing a Bruker device in the
UK, ensuring a comprehensive understanding of functional
group estimations within the synthesized materials.

This multi-faceted approach involving SEM, TEM, spec-
trophotometry, XRD, XPS, and FTIR spectroscopy collectively
provides a thorough characterization of the MoS3–MoO3/
PA2MB materials. The combination of morphological, optical,
and chemical analyses contributes to a comprehensive under-
standing of the structural, optical, and chemical attributes of
the preparedmaterials, thereby substantiating their synthesis
and paving the way for potential applications in various
scientific and technological domains.

2.4 H2 gas production study by the
photoelectrochemical reaction

The generation of H2 is achieved through the utilization of
the highly promising MoS3–MoO3/PA2MB photocathode.
This innovative photocathode operates effectively under
light exposure, facilitating the conversion of light into hot
electrons on its surface. These hot electrons serve as a
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power force for the neighboring Red Sea water, initiating a
process of water splitting and subsequently leading to the
production of molecular hydrogen gas (H2).

The fundamental concept underlying this reaction involves
the absorption and trapping of photons on the surface of the
MoS3–MoO3/PA2MB photocathode. This interaction plays a
pivotal role in the creation of photo-carriers: holes and elec-
trons. Significantly, the focus is on harnessing the photo-
carried electrons as the primary carriers for initiating the
water-splitting process within the adjacent Red Sea water.
The chemical composition of this seawater consists of NaCl,
MgCl2, MgSO4, CaSO4, K2SO4, and K2CO3, with concentrations
of 13.58, 3.79, 1.59, 1.39, 0.19, and 0.2 g·L−1, respectively[16]. By
leveraging the surface of MoS3–MoO3/PA2MB to capture and
convert incident light into hot electrons, the photocathode is
used as a catalyst for the photoelectrochemical reaction. The
generated hot electrons drive the electrolysis of Red Sea
water, causing the separation of water molecules into oxygen
and hydrogen ions. Subsequently, the collected electrons and
hydrogen ions combine to produce molecular hydrogen gas.

This innovative approach holds great promise for
green hydrogen production, as it capitalizes on the unique
properties of the MoS3–MoO3/PA2MB photocathode to effi-
ciently harness light energy and convert it into a sustain-
able and environmentally friendly source of hydrogen. The
utilization of photo-carried electrons in this process sig-
nifies a significant advancement in the realm of renewable
energy, with potential applications for clean and sustain-
able hydrogen fuel production.

The quantification of the generated electrons is applied
through a three-electrode cell, with the primary working
electrode being the MoS3–MoO3/PA2MB thin film. This spe-
cialized cell is designed explicitly for water-to-hydrogen con-
version, utilizing seawater as the electrolyte. To enhance ion
movements and expedite the reaction kinetics, natural heavy
water is introduced as an additional catalyst.

The thin film of MoS3–MoO3/PA2MB with a surface
area of 1.0 cm2 serves as the main catalyst for the hot elec-
trons provided during the photoelectrochemical reaction.
The estimation of these electrons is attributed to the mea-
surement of current density (Jph). As the value of Jph
increases, it signifies a greater number of hot electrons
being generated on the surface of MoS3–MoO3/PA2MB.
This enhanced Jph value is indicative of the increased effi-
cacy of the photocathode in splitting a larger quantity of
seawater, consequently leading to a higher production rate
of Jph.

The augmentation of Jph reflects the effectiveness of the
MoS3–MoO3/PA2MB thin film in harnessing incident light
and converting it into hot electrons. These hot electrons
play a pivotal role in initiating water-splitting, contributing

to the elevated hydrogen gas. The utilization of heavy water
as an additional catalyst further promotes efficient ion move-
ments, enhancing the overall performance of the photoelec-
trochemical cell.

The determination of the produced Jph values is con-
ducted using the CHI608E workstation model, which is
adept at assessing various light conditions. These condi-
tions encompass the entire spectrum, ranging from full
white light to absolute darkness, as well as under precisely
regulated monochromatic light with specific frequencies
and energies. The workstation facilitates a comprehensive
analysis of the MoS3–MoO3/PA2MB thin film’s performance
under diverse lighting scenarios, providing valuable insights
into its photoelectrochemical capabilities.

Furthermore, the quantification of the moles of hydrogen
gas generated is achieved by employing the Faraday equation
of electrolysis. This equation, Eq. 1 [17], involves the correla-
tion between the Jph value obtained from the workstation
model and the Faraday constant. By utilizing this relationship,
the Faraday equation offers a means to accurately estimate
the amount of hydrogen gas produced. This approach enables
a quantitative assessment of the photoelectrochemical pro-
cess’s efficiency under different light conditions, contributing
to a comprehensive understanding of the MoS3–MoO3/PA2MB
thin film’s performance in hydrogen generation.

·∫= J t FH mole d /

t

2

0

ph
(1)

3 Results and discussion

3.1 MoO3–MoS3/PA2MB physicochemical
characterization

XRD analysis provided insights into the crystalline proper-
ties of both PA2MB and its composite MoO3–MoS3/PA2MB,
as depicted in Figure 1(a). The characteristic peaks asso-
ciated with MoO3, observed at diffraction angles of 16.92°,
31.94°, 41.82°, 44.74°, and 47.82°, correspond to the (020),
(111), (040), (200), and (220) planes, respectively (JCPDS-05-
0508) [18]. Similarly, MoS3 is identified by weak peaks at
14.84°, 25.88°, 29.04°, 35.44°, 39.94°, and 51.2°, and these
peaks reflect the semicrystalline behavior of the MoS3
materials. The distinct presence of PA2MB is discerned at
19.86°, 22.7°, and 33°. Upon the insertion of these inorganic
constituents into the polymer matrix, a significant reduc-
tion in peak intensity is observed, indicative of interactions
occurring with the organic PA2MB.

Specifically, the pure PA2MB exhibits characteristic
peaks within the range of 20°–35°, featuring a distinct
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trio within the crystalline range. In its pristine form,
PA2MB displays four peaks spanning 15°–25°. The introduc-
tion of MoO3 and MoS3 within the PA2MB matrix leads to
an observable decrease in the peak intensity. This reduc-
tion underscores the impact of the coating process, sig-
nifying the interaction between the inorganic components
and the organic PA2MB. The observed alterations in peak
intensity offer valuable insights into the structural modifi-
cations and crystalline nature of the composite, empha-
sizing the successful integration of MoO3 and MoS3 into
the PA2MB matrix.

The analysis of functional groups within the MoO3–MoS3/
PA2MB nanocomposite is conducted through FTIR analyses in
comparison to the pure PA2MB polymer (Figure 1(b)). The
FTIR spectra of the pure polymer, as outlined in Table 1,
reveal distinctive main groups. The introduction of inorganic
MoO3–MoS3 groups significantly influences bond vibrations,
resulting in observable shifts in group positions. This phe-
nomenon is attributed to electrostatic attractions between
the polymer groups and the intercalated inorganic materials.

The alterations in group positions identified through
FTIR analyses provide valuable insights into the dynamic’s
insertion between the organic polymer and inorganic mate-
rials. These interactions are crucial for understanding the
composite’s optical behavior. The shifts in group positions
indicate modifications in bond strengths and configurations
induced by the incorporation of MoO3–MoS3, elucidating the
composite’s structural changes.

This in-depth investigation of the nanocomposite’s
functional groups sheds light on the intricate interplay
between these constituents. Such insights are pivotal for
understanding the composite’s optical behavior and, conse-
quently, enhancing its performance in renewable energy
applications. The observed alterations in the FTIR spectra
serve as a promising avenue for tailoring the nanocomposite’s
properties to optimize its efficiency in applications such as
renewable energy, emphasizing its potential significance in
advancing clean and sustainable energy technologies.

To complement the characterization process, XPS ana-
lyses are presented in Figure 2. The survey spectrum
(Figure 2(a)) captures the main elements – C, O, N, and S
– related to the pristine PA2MB polymer, providing a com-
prehensive overview of its organic composition and asso-
ciated electrical and optical properties. The weak peaks
observed in the XRD analysis for the MoS3 and PA2MB

Figure 1: The estimated (a) XRD and (b) FTIR analyses for the synthesized MoS3–MoO3/PA2MB nanocomposite.

Table 1: FT-IR spectral data of PA2MB, MoS3–MoO3/PA2MB and their
assignments

IR data of
PA2MB (cm−1)

IR data of MoS3–MoO3/
PA2MB (cm−1)

Assignment

3,366 (m) 3,409 (s) υ (adventitious H2O)
3,062 (m),
3,034 (m)

– υ (C–H)

2,812 (m) 2,733 (w) υ s. (S–H)
1,619 (m) 1,622 (s) υ s. (C]N) [19]
1,514 (s) 1,554 (w) δ (N–H)ip.
1,428 (vs) – δ (N–H)rock
1,126 (s) 1,112 (w) δ (C–H)oop [20]
755 (m) 749 (w) δ (N–H)tor.
732 (s) 713 (w) υ as. (C–S–C

endocyclic)
649 (m) 636 (m) υ s. (C–S–C

endocyclic)
593 (w) – υ (S–C–S)

w: weak, m: medium, s: strong, vs: very strong, υ: stretch, δ: deforma-
tion, as.: asymmetric, s.: symmetric, ip.: in-plane, tor.: torsion, and oop:
out-of-plane.
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materials prompted the utilization of XPS for a more
detailed examination.

Figure 2(b)–(d) focuses on the inorganic Mo, O, and S
elements, respectively. The XPS spectra confirm the main
Mo atom in an oxidation state of VI, as evidenced by
doublet peaks corresponding to Mo3d5/2 and Mo3d3/2 in
both oxide and sulfide states. The positions of these orbits
are validated, with Mo3d5/2 peaks at 331.3 and 332.4 eV for
sulfide [21] and oxide states [22], respectively, as depicted
in Figure 2(b). The oxide and sulfide curves in Figure 2(c)
and (d), respectively, are situated at 531 and 163.5 eV, cor-
roborating the distinctive oxidation states.

The XPS analysis thus provides great insights into for
chemical constitution and oxidation states of the inorganic
MoS3–MoO3 components within the PA2MBmatrix. This com-
plements the information obtained from XRD and FTIR ana-
lyses, offering a more comprehensive understanding of the
composite’s structural and chemical properties. The utiliza-
tion of XPS proves to be a promising tool in elucidating the
intricate details of the nanocomposite, enhancing the overall
characterization and paving the way for a nuanced explora-
tion of its electrical and optical features.

In Figure 3, the topographical and morphological char-
acteristics of the synthesized MoS3–MoO3/PA2MB are high-
lighted through 3D analyses employing scanning electron
microscopy (SEM) and theoretical modeling estimations.
The SEM images, as depicted in Figure 3(a) and (b), reveal
a remarkable morphological profile of MoS3–MoO3/PA2MB
under varying magnifications.

From these SEM figures, a distinct and consistent
formation of semi-spherical porous particles is evident,
each measuring approximately 130 nm in size. As the
magnification increases, the porous structure becomes
more apparent, emphasizing the unique features resulting
from the integration of inorganic materials within the
polymer network. This integration creates spaces for mole-
cular contacts, contributing to the formation of a porous
structure within the molecules themselves. Furthermore,
at higher magnifications, the SEM images unveil intricate
details of the porous structure, demonstrating the presence
of voids and interconnected spaces between the formed
particles. This porous nature is a direct consequence of
the inorganic materials being embedded within the polymer
matrix [23].

Figure 2: The chemical estimation of the synthesized MoS3–MoO3/PA2MB using (a) XPS survey, (b) Mo3d, (c) O1s orbit, and (d) S2p orbit.
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The porous structure observed in the synthesizedMoS3–MoO3/
PA2MB is significant, as it not only offers molecular contact points
but also creates substantial voids between the molecules.
This dual characteristic causes the formation of a highly
porous material. The SEM analysis, combined with theore-
tical modeling estimations, provides a great explanation of
the intricate topography and morphology of the composite
material, laying the foundation for a thorough exploration
of its optical properties and potential applications in various
scientific and technological domains.

In Figure 3(c), the theoretical simulation effectively
captures the behavior of the MoS3–MoO3/PA2MB nanocom-
posite. Shiny spots in the simulation represent the pre-
sence of inorganic materials inserted through the polymer
network. The simulation highlights the larger molecules,
indicative of the primary polymer composite, with dimen-
sions of 170 nm in length and 130 nm in width. This simula-
tion visually emphasizes the exceptional characteristics of
the nanocomposite, showcasing shiny spots that signify
active sites where inorganic materials are embedded within
the polymer matrix. These spots create effective traps for
incident photons, illustrating the potential for efficient light

absorption, and form a cooperative system acting as a
source for generating hot electrons.

The trapped photons within these spots serve as active
sites, initiating the charge carriers. This phenomenon con-
tributes to the formation of photocurrent (Jph). The visual
representation of the theoretical simulation underscores the
composite’s ability to efficiently capture and utilize incident
light, demonstrating the intricate interplay between the
inorganic and organic constituents. These findings further
support the nanocomposite’s potential in optoelectronics
and renewable energy use, showcasing its promising
behavior in generating charge carriers for enhanced function-
ality [24]. This distinctive characteristic sets the nanocompo-
site apart from the pristine polymer (Figure 3(d)), which
exhibits the formation of larger, cleaved particles of 350 nm.
This notable distinction in behavior underscores the unique
points of composite formation within the nanocomposite, a
phenomenon not observed in the pristine polymer. The nano-
composite’s ability to form smaller and more defined shiny
spots, as evidenced in the theoretical simulation, contrasts
with the larger cleaved particles observed in the pristine
polymer.

Figure 3: The topographic and morphological of the MoS3–MoO3/PA2MB nanocomposite: (a) SEM at different magnifications for this composite, (c)
theoretical simulation, and (d) SEM of PA2MB.
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The nanocomposite’s capability to create well-defined
points of composite formation is a significant feature,
showcasing its enhanced structural organization and the
incorporation of additional materials. This behavior high-
lights the impact of introducing inorganic components into
the polymer matrix, leading to a more intricate and finely
tuned composite structure. The contrast in particle size
and morphology between the nanocomposite and the pris-
tine polymer emphasizes the influence of the inorganic
materials on the overall composition and structure of the
synthesized material, contributing to its unique character-
istics and potential applications in various scientific and
technological domains.

The MoS3–MoO3/PA2MB composite showcases distinctive
absorbance characteristics, as illustrated in Figure 4(a), with a
broad absorption spectrum extending up to 1,000 nm. This
broad absorption range signifies an enhanced efficiency in
photon absorption. In contrast, the absorption spectrum of
pure PA2MB is primarily limited to the onset of the visible
spectrum. The integration of MoS3-MoO3 with PA2MB leads to
a synergistic enhancement of the optical capabilities of the
resulting nanocomposite.

This enhancement in optical properties is further substan-
tiated by the assessment of bandgap energies for both pristine
PA2MB and the MoS3–MoO3/PA2MB composite. Tauc analysis,
incorporating the absorption coefficient (α), reveals a substan-
tial bandgap energy of 1.6 eV for the MoS3–MoO3/PA2MB
composite, as indicated in Eq. 2 [25,26]. This bandgap energy
determination highlights the composite’s significant potential
for effective light absorption for various photocatalytic appli-
cations (Figure 4(b)). The observed broad absorption spectrum
and lowered bandgap energy underscore the nanocomposite’s
capability to harness a wider range of wavelengths and
efficiently absorb photons, making it a compelling material
for applications in optoelectronics and photocatalysis. The
synergistic effects arising from the integration of MoS3–MoO3

with PA2MB contribute to the unique optical properties exhib-
ited by the composite material, opening avenues for diverse
technological applications:

( )= −αhν A hν Eg
1/2 (2)

The MoS3–MoO3/PA2MB materials, characterized by their
narrow bandgap, exhibit substantial potential in optoelec-
tronic applications. Their physical properties confer heigh-
tened sensitivity to light photons across various energies and
frequencies. This provides great proof for integration into a
diverse range of optoelectronic devices, particularly those
designed for detecting light across extensive wavelengths.

Due to the small bandgap, MoS3–MoO3/PA2MB compo-
sites efficiently absorb photons across a diverse energy

spectrum, enhancing their capability to detect light signals
over a wide spectral range. This characteristic of broad-
spectrum light absorption significantly improves the func-
tionality of optoelectronic devices by providing heightened
sensitivity to a range of light wavelengths. The materials’
enhanced receptivity to various photon frequencies and
energies provides new possibilities for their integration
into advanced optoelectronic structures.

The MoS3–MoO3/PA2MB composites are well-equipped
to meet rigorous light-sensing requirements across different
wavelength conditions, whether the light is visible, ultra-
violet, or infrared. The narrow bandgap of these materials
underscores their substantial compatibility with sophisti-
cated optoelectronic systems. Their proficiency in photon
absorption across an extensive spectrum not only makes
them ideal for complex optoelectronic devices but also sig-
nificantly enhances light-sensing capabilities under various
wavelength scenarios, making these composites suitable for
integration into a wide array of cutting-edge applications.

3.2 MoO3–MoS3/PA2MB photocathode
electrochemical study

The performance of the MoO3–MoS3/PA2MB photocathode
in the water-splitting reaction demonstrates significant
promise, particularly in response to photon illumination.
With a particle size of 130 nm, coupled with remarkable
morphological porous characteristics and a bandgap of
1.6 eV, this photocathode emerges as an optimal candidate
for catalyzing this reaction. These attributes act as attrac-
tors for photons within the porous structure, which is
replete with active sites conducive to the splitting reaction.

The bandgap of 1.6 eV renders the photocathode adept
at absorbing photons across a broad spectrum, including
regions extending into the FTIR range. This broad optical
absorbance efficiency, exceeding 50% concerning sunlight,
underscores its proficiency in harnessing solar energy. Upon
photon absorption, these energy-rich photons induce mul-
tiple electron transitions within the photocathode, leading to
the formation of an extensive electron cloud. This cloud
predominantly accumulates on the inorganic MoO3–MoS3
materials, facilitated by an additional electron transition
occurring within the PA2MB polymer.

The suitability of the MoO3–MoS3/PA2MB photocathode
for the water-splitting reaction is intricately linked to its
structural and compositional characteristics. The porous
nature of the surface offers a multitude of active sites, pro-
moting efficient photon capture and subsequent electron
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transfer processes. Additionally, the bandgap of 1.6 eV
enables the absorption of photons spanning a wide range
of wavelengths, ensuring robust performance across diverse
optical spectra.

The orchestrated interplay between the MoO3–MoS3 and
the PA2MB polymer further enhances the photocathode’s effi-
cacy. As photons impinge upon the photocathode, they trigger
electron transitions within both the inorganic and organic
components. The resulting electron cloud, predominantly loca-
lized on the MoO3–MoS3 materials, signifies the initiation of
the water-splitting. Furthermore, the presence of the PA2MB
polymer not only facilitates electron transfer but also contri-
butes to the stability of this photocathode [27]. Its synergistic
interaction with the inorganic materials ensures efficient
charge separation and prevents undesired charge recombina-
tion, thereby enhancing the photocathode’s durability under
prolonged operation.

The MoO3–MoS3/PA2MB photocathode is constructed
using a combination of metal oxide, metal sulfide, and
polymer materials. This diverse composition enables the
photocathode to exhibit broad optical absorbance across a
wide spectrum. Additionally, the electrical properties of
these materials resemble those of semiconductor mate-
rials, allowing them to effectively respond to incident light.
The network structure formed by the PA2MB polymer
serves a crucial role as a protective coating for the entire
photocathode assembly.

As photons are absorbed by the photocathode, they
induce the formation of electron clouds within the material.
These electron clouds can be likened to a river of electrons
flowing through the photocathode. This accumulation of elec-
trons initiates a cascade of reactions upon contact with the
surrounding seawater. The electrons released from the photo-
cathode react with the water molecules, driving the reduction

reaction of green hydrogen gas. This process is facilitated by
the electron-rich environment created within the photo-
cathode, which promotes efficient electron transfer to the
water molecules.

Overall, the unique combination of materials in the
MoO3–MoS3/PA2MB photocathode enables it to efficiently
harness solar energy and drive the sustainable generation
of hydrogen gas. The protective coating provided by the
PA2MB polymer ensures the durability of the photocathode,
allowing for continuous operation and long-term perfor-
mance in diverse environmental conditions. The production
of green H2 gas is assessed via the electrochemical reaction,
which correlates with the generated Jph value. This value
directly corresponds to the amount of H2 gas produced as
a result of the reduction reaction. The evaluation process
employs the CHI608E instrument within a specially designed
three-electrode cell tailored to the specifics of the laboratory
study. The cell features three necks corresponding to the
three electrodes utilized, with the MoO3–MoS3/PA2MB photo-
cathode serving as the primary electrode. This setup enables
precise measurement and analysis of the electrochemical per-
formance of the photocathode, providing valuable insights
into its efficiency and effectiveness in facilitating the genera-
tion of hydrogen gas. This green H2 gas holds significant
promise due to its high combustion energy and environmen-
tally friendly combustion by-products. Leveraging Red Sea
water as a natural source of electricity offers several advan-
tages, including widespread availability and cost-effective-
ness, thus enhancing the economic viability of this promising
reaction. The inclusion of heavy metals plays a self-sacrificing
role, further facilitating the reaction process. The utilization
of a neutral medium contributes to prolonging the life of the
photoelectrode. Unlike the literature that employs highly
basic or acidic media, such as H2SO4 or NaOH, which not

Figure 4: The optical estimation of the synthesized MoS3–MoO3/PA2MB using (a) optical and (b) bandgap calculations.
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only increase the economic costs associated with the splitting
reaction but also exacerbate the corrosion of the cathode, a
neutral medium offers a more sustainable and cost-effective
alternative. By avoiding the need for expensive and corrosive
chemicals, the overall economic feasibility of the process is
greatly enhanced. Additionally, the neutral medium ensures
the longevity of the photoelectrode by minimizing corrosion,
thereby reducing maintenance costs and increasing opera-
tional efficiency.

The assessment of the fabricated MoO3–MoS3/PA2MB
photocathode under white light, as depicted in Figure 5(a),
involves evaluating its sensitivity based on the H2 moles
generated, represented by the rate of H2 moles, Jph. The
calculated Jph value of −0.7 mA·cm−2 indicates promising
performance, highlighting the high sensitivity of this photo-
cathode in producing hydrogen gas through seawater split-
ting. The Jph value strongly indicates the rate or amount of
the splitting reaction driven by the generated hot electrons.
A high Jph value signifies a substantial production of H2 gas.
One notable advantage of the MoO3-MoS3/PA2MB photo-
cathode is its construction on a cost-effective glass substrate.
This aspect contributes to the overall affordability of the
hydrogen gas produced. The utilization of seawater as a
natural resource, coupled with the inexpensive glass sub-
strate, renders the entire process economically advanta-
geous. The obtained Jph value of −0.7mA·cm−2 illustrates the
significance of this combination of materials in achieving effi-
cient hydrogen gas production. The efficacy of theMoO3–MoS3/
PA2MB photocathode hinges on the sequential collaboration of
its constituent materials. The interaction between MoO3, MoS3,
and PA2MB facilitates electron accumulation, particularly over
the inorganic materials, due to their lower conducting band
levels compared to PA2MB. This electron accumulation results
in the formation of electron clouds with a substantial electric
field encompassing all the materials [24,28]. Furthermore, this
electron accumulation initiates a series of reactions for the
generation of OH radicals, which subsequently react with addi-
tional water molecules to produce H2 gas on the photocathode
surface. Meanwhile, O2 gas is concurrently generated on the
auxiliary electrode.

In essence, the orchestrated interplay between MoO3,
MoS3, and PA2MB, facilitated by the glass substrate, drives
the efficient generation of hydrogen gas from seawater.
This process underscores the potential for sustainable
and cost-effective hydrogen production, positioning the
MoO3-MoS3/PA2MB photocathode as a promising solution
for renewable energy applications.

The sensitivity of the fabricated MoO3–MoS3/PA2MB
photocathode is assessed by observing the chopped on/off
light conditions, as illustrated in Figure 5(b). This experi-
mental setup demonstrates a significant sequential increase

and decrease in the Jph value, corresponding to the modula-
tion of light exposure. The observed behavior elucidates
the correlation between light intensity and the generation
rate of H2 gas, with an increase during illumination and
a decrease in the absence of light. The phenomenon of
sequential changes in Jph values under light conditions is
indicative of the formation of hot electrons. These hot elec-
trons are generated as a result of the activation of active
sites on the photocathode surface by incident photons pos-
sessing various kinetic energies. The interaction between
light and the photocathode material triggers a cascade of
events leading to the liberation of electrons, subsequently
contributing to the enhanced generation of H2 gas. The role
of the PA2MB polymer in this context is particularly pro-
mising. Beyond its function as a component of the photo-
cathodematerial, PA2MB exhibits photoactivity and serves a
protective role. This appeared in the sequential changes in
Jph values in response to the on/off chopped light conditions.
The PA2MB polymer not only participates in the photoche-
mical processes involved in hydrogen generation but also
acts as a shield, safeguarding the active sites and preserving
their functionality. Overall, the integration of MoO3, MoS3,
and PA2MB in the photocathode assembly, coupled with the
modulation of light exposure, highlights the intricate inter-
play between materials and external stimuli in driving effi-
cient hydrogen production. The role of PA2MB as both a
photoactive component and a protective barrier under-
scores its significance in enhancing the sensitivity and per-
formance of the fabricated photocathode system.

The sensitivity of the MoO3–MoS3/PA2MB photocathode
to incident photons and its potential for hydrogen gas gen-
eration is further explored by investigating the effect of
photon energy (Figure 6(a)). The evaluated Jph values vary
depending on thephoton energy, indicating a correlationbetween
photon energy and photocurrent generation. Figure 6(b) demon-
strates a decrease in Jph from −0.53 to −0.43mA·cm−2, as the
photon energies decrease from 3.6 to 1.7 eV, respectively.

Considering the estimated bandgap value of 1.6 eV for
the MoO3–MoS3/PA2MB photocathode, all incident photons
possess energies sufficient for generating photocarriers.
Additionally, photons with energies exceeding the bandgap
contribute excess energy, which manifests as kinetic energy,
further motivating the generated electrons. This results in
an increase in kinetic energy as photon energy ranges from
1.7 to 3.6 eV. The hot electrons generated as a result of
photon absorption serve as initiators for the splitting reac-
tion by interacting with water molecules. These hot elec-
trons have a great role in catalyzing the reaction, driving
the production of hydrogen gas [29].

To estimate the energies of these hot electrons, the
general equation E = hv is utilized, where E represents
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Figure 5: Response of the fabricated MoO3–MoS3/PA2MB photocathode under (a) white light and (b) chopped white light.

Figure 6: Response of the fabricated MoO3–MoS3/PA2MB photocathode under (a) various wavelengths and (b) the evaluated photon energy.

Figure 7: The estimated (a) mechanism and (b) H2 moles with time on the fabricated MoO3–MoS3/PA2MB photocathode for the H2 gas generation.
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energy and v is the photon frequency [30]. Since energy (E)
is directly proportional to frequency (v), the energy of hot
electrons can be estimated for the frequency of incident
light. The determination of hot electron energies provides
insights into their catalytic potential and their ability to
facilitate the splitting of water molecules [31]. By harnessing
photons with appropriate energies, the MoO3–MoS3/PA2MB
photocathode demonstrates its versatility in efficiently gen-
erating hydrogen gas. Utilizing the Faraday equation (Eq. 1),
the evolution of H2 gas from the MoO3–MoS3/PA2MB photo-
cathode is estimated, as depicted in Figure 7. This equation
leverages the relationship between electrolysis and the
Faraday constant (96,500 C), yielding a promising estimation
of 6.0 μmol/10 cm·h−1 for H2 gas generation. Supported on a
glass substrate, this photocathode offers significant advan-
tages for mass production and easy fabrication, enhancing
its suitability for industrial applications. Particularly note-
worthy is its compatibility with Red Sea water, a readily
available natural source. These technical and commercial
advantages position the MoO3–MoS3/PA2MB photocathode
as a compelling option for widespread adoption. The step-
wise electron flow through the upper levels of this photo-
cathode leads to charge accumulation on the MoS3, which is
then transferred to water, facilitating further splitting and
hydrogen gas generation. Meanwhile, the holes move in the
opposite direction, accumulating positive charges to coun-
terbalance the reduction in negative charges. This sequen-
tial process is illustrated in Figure 7(a). The heavy metals
present in seawater play a significant role in hydrogen gas
production by enhancingmobility, which drives the splitting
reaction through the formation of OH radicals. In Table 2,
the efficiency of this photocathode is compared with other
electrodes from the existing literature. This comparative
analysis provides valuable insights into its performance
relative to alternative technologies, further highlighting its
potential as a leading candidate for hydrogen generation appli-
cations. From this table, the fabricated MoO3–MoS3/PA2MB
photocathode estimates the optimum Jph of 0.7mA·cm−2, which
is much greater than any other previous literature, and then
the rate of the H2 gas is much greater.

4 Conclusions

This study focuses on generating environmentally friendly
hydrogen gas from Red Sea water by developing a novel
photocathode made from MoS3–MoO3/PA2MB. The newly
fabricated photocathode demonstrates excellent perfor-
mance, achieving a current density of −0.7 mA·cm−² and
producing hydrogen gas at a rate of 6.0 μmol per 10 cm²
per hour. Its effectiveness is further supported by its favor-
able morphological features, including semi-spherical struc-
tures sized at 130 × 170 nm. The photocathode was subjected
to extensive testing under various optical conditions, with
photon energies and frequencies ranging from 3.6 to 1.7 eV.
These tests revealed the photocathode’s ability to adapt to
different optical environments, making it highly versatile
for hydrogen gas production. As photon energies decreased
from 3.6 to 1.7 eV, the photocurrent density (Jph) correspond-
ingly reduced from −0.53 to −0.43mA·cm−², demonstrating
the photocathode’s capability to harness light energy effi-
ciently across a range of energy levels. The successful synth-
esis of the MoS3–MoO3/PA2MB photocathode represents a
significant step forward in the direct conversion of seawater
into hydrogen gas, opening new possibilities for commercial
applications. This technology is particularly promising
for use in remote areas and economically disadvantaged
regions, where access to traditional energy sources is often
limited. The adaptability and effectiveness of the photocathode
under varying optical conditions make it an ideal solution for
hydrogen gas production in a wide range of environments.
This advancement holds great potential for contributing to
renewable energy solutions, offering a sustainable and effi-
cient method of producing hydrogen gas directly from sea-
water, with broad applications for global energy needs.
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Table 2: Estimated H2 moles with time on the fabricated MoO3–MoS3/
PA2MB photocathode relative to the other literature related to our lab

Photoelectrode Electrolyte Jph (mA·cm−2)

As2O3-poly(1H-pyrrole) [32] Red Sea water 0.15
Polypyrrole/NiO [33] Wastewater 0.1
Polypyrrole/graphene oxide [34] Wastewater 0.11
ANI/Ag2O/Ag [35] Wastewater 0.012
PMT/roll-GO [36] Sewage water 0.09
MoO3–MoS3/PA2MB (this work) Red Sea water 0.7
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