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Abstract: The direct conversion of seawater into hydrogen
fuel represents a promising advancement in the pursuit of
sustainable and renewable energy sources. In this study, we
report the fabrication and characterization of a novel arsenic
oxoiodide/poly(2-aminobenzene-1-thiol) (AsOI/P2ABT) nano-
composite photocathode with a distinctive sponge-like mor-
phology. The composite exhibits hierarchical porosity with
pore sizes ranging from ∼50 to 700 nm, along with a granu-
lated surface uniformly decorated with ∼20 nm nanoparticles
with a promising bandgap of 2.76 eV. The AsOI/P2ABT photo-
cathode demonstrates significant potential for industrial-scale
hydrogen generation by employing both natural and artificial
seawater in a three-electrode photoelectrochemical cell. The
system achieved hydrogen evolution rates of approximately
4.2 and 4.0 μmol/h cm² for artificial and natural seawater,
respectively. Under full-spectrum white light illumination,
the current densities in light (Jph) reached −0.103 and
−0.105mA/cm², indicating comparable performance between
the two electrolytes. These findings highlight the practicality
of using natural seawater as a low-cost, abundant, and envir-
onmentally benign electrolyte. The study underscores the
viability of the AsOI/P2ABT photocathode for direct sea-
water-to-hydrogen conversion, offering a scalable and eco-
friendly approach to renewable hydrogen fuel production.
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1 Introduction

The growing global demand for sustainable and efficient
energy solutions has intensified research into renewable
energy sources. Replacing traditional fossil fuels is
becoming increasingly urgent due to their severe environ-
mental impacts, including the emission of SOX, COX, and
NOX gases, which contribute to global warming, air pollu-
tion, and ecological degradation [1,2]. A transition to clean
energy is essential to mitigate these harmful effects and
support long-term environmental sustainability [3].

Among the various renewable options, solar energy stands
out as one of the most promising due to its abundance, versa-
tility, and adaptability across different applications. In recent
decades, solar-driven photocatalysis has emerged as a powerful
method for generating hydrogen gas (H2) – a clean, high-energy
fuel withwide-ranging applications in industrial processes, resi-
dential energy systems, and transportation [4,5]. Photocatalytic
hydrogen generation involves splitting water molecules into
hydrogen and oxygen using solar irradiation, and significant
progress has been made in enhancing the efficiency of this
process by developing novel photocatalytic materials [6].

One of the most effective strategies for improving photo-
catalyst performance is to engineer nanostructuredmaterials,
such as core–shell architectures, nanowires, and porous fra-
meworks. These designs increase the surface area, promote
charge separation, and enhance light absorption and reaction
kinetics [7,8]. However, despite extensive research, only a
limited number of materials meet the essential requirements
for efficient hydrogen evolution – namely, strong light
absorption, thermal stability, and appropriate bandgap
energy for electron excitation and mobility [9,10].

To overcome these limitations, researchers have
explored conductive and conjugated polymers as
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alternative materials for photocatalysis. These polymers
offer several advantages, including simple synthesis
routes, cost-effectiveness, and high electrochemical con-
ductivity [11]. Among them, conjugated polymers are espe-
cially promising due to their extended π-electron systems,
which allow for broader light absorption and improved
charge transport. Earlier studies have shown that compo-
sites like polyaniline (PANI)/PbS and PANI/graphene oxide
exhibit photocatalytic activity, although their hydrogen
generation efficiency remains modest [12,13]. This has
driven further innovation in hybrid systems that combine
polymers with metal oxides or other inorganic materials.

A particularly promising direction involves the devel-
opment of polymer–metal oxide nanocomposites, which
exhibit synergistic properties ideal for photocatalytic
applications. These hybrids often possess optimized
bandgap energies (∼1.2 eV) suitable for solar-driven water
splitting. However, the photocatalytic performance of such
systems is heavily influenced by the choice of electrolyte,
as it affects both the photocurrent density and electrode
stability. Common electrolytes like NaBH4, NH4OH, H2SO4,
and KOH are effective but can accelerate corrosion and
limit the operational lifespan of the photocathode
[14–16]. Furthermore, their reliance on freshwater raises
sustainability concerns.

To address these challenges, there is growing interest
in identifying alternative electrolytes that are not only
effective but also environmentally benign and aligned
with the principles of green chemistry. Seawater, both nat-
ural and artificial, has emerged as a promising candidate
due to its abundance and suitability for large-scale applica-
tions, provided the electrode materials are stable and effi-
cient under such conditions [17,18].

The present study introduces a novel AsOI/P2ABT
nanocomposite as a high-performance photocathode for
hydrogen generation from natural and artificial seawater.
The composite is synthesized through a two-step process
involving the oxidative polymerization of 2-aminobenzene-
1-thiol (P2ABT), followed by its reaction with sodium meta-
arsenite (NaAsO₂) to incorporate arsenic oxide (AsOI). The
resulting sponge-like nanostructure provides a high sur-
face area and facilitates efficient light absorption and
charge transfer.

AsOI contributes to the composite by modifying the
optical and electronic properties of the polymer matrix.
Its incorporation leads to enhanced light-harvesting cap-
abilities and improved electron–hole separation due to
favorable band alignment. P2ABT, a conjugated polymer,
offers excellent conductivity, chemical stability, and func-
tional groups that interact effectively with metal oxides,
making it an ideal host for AsOI integration. Together,

these materials form a synergistic system capable of
driving efficient hydrogen evolution.

Comprehensive characterization techniques, including
SEM, TEM, cross-sectional imaging, and spectroscopic
analysis, confirm the successful formation of the nanocom-
posite and elucidate its morphology, crystallinity, and che-
mical bonding. Photoelectrochemical performance was
evaluated in a three-electrode system, using both natural
and artificial seawater as electrolytes. The composite
demonstrated comparable hydrogen generation and
photocurrent densities in both cases, highlighting its poten-
tial for scalable and sustainable green hydrogen produc-
tion. This study not only validates the performance of the
AsOI/P2ABT nanocomposite but also emphasizes the feasi-
bility of using natural seawater as an eco-friendly and cost-
effective electrolyte for future energy applications.

2 Materials and methods

2.1 Materials

Sodium arsenite (NaAsO2, 99.9%, Pio-Chem), 2-aminoben-
zene-1-thiol (99.9%, Merck, Germany), iodine (I2, 99.9%,
Pio-Chem), potassium iodide (KI, 99.9%, Pio-Chem), hydro-
chloric acid (36%, Merck, Germany), ammonium persulfate
((NH4)2S2O8, 99.9%; Pio-Chem), and acetic acid (CH3COOH,
99.9%, El-Nasr, Egypt) were used.

2.2 Preparation of the AsOI/P2ABT
nanocomposite

To prepare the AsOI/P2ABT nanocomposite, the 2-amino-
benzene-1-thiol monomer undergoes direct oxidation using
iodine dissolved in potassium iodide as the oxidant. This
reaction is performed with a molar ratio of 1:2.5, where the
monomer concentration is set at 0.06 M. Acetic acid serves
as the acidic medium for dispersing the monomer. The
reaction occurs at room temperature and continues for
over 24 h, during which polymerization is completed.
Simultaneously, AsOI is incorporated into the P2ABT
polymer matrix. The coordination bonds between AsOI
and the polymer signify the successful synthesis of this
thin film nanocomposite, which deposits on a glass slide.

Additionally, the pristine P2ABT polymer synthesis fol-
lows similar steps, with the 2-aminobenzene-1-thiol
monomer directly oxidized using (NH₄)₂S₂O₈ in an HCl
medium.
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2.3 Green hydrogen generation with the
AsOI/P2ABT nanocomposite
photocathode

The AsOI/P2ABT nanocomposite photocathode is tested for
H₂ production from Red Sea water as an electrolyte. It is
considered a sustainable, available, and low-cost electro-
lyte source, containing natural ions like sodium (Na), mag-
nesium (Mg), and calcium (Ca), which act as self-sacrificing
agents in the process. A synthetic seawater solution with a
similar composition is prepared to investigate these ions’
influence. This enables a detailed evaluation of how the
specific ions and anions affect hydrogen generation. The
solution contains NaCl (38.3 g/l), CaCl₂ (2.4 g/l), MgCl₂ (19.0 g/l),
Na₂SO₄ (5.2 g/l), and KHCO₃ (0.2 g/l) [19].

In the assembled cell, the AsOI/P2ABT photocathode is
utilized as the working electrode, where the reduction pro-
cess occurs, and the current density (Jph) is measured as an
indicator of hydrogen gas generation at this photocathode.
This reduction releases electrons, which are quantified
using a CHI608E workstation. Faraday’s law is then
applied, as shown in equation (1) [20]. The hydrogen gen-
erated is calculated by measuring the baseline dark cur-
rent (Jo).

A metal halide vacuum tube with a 400W white light
source illuminates the system to facilitate this measure-
ment. The light intensity is modulated using optical filters,
producing photon energies of 3.6, 2.8, 2.3, and 1.7 eV. These
variations in light intensity allow for precise control over
the illumination conditions. This experimental setup effec-
tively evaluates the photocathode sensitivity to photons,
which is critical for efficient and rapid H2 gas. The three-
electrode setup is estimated in Figure S1.

∫= J t FH mole . d / .

t

2

0

ph
(1)

3 Results and discussion

3.1 Physicochemical characterization

The FTIR data of the synthesized AsOI/P2ABT nanocompo-
site provide strong evidence of AsOI incorporation into the
P2ABT network, supporting the formation of this compo-
site, as shown in Figure 1(a). This integration plays a key
role in the vibrational bending behavior observed,
affecting both bending vibrations and spatial configuration
within the composite. The shifts in FTIR band intensity and
position effectively indicate this incorporation.

The ring structure of P2ABT displays various functional
groups identified by FTIR spectroscopy at specific wavenum-
bers: 1,039, 1,126, 1,221, 1,310, 1,514, and 1,619 cm⁻¹. These peaks
shift in the composite, appearing at 1,098, 1,297, 1,391, 1,459,
and 1,592 cm⁻¹, which confirms structural interaction.
Additional external groups, such as N–H and S–H, appear
at 3,366 cm⁻¹ in pristine P2ABT and shift to 3,434 cm⁻¹ in the
AsOI/P2ABT composite.

Similarly, the out-of-plane C–H bending is seen at 875 and
755 cm⁻¹ in the pristine polymer and shifts to 875 and 805 cm⁻¹ in
the composite. The observed variations in the peak positions and
intensities confirm the successful integration of AsOI into the
P2ABT structure, supporting the formation of the nanocompo-
site. Specifically, the shift of the P2ABT band from 600 to
694 cm⁻¹ in the composite, along with the appearance of a
new broad band at 558 cm⁻¹, indicates strong interactions
between AsOI and the functional groups of P2ABT (Table 1).

Figure 1: The chemical structure of the AsOI/P2ABT nanocomposite based on (a) FTIR spectra and (b) XRD patterns.
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The crystalline properties of the synthesized AsOI/
P2ABT nanocomposite were characterized using XRD ana-
lysis, revealing distinct peaks at various positions, as
shown in Figure 1(b). These peaks highlight the crystalli-
nity of the composite, which is enhanced by incorporating
AsOI into the P2ABT matrix. Twelve peaks appear at 13.8°,
15.0°, 20.6°, 21.5°, 24.2°, 25.8°, 31.6°, 36.0°, 41.1°, 43.6°, 45.0°,
and 48.7°, corresponding to the crystallographic planes
(103), (111), (104), (115), (042), (310), (222), (226), (511), (257),
(440), and (363), as indexed in the JCPDS card 23-1519 [23],
and confirm the successful integration of AsOI within the
P2ABT structure, forming a stable crystalline AsOI/P2ABT
composite.

Additionally, nine peaks between 11.3° and 30.6° are
characteristic of the P2ABT component, reflecting its crys-
talline structure and contribution to the composite. In con-
trast, the pristine P2ABT alone shows peaks only between
24.6° and 30.5°, indicating a more limited crystalline range
compared to the composite. This increase in crystalline
peaks and broad range in the AsOI/P2ABT composite
demonstrates an improvement in crystallinity due to
AsOI incorporation, with coordination bonds forming
throughout the polymer chains.

The AsOI material also improves the composite’s
optical properties, improving its performance for photon
capture within its internal layers. This heightened crystal-
linity and light-trapping ability make the AsOI/P2ABT com-
posite suitable for photocatalytic applications, especially in
green hydrogen production. Thus, the enhanced crystalline
structure supports the composite’s potential applications
in various sustainable energy solutions, where efficient
light absorption and photocatalytic activity are key for
maximizing performance.

The AsOI/P2ABT nanocomposite structure is thor-
oughly examined through XPS analysis to determine the
oxidation states of the inorganic components integrated
within the composite, as shown in Figure 2. This analysis
also enabled the identification of key elements in the pris-
tine P2ABT polymer. In the survey spectrum in Figure 2(a),

distinct peaks are observed for nitrogen (N) at 400 eV, asso-
ciated with specific N transitions in the organic P2ABT, and
for carbon (C) at 285.8 eV, confirming the C-related transi-
tions. Also, sulfur (S) is identified with a peak at 162.8 eV, as
shown in Figure 2(d). These signals validate the presence of
organic elements in P2ABT, forming part of the composite
structure.

The inorganic component of the composite, which
includes arsenic (As) and iodine (I) in combination with
oxygen (O), is also clearly verified through XPS. Oxygen,
for example, is identified by its characteristic peak at
532 eV, as shown in Figure 2(a). Arsenic is present in two
distinct transitions, As3d5/2 and As3d7/2, which appear at
binding energies of 42.9 and 44.5 eV, respectively, pro-
viding evidence of the As oxidation state and bonding
environment. Figure 2(c) further confirms the presence
of iodine, with I3d5/2 and I3d3/2 transitions visible at 618.4
and 629.9 eV, respectively [24]. Together, these As and I
signals indicate the formation of the AsOI compound,
which is embedded within the P2ABT matrix.

The presence of these elements – N, C, S from the
P2ABT and As, I, O from the AsOI – along with their corre-
sponding oxidation states, supports the conclusion that
AsOI is successfully integrated into the P2ABT network.
This integration likely occurs through coordination bonds,
resulting in a stable AsOI/P2ABT nanocomposite structure.
The detailed XPS analysis provides chemical bonds and
confirms the successful formation of the composite, with
each element contributing to the composite’s overall stabi-
lity and potential functional applications.

The photocatalytic efficiency of the AsOI/P2ABT nano-
composite is rooted in its exceptional ability to absorb a sub-
stantial amount of incident photons. This characteristic is
evident from the absorbance curve depicted in Figure 3(a),
which highlights notable differences in photon absorption
behavior between pristine P2ABT and the AsOI/P2ABT
nanocomposite.

In pristine P2ABT, the absorption spectrum exhibits a
narrower, sharper peak in the UV-Vis region, extending up
to 430 nm, accompanied by an additional peak in the
visible (Vis) region reaching 640 nm. Conversely, due to a
small, broad peak in the Vis region, the AsOI/P2ABT nano-
composite demonstrates a significantly broader absorption
range, from 280 nm to approximately 500 nm and further
to 680 nm. These peaks arise from electron transitions
through the π–π* interaction [25]. The enhanced absorp-
tion capacity of the nanocomposite, covering over 50% of
the solar spectrum, is highly promising for advancing its
role in various optical and photocatalytic applications. This
curve indicates that the composite exhibits significant
absorption primarily in the UV–Vis region, while its

Table 1: FTIR band positions of the AsOI/P2ABT composite and pristine
P2ABT polymer

Function group Group position (cm−1)

AsOI/P2ABT P2ABT

N–H and S–H [21] 3,434 3,366
P2ABT ring [22] 1,592, 1,459, 1,391,

1,297, and 1098
1,619, 1,514, 1,310, 1,221,
1,126, and 1,039

C–H out 875 and 805 875 and 755
As–O–I 558 —
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absorbance in the infrared (IR) range is minimal. This sug-
gests that the material interacts with IR radiation mainly
through bond vibrational modes, rather than electronic
transitions. To further evaluate the optical properties of
these materials, the Tauc equation (2) [26,27] is used. This
approach utilizes the absorbance coefficient and the gen-
eral absorbance (A) across the UV–Vis and Vis regions to
estimate the optical bandgap (Eg). The analysis revealed Eg

values of 3.15 eV for the pristine P2ABT polymer and 2.76 eV for
the AsOI/P2ABT nanocomposite. The reduced bandgap in the
composite indicates improved optical performance attributed
to the integration of AsOI within the P2ABT polymer matrix.
This enhancement underscores the potential of the AsOI/
P2ABT nanocomposite as an efficient material for photocatalytic
and other optoelectronic applications, benefiting from its
superior light absorption and tailored electronic properties.

Figure 2: XPS analysis of the synthesized AsOI/P2ABT nanocomposite showing (a) the overall survey scan, (b) arsenic, (c) iodine, and (d) sulfur
elements.

Figure 3: Comparative optical properties of the synthesized AsOI/P2ABT nanocomposite and the pristine P2ABT polymer: (a) the absorption spectrum
and (b) the corresponding bandgap values.
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The AsOI/P2ABT nanocomposite exhibits a close rela-
tionship between its morphological and optical properties,
making it essential to analyze its structure for a deeper
understanding of its functionality. The morphological char-
acteristics are examined using SEM for a detailed 3D per-
spective, as shown in Figure 4(a) and (b) under varying
magnifications. The AsOI/P2ABT nanocomposite exhibits
a sponge-like morphology characterized by pores with a
diameter of about ∼ 50–700 nm, separated by a granulated
surface coated with nanoparticles of ∼20 nm. This rough
and porous structure significantly enhances the active sur-
face area, making it highly beneficial for photocatalysis
and hydrogen gas (H₂) generation. The surface roughness
is attributed to small granules distributed on the sponge-
like framework and pores within the structure.

Further insights were gained from TEM imaging,
which confirmed the homogeneous integration of mate-
rials in the nanocomposite. The dark regions observed in
the TEM images correspond to the AsOI material

embedded within the P2ABT matrix, indicating a seamless
blend of components (Figure 4(c)). The cross-sectional mor-
phology of the nanocomposite was also analyzed, with the-
oretical calculations based on the SEM images estimating
an average granule size of 20 nm. Additionally, nanoscale
pores were observed to be uniformly dispersed between
the particles, further enhancing their functional properties
(Figure 4(d)).

In comparison, the SEM analysis of the pristine P2ABT
polymer (Figure 4(e)) revealed a distinct morphology com-
prising large, clefted spherical particles. Theoretical mod-
eling (Figure 4(f)) confirmed this formation, highlighting
the absence of nanoscale particles or the porous structure
seen in the composite. This is performed using the simula-
tion program, Gwyddion, which processes real SEM images
to provide enhanced clarity, including a 3D cross-sectional
view. The pristine P2ABT lacks the enhanced surface fea-
tures in the nanocomposite, which are critical for its
improved photocatalytic performance. These findings
underscore the transformative impact of AsOI integration
on the morphology and functionality of the P2ABT

Figure 4: Morphological analysis of the AsOI/P2ABT nanocomposite using (a) and (b) SEM at different magnifications, (c) TEM for material blending,
and (d) cross-sectional roughness. Additionally, (e) SEM and (f) cross-section of the pristine P2ABT polymer are presented for comparison.
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polymer. The particle distribution of the AsOI/P2ABT nano-
composite and the P2ABT particles is shown in Figure S2(a)
and (b), respectively. This analysis reveals that the compo-
site exhibits a narrower distribution range compared to
the P2ABT alone.

3.2 Green hydrogen (H₂) generation from
natural or artificial seawater using the
AsOI/P2ABT photocathode

The AsOI/P2ABT photocathode demonstrates significant
potential for green hydrogen (H₂) generation under full-
spectrum white light and distinct monochromatic lights.
This innovative process involves an electrochemical cell,
where the AsOI/P2ABT photocathode facilitates the reduc-
tion reaction necessary for H₂ production. The system uses
natural Red Sea water (electrolyte), a highly sustainable
and cost-effective resource. Utilizing seawater reduces
dependence on freshwater and opens avenues for indus-
trial-scale hydrogen generation through economical and
eco-friendly methods.

In addition to its economic advantages, natural sea-
water offers a technical edge by providing ionic species
that enhance charge mobility. These ions contribute to
the OH radicals’ provision, producing hydrogen gas. To
ensure the ions in seawater function solely as sacrificial
agents without contributing to undesired side reactions,
the system was tested with artificial seawater. This artifi-
cial medium replicates the chemical composition of nat-
ural seawater but excludes heavy metals. Testing under
these conditions confirms that the photocathode operates
efficiently for water splitting without interference from
heavy metal reduction processes.

The AsOI/P2ABT photocathode’s performance is rooted
in its chemical and physical properties. The photocathode
is a composite of inorganic arsenic AsOI and the P2ABT
polymer, interconnected chemically to form a robust net-
work. This structure supports a synergistic coordination
mechanism that enhances the material’s semiconductor
behavior. The composite facilitates efficient charge
transfer, with photogenerated charge carriers (electron–
hole pairs) separating effectively: electrons accumulate
on the surface of AsOI, while holes concentrate on
P2ABT. This separation creates a potential gradient and
an electric field that spans the semiconductor, driving
the water-splitting reaction [28–30].

Additionally, the polymer matrix of P2ABT provides
remarkable chemical corrosion resistance. This property
ensures the longevity of the photocathode and protects

the external surface when AsOI is embedded within the
polymer. This durability is crucial for practical applica-
tions, particularly under prolonged exposure to challen-
ging electrolytic environments like seawater.

The photocathode’s performance was evaluated under
two electrolytes: natural Red Sea water and equivalent
artificial seawater. These tests were conducted under
both white light and dark conditions. The results, illu-
strated in Figure 5, show minimal differences in the photo-
cathode’s performance between the two electrolytes.
The dark current density (J₀) values were −0.029 and
−0.032 mA/cm² for natural and artificial seawater, respec-
tively, while Jph values were −0.103 and −0.105 mA/cm².
These results indicate that the absence of heavy metals
in artificial seawater does not significantly affect the
water-splitting process, and seawater ions primarily facil-
itate hydrogen generation. The Jph value of this promising
AsOI/P2ABT composite with an unusual electrolyte is
greater than those reported in the literature for TiN–TiO2

or CuO–C/TiO2 [31]. The AsOI/P2ABT photocathode demon-
strates excellent potential for sustainable hydrogen pro-
duction. Its efficient charge transfer, corrosion resistance,
and compatibility with natural seawater make it a pro-
mising pave the way toward eco-friendly and cost-effective
green energy solutions.

The estimated bandgap value of 2.76 eV is a critical
factor for assessing the light-responsive behavior of the
AsOI/P2ABT nanocomposite. This parameter influences
the material’s performance under varying light sources,
as indicated by the corresponding variation in the pro-
duced current (Figure 6). The variation in responsivity
stems from the differing energies of photons interacting
with the composite material, leading to energy splitting.
The AsOI/P2ABT nanocomposite exhibits distinct responses

Figure 5: The electrochemical performance of the AsOI/P2ABT photo-
cathode evaluated under different electrolyte solutions, comparing nat-
ural seawater and artificial seawater.
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to these photons, as reflected in the evaluated photocur-
rent density values.

Photon wavelengths of 440 and 340 nm, with energy
values exceeding the bandgap, demonstrate a marked dif-
ference in behavior compared to 730 and 540 nm, which
possess lower energy levels. This distinction is evident in
Figure 6(a), where the Jph values under 340 and 440 nm
illumination are estimated to be −0.08 and −0.072mA/cm²,
respectively. Conversely, under 540 and 730 nm illumination,
the Jph decreased to −0.053 and −0.05mA/cm². These results
are summarized in Figure 6(b), offering a clear visualization
of the variations in the photocurrent density across different
wavelengths.

This behavior highlights the fabricated AsOI/P2ABT
photocathode’s optimal performance for splitting Red Sea
seawater in UV and the initial Vis light regions. These two
spectral regions possess sufficient photon energies to excite
the composite material, initiating significant electron gen-
eration. The excited photons create a “cloud” of hot elec-
trons that populate the external energy levels of the com-
posite, forming a robust electric field around the material
[32,33]. This electric field efficiently transfers electrons to

the adjacent seawater, driving the water splitting and
enabling the generation of hydrogen gas.

This process involves the interaction of photons within
the UV and visible light ranges with the AsOI/P2ABT nano-
composite, which absorbs the incoming energy. This
absorption excites electrons, pushing them to higher
energy states, thereby creating a significant electric poten-
tial. The robust electric field generated by this process
effectively directs the flow of hot electrons toward the sea-
water interface. At this interface, the electrons participate
in water’s electrochemical splitting and hydrogen gas
liberation.

This process is estimated by the movement of charge
carriers in the AsOI/P2ABT photocathode that follows a
distinct pattern. P2ABT has a lowest unoccupied molecular
orbital (LUMO) at −2.4 eV [34]. These energy levels make
P2ABT a suitable hole transport material (HTM) and an
electron donor upon illumination. On the other hand,
arsenic oxoiodide (AsOI), a hybrid oxide/iodide material,
functions primarily as the photoabsorber and electron
transport material. While the CB position of AsOI is around
−5.1 eV, the total bandgap of this composite is 2.76 eV, as

Figure 6: The performance of the fabricated AsOI/P2ABT photocathode under various monochromatic light sources: (a) potential versus current-
density relationship and (b) the corresponding current density values at −0.9 V displayed in a bar chart. (c) The mechanism of electron and hole
transfer within the system, and (d) the amount of H2 gas produced by the AsOI/P2ABT photocathode during seawater splitting.
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shown in Figure 3(b). Holes predominantly migrate toward
the P2ABT material, accumulating on its surface, while
electrons are transferred in the opposite direction. This
dynamic charge separation and transport process is
visually depicted in Figure 6(c). Such behavior is crucial
for the photocathode’s functionality, ensuring effective
charge utilization during the water-splitting reaction.

Furthermore, the photocathode’s hydrogen gas pro-
duction rate was calculated to be approximately 4.2 and
4.0 μmol/h cm² using the artificial and natural seawater, as
shown in Figure 6(d). This estimation is derived using Fara-
day’s law (equation (1)), which correlates the charge
transfer with the amount of H2 generated. This production
rate is notably promising compared to recent studies invol-
ving similar materials. For instance, photocathodes based
on composites like polypyrrole/NiOX [35], polypyrrole/gra-
phene oxide [36], and poly(m-toluidine)/roll-GO [37] typi-
cally achieve H2 generation rates of around 2.0 μmol/h cm².

The observed differences in the photocurrent density
between wavelengths indicate the composite’s selective
light absorption and its ability to harness energy efficiently
within specific spectral ranges. The higher Jph values under
UV and short-wavelength visible light suggest that the
AsOI/P2ABT photocathode is well-suited for applications
requiring high energy input, such as hydrogen generation
through seawater splitting. This characteristic underscores
the composite’s potential for renewable energy applica-
tions, offering an effective means of utilizing solar energy
for sustainable hydrogen production with a promising
behavior as evaluated in Table 2. In addition, to further
evaluate H₂ gas generation over an extended period
(3,650 s), the performance of the AsOI/P2ABT photocathode

in producing hydrogen gas from both natural and artificial
seawater over a longer duration was assessed (Figure S3).

The photocathodic behavior of pristine P2ABT is illu-
strated in Figure S4, where its performance was assessed in
natural seawater. The measured Jph was relatively low,
approximately –0.03 mA cm⁻². This modest value reflects
the limited photoresponse of P2ABT when used alone,
without any enhancement in the AsOI component. The
absence of AsOI, which plays a crucial role in charge
separation and light absorption, significantly reduces the
overall efficiency of the photocathode. These findings
emphasize the importance of incorporating AsOI to
improve the photocatalytic activity and validate the syner-
gistic effect observed in the composite structure.

The EIS analysis of the AsOI/P2ABT photocathode in
natural seawater is illustrated in the Nyquist plot (Figure
S5). The plot exhibits a semicircular region followed by a
steep increase at higher impedance values. The semicircle
corresponds to the charge transfer process at the photo-
cathode–electrolyte interface, and its diameter reflects the
charge transfer resistance (RCT) of 80 Ω. The moderate size
of this semicircle indicates that the AsOI/P2ABT composite
enables relatively efficient charge transfer, which is essen-
tial for photocatalytic hydrogen evolution. The sharp
increase at higher Z′ values suggests the presence of
Warburg impedance, typically associated with ion diffu-
sion limitations in the electrolyte. Overall, the EIS profile
confirms the effective photoelectrochemical behavior of
the AsOI/P2ABT electrode in seawater, supporting its
potential use in green hydrogen production applications.

4 Conclusions

This study demonstrates the fabrication of an AsOI/P2ABT
nanocomposite photocathode with a sponge-like mor-
phology. The composite exhibits a bandgap of 2.76 eV,
enabling effective light absorption in the UV and initial
visible regions. The material features pores ranging from
approximately 50 to 700 nm, with a granulated surface
covered by nanoparticles of around 20 nm in diameter.
The crystallite structure, metal oxidation, and groups of
the synthesized material are thoroughly analyzed using
various characterization techniques.

Hydrogen generation was successfully achieved using
both natural and artificial seawater in a three-electrode
cell system, producing approximately 4.2 μmol/h cm² of
H2 gas from artificial seawater and 4.0 μmol/h cm² from
natural seawater. Under full white light illumination, the
evaluated Jph values were −0.103 mA/cm² for artificial

Table 2: Performance of the AsOI/P2ABT photocathode in seawater
splitting compared to other studies

Photoelectrode Electrolyte Jph
(mA/cm2)

Poly(m‐aminobenzoic acid) [38] H2SO4 0.08
CuO/TiO2 [31] Glycerol 0.012
Polypyrrole/NiO [35] Sewage water 0.09
Cr2O3−Cr(OH)3/poly-2-
chloroaniline [39]

Seawater 0.02

ZnO [40] Na2SO4 0.05
Polypyrrole/graphene oxide [36] Sewage water 0.08
SnO2–ZnO/g-C3N4 [41] Glycerol —

AsOI/P2ABT photocathode
(this work)

Artificial seawater 0.105

AsOI/P2ABT photocathode
(this work)

Natural seawater 0.103
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seawater and −0.105 mA/cm² for natural seawater,
indicating comparable performance between the two elec-
trolytes. Additionally, the photocathode’s sensitivity is
evaluated under various light wavelengths, showing
higher current densities at 340 and 440 nm, decreasing
performance at longer wavelengths (540 and 730 nm).
The significant advantages of utilizing natural seawater,
such as cost-effectiveness, abundance, and eco-friendly
properties, are important to this study. These attributes
make natural seawater a highly suitable and practical elec-
trolyte for direct H2 gas production using the AsOI/P2ABT
photocathode, providing a promising pathway for large-
scale renewable energy applications.
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