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Abstract: This study presents the innovative design and
development of a bismuth(III) oxyiodide/intercalated iodide-
poly(1H-pyrrole) rough spherical nanocomposite (Bi(III)OI/
I-P1HP RS-nanocomposite) as a next-generation photocathode
for sustainable hydrogen production directly from seawater.
Thematerial features a unique rough-surfaced spherical mor-
phology, composed of finely distributed nanoparticles aver-
aging 15 nm in diameter, which enhances the surface area
and light interaction. The strategic incorporation of iodide
components significantly boosts photon absorption, while
the optimal bandgap of 2.45 eV enables efficient light har-
vesting from the ultraviolet to mid-visible spectral range –

ideal for real-world solar-driven applications. Hydrogen evo-
lution experiments conducted using both natural Red Sea
seawater and a synthetically formulated laboratory electro-
lyte demonstrated consistent and efficient performance, with
current densities (Jph) in light of −0.20 and −0.19mA cm⁻2,
respectively. These values correspond to an impressive
hydrogen production rate of 5.0 µmol h−1 cm−2. The photo-
cathode exhibited remarkable operational stability and
reproducibility under chopped illumination, confirming its
robustness under dynamic light conditions. Furthermore,
spectral response studies across various wavelengths
revealed adaptable behavior based on photon energy, under-
scoring its versatility in different lighting environments. With

its compelling combination of high photoelectrochemical effi-
ciency, structural stability, and economic viability, the Bi(III)
OI/I-P1HP RS-nanocomposite emerges as a promising candi-
date for scalable, eco-friendly hydrogen generation. This
work lays the foundation for future industrial applications
in renewable energy, offering a practical and sustainable
route toward clean fuel production directly from seawater.
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1 Introduction

Hydrogen (H2) generation as a clean energy source [1,2]
estimates the development of primary resources needed
for producing clean H2 fuel. However, a major challenge
persists in controlling production costs, which limits the
utilization of hydrogen as a viable energy alternative [1,3].
This challenge has driven extensive investigations into
new materials and innovative techniques to enhance
both stability and cost-effectiveness in hydrogen fuel pro-
duction. One of the most fundamental methods for gener-
ating H2 gas is water splitting, a process that breaks down
water molecules through a photocatalytic reaction [4,5].
Photocatalysis plays a critical role in this process, con-
verting light energy into chemical energy to facilitate this
reaction. A variety of semiconducting materials: sulfides,
nitrides, and organic compounds, besides the oxides, have
been utilized as photocatalysts for hydrogen production.
Among these, metal oxides stand out due to their cost-effec-
tiveness and the relative simplicity of their preparation,
making them highly suitable for large-scale hydrogen gen-
eration [2,6,7]. Other materials possess the capability to
facilitate heat transfer through interfacial connections,
making them suitable for use in various energy systems
[8–10]. Metal oxides and plasmonic materials, in particular,
demonstrate potential for applications in thermal energy
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transfer as well as in energy-related biological evaluations
[11–15]. To improve the efficiency of photocatalysts, several
strategies have been developed. Enhancing the surface
area of the material is a common approach, as it provides
more active sites under modifications to enhance the
ability of the material to capture and utilize light energy,
leading to improved hydrogen gas production. Such
advancements demonstrate the importance of optimizing
photocatalyst properties to achieve more efficient and sus-
tainable hydrogen generation [16,17].

Bismuth materials are promising candidates for hydrogen
production through water splitting. These materials, which fall
under the category of chalcogenides, have seen extensive use
in recent years. Bismuth-based semiconductors encompass a
wide range of materials, such as Bi2MoO6/TiO2, BiWO6, Bi2WO6/
BiVO4, Bi2O3/Bi2WO6, ZnIn2S4/BiVO4, and Bi2O3/Bi2WO6. These
materials are well-suited for photocatalytic applications
[18,19]. For instance, bismuth oxyhalides, such as bismuth oxy-
iodide (BiOI) and bismuth oxychloride (BiOCl), have demon-
strated exceptional catalytic efficiency in water splitting. This
high efficiency can be attributed to their smaller bandgap,
which allows them to absorb a broader spectrum of light,
thereby enhancing their photocatalytic activity.

The optical properties of bismuth-based materials are
particularly advantageous for photocatalysis. Their ability
to effectively capture and utilize light energy accelerates
the water-splitting process, leading to faster hydrogen gen-
eration. Additionally, bismuth-based heterostructures
have shown remarkable electrocatalytic performance, ben-
efiting from a strong synergistic effect between their com-
ponents. These heterostructures provide enhanced charge
separation and transfer, further improving the efficiency
of hydrogen production [20].

Given the versatility of bismuth materials, there is
significant potential for designing and synthesizing novel
bismuth-based compounds with even higher hydrogen
generation capabilities. By exploring various combinations
and configurations of bismuth compounds, researchers
can develop materials with tailored properties to meet
the specific demands of hydrogen production. This opens
up new possibilities for achieving more efficient and sus-
tainable hydrogen generation, contributing to the global
transition toward renewable energy sources. Hydrogen
production offers a promising solution to the global energy
crisis while reducing dependence on fossil fuels. As advance-
ments in this field continue, the development of low-cost
hydrogen gas technologies is expected to be instrumental in
achieving a sustainable energy future. Moreover, the use of
unconventional electrolytes presents a significant challenge
that, if addressed, could make hydrogen generation more
feasible and widely adopted [21–24].

In this study, we present the design and development
of a novel nanoporous Bi(III)OI/I-P1HP RS-nanocomposite
photocathode for sustainable hydrogen production, uti-
lizing seawater as a natural and abundant electrolyte.
The strategic incorporation of iodide-based components, con-
firmed through X-ray photoelectron spectroscopy (XPS) and
X-ray diffraction (XRD), significantly enhances the material’s
light-harvesting capabilities. Comprehensive optical and
structural analyses were conducted using both Red Sea sea-
water and an artificial electrolyte to evaluate hydrogen evo-
lution performance. The system demonstrated remarkable
stability and efficiency under chopped light conditions and
across a broad range of wavelengths. These findings under-
score the photocathode’s strong potential as a scalable, cost-
effective solution for green hydrogen generation, offering a
valuable contribution to next-generation renewable energy
technologies.

2 Experimental section

2.1 Materials and devices

Ethanol (99.9%) and pyrrole (9.9%) were sourced from Acros,
USA. HCl (37%) was procured from VWR, Germany. Acetic
acid (99.9%), potassium iodide (99.8%), bismuth nitrate (Bi
(NO3)3) (99.9%), (NH4)2S2O8 (99.9%), and iodine (99.9%) were
supplied by Pio-Chem, Egypt.

The 3D morphology was examined using scanning
electron microscopy (SEM, Zeiss) and transmission elec-
tron microscopy (TEM, JEOL) analyses. Chemical structure
characterization involved XRD (XʹPert), XPS (Kratos), and
Fourier transform infrared (FTIR) spectroscopy (Bruker)
analyses, while optical properties were analyzed with a
PerkinElmer spectrometer.

2.2 Fabrication of the Bi(III)OI/I-P1HP RS-
nanocomposite thin-film photocathode

The Bi(III)OI/I-P1HP RS-nanocomposite photocathode was
fabricated as a thin film using a two-step method.
Initially, 1H-pyrrole was polymerized in an I2/KI solution,
maintaining a monomer-to-iodide ratio of 1:3 and a
monomer concentration of 0.06 M. The monomer was dis-
solved in 5mL of 1 M acetic acid to ensure a homogeneous
solution. A clean glass slide was put inside the flask during
polymerization, allowing the P1HP-I complex to form and
deposit onto the slide at 25°C. In the second step, 0.05 M Bi
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(NO3)3 was introduced into the polymer-coated film to
synthesize the Bi(III)OI/P1HP RS-nanocomposite, yielding a
promising photocathode. The final treatment involved
soaking the film in distilled water for 5 min and then
drying for 1 h at a warm temperature.

For the pristine P1HP polymer, a similar polymerization
process was followed, using (NH4)2S2O8 as the oxidizing
agent instead of I2/KI while keeping the monomer-to-
oxidant ratio consistent. HCl replaces acetic acid as the
solvent, both maintained at 1 M. Under these conditions, a
uniform P1HP film was deposited onto a glass substrate.
This fabrication approach produced high-quality thin
films suitable for efficient photocathode applications in
sustainable energy systems.

2.3 Conversion of seawater into H2 gas using
the Bi(III)OI/I-P1HP RS-nanocomposite
thin film photocathode

The conversion of seawater into hydrogen gas was carried
out using the photoelectrochemical technique, employing
the fabricated Bi(III)OI/I-P1HP RS-nanocomposite thin-film
photocathode. A three-electrode cell was assembled for this
process, with the photocathode served as the working elec-
trode to drive the reduction reaction. Seawater from the
Red Sea (collected near Hurghada city) was used as the
electrolyte. This seawater contains ions that act as efficient
sacrificial agents, facilitating water movement and enhan-
cing the splitting reaction. During the process, H2 gas

Figure 1: Morphology of the Bi(III)OI/I-P1HP RS-nanocomposite: (a) and (b) SEM images at different scales and (d) cross-section modeling image.
(c) SEM image of pristine P1HP.
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evolved at the cathode, while chlorine gas was released at
the counter electrode, which was made of graphite. The
reaction was regulated through precise alignment of
potential with a reference calomel electrode.

To further understand the role of ions present in nat-
ural seawater, a secondary electrolyte was used, consisting
of laboratory-synthesized artificial seawater. This artificial
seawater mimics the composition of Red Sea water and
includes Na2SO4, MgCl2, KHCO3, NaCl, and CaCl2 at concen-
trations of 5.26, 19.06, 0.24, 38.38, and 2.43 g L−1, respectively
[17]. By comparing natural and artificial seawater, the con-
tribution of individual ions to the splitting reaction and H2

gas evolution can be analyzed.
Electrochemical measurements were conducted using a

CHI workstation, which records key parameters such as the
applied potential and current density. The device also moni-
tors current density variations over time under chopped light
illumination. The amount of H2 gas produced was calculated
from the measured current density using Faraday’s law (Eq.
(1)) [23]. By determining the current density (Jph), the photo-
cathode’s efficiency in generating H2 gas was assessed, along
with the comparative performance of natural and artificial
seawater in facilitating the splitting reaction.

The photocathode’s catalytic performance was evaluated
under various illumination conditions, including single-wave-
length light sources, white light, and complete darkness. This
approach enables the determination of the photocathode’s
photocatalytic efficiency in diverse lighting scenarios. The
photocathode’s ability to respond to different wavelengths
is particularly significant for understanding its potential in
real-world applications where light availability may vary.
Overall, the Bi(III)OI/I-P1HP RS-nanocomposite thin-film photo-
cathode demonstrates promising potential in driving the
photoelectrochemical conversion of seawater into H2 gas.
The study highlights the role of seawater ions in enhancing
the reaction, as well as the utility of artificial seawater for
controlled experiments. These findings provide sustainable
hydrogen production technologies.

·∫= J t FH mole d / .2

0

t

ph
(1)

3 Results and discussion

3.1 Physicochemical characteristics

The surface morphology of the Bi(III)OI/I-P1HP RS-nano-
composite was examined using SEM, as depicted in
Figure 1(a) and (b). The images display spherical particles

with diameters ranging from approximately 200 to 500 nm,
featuring notably rough surfaces. This roughness results
from the dispersion of smaller nanoparticles, averaging
around 10 nm, across the larger spheres. These nanoscale
structures notably enhance the active surface area,
thereby increasing the number of reactive sites available
for the water-splitting reaction and improving the
hydrogen production efficiency.

The cross-sectional model shown in Figure 1(d) provides
important information about the internal architecture of the
nanocomposite. The analysis reveals a uniform distribution
of P1HP and Bi(III)OI components, marked by porous, evenly
dispersed spherical nanoparticles (∼15 nm) layered over
larger spherical structures. These fine particles are crucial
for improving light absorption and photon capture, which
significantly enhances the photocatalytic performance of
the material [25,26]. This optimized photon interaction con-
tributes to the nanocomposite’s improved efficiency in gen-
erating hydrogen gas under light exposure.

For comparison, the pristine P1HP polymer was also
characterized through SEM, as shown in Figure 1(c). The
SEM images of P1HP reveal that the formation of spherical
particles is a defining characteristic of this polymer. This
morphology reflects the high efficiency of the polymeriza-
tion process, resulting in a material with unique structural
properties. The observed spherical shape not only supports
excellent polymerization but also explains the suitability of
the P1HP polymer as a matrix for incorporating the Bi(III)OI
inorganic component.

The distinctive structural features of the Bi(III)OI/P1HP
RS-nanocomposite, such as the rough surface and the pre-
sence of small coating particles, justify its superior perfor-
mance in photoelectrochemical applications. The incor-
poration of Bi(III)OI into the P1HP matrix enhances the
material’s functionality by leveraging the complementary
properties of both components. The P1HP polymer pro-
vides a robust framework with excellent polymerization
characteristics, while the Bi(III)OI material contributes to
light absorption and catalytic activity. Together, these attri-
butes create a synergistic effect that enhances the nano-
composite’s overall performance, particularly for H2 gas
production.

So, the structural analysis of the Bi(III)OI/I-P1HP RS-
nanocomposite demonstrates its promising potential for
photoelectrochemical applications. The rough surfaces,
nanoscale features, and homogeneous material integration
collectively contribute to its ability to efficiently capture
photons and facilitate splitting reactions.

The chemical structure of the Bi(III)OI/I-P1HP RS-nano-
composite was analyzed by evaluating its functional
groups using FTIR (Figure 2(a)) and Table 1; the functional
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groups in the composite are compared to those in the pure
P1HP polymer. The FTIR analysis revealed noticeable shifts
in the characteristic absorption bands of the composite
relative to the pure P1HP polymer, confirming the suc-
cessful incorporation of Bi(III)OI and iodide structures
into the polymer matrix [27,28]. For instance, the distinct
vibrational bands of the P1HP ring, originally observed at
1,545 and 1,626 cm⁻1 in the pure polymer, were shifted to
1,542 cm⁻1 in the composite. Additionally, the C–N
stretching vibration, which appeared at 1,312 cm⁻1 in the
pristine polymer, shifted to 1,304 cm⁻1 in the composite
[29]. These quantitative shifts indicate successful structural
integration within the nanocomposite. This integration
introduces modifications into the internal structure of
the composite, influencing its overall chemical and phy-
sical properties. The shifts are indicative of interactions
between the inorganic Bi(III)OI and iodide species with
the polymer, which leads to alterations in the polymer’s
chemical environment and results in synergistic effects
that enhance the material’s optical behavior.

This modification of the polymer structure affects its
optical properties with significant impact on the compo-
site’s electrical behavior. The incorporation of the inor-
ganic Bi(III)OI and iodide into the polymer network
introduces additional interactions that modify the charge
transfer and conductivity characteristics, making the

composite more suitable for great applications: photocata-
lysis or energy conversion processes. Moreover, this pro-
vides a crystal material with structural stability and
performance. The presence of Bi(III)OI and iodide could
lead to the formation of new crystalline phases or enhance
the existing crystalline structure of the polymer, thereby
improving the composite’s mechanical strength and dur-
ability. This structural enhancement is likely to improve
the efficiency of the composite in various applications,
particularly in conversion processes such as hydrogen pro-
duction, where both the optical and electrical properties
are critical.

Figure 2: (a) FTIR analysis, (b) XRD analysis of the crystalline structure, and (c) and (d) optical absorption and bandgap evaluation, respectively, of the
synthesized Bi(III)OI/I-P1HP RS nanocomposite in comparison to pure P1HP.

Table 1: FTIR bands for the Bi(III)OI/I-P1HP RS-nanocomposite relative to
the P1HP pure polymer

Bond positions (cm–1) Functional groups

P1HP Bi(III)OI/I-P1HP RS-
nanocomposite

1,545 1,626 and 1,542 P1HP ring [30]
1,463 1,399 C–C [29]
1,045
and 1,177

1,042 and 1,176 C–H

1,312 1,304 C–N
910 783 and 906 Disubstituted sites
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The crystalline structure of the Bi(III)OI/I-P1HP RS-
nanocomposite was analyzed to assess the improvements
made upon incorporating the inorganic Bi(III)OI and iodide
components, relative to the pure P1HP polymer. As illu-
strated in Figure 2(b), the composite exhibits six distinct
peaks corresponding to Bi(III)OI, nine weaker peaks for
iodide, and two sharp peaks for the P1HP polymer within
the composite structure. These six Bi(III)OI peaks are
observed at 29.6°, 35.2°, 36.6°, 44.8°, 52.7°, and 60.6°, which
correspond to the Miller index growth directions (012),
(111), (013), (104), (114), and (220), respectively [31]. In con-
trast, the P1HP polymer within the composite is repre-
sented by two sharp peaks at 24.7° and 26.9°.

When compared to the pure P1HP polymer, which dis-
plays a single semi-sharp peak at 24.4°, the Bi(III)OI/I-P1HP
composite demonstrates significant changes in its crystal-
line structure. The additional peaks’ appearance and the
sharper nature of the P1HP polymer peaks suggest an
improvement in the overall crystallinity of the composite.
The single semi-sharp peak in the pure P1HP polymer
reflects its semi-crystalline nature, but the incorporation
of Bi(III)OI and iodide materials leads to a more organized
and well-defined crystalline structure in the composite.
This modification enhances the material’s overall photon
absorption properties under light illumination, making it
more efficient in absorbing light and facilitating energy
conversion processes.

The crystalline nature of the composite is related to the
presence of Bi(III)OI and iodide, which also contributed to
the material’s enhanced structural stability, vital for its
performance in various applications. The increased crys-
tallinity suggests a more ordered arrangement of mole-
cules, which in turn can lead to improved charge transport,
higher mechanical strength, and greater stability under
operating conditions.

To further quantify the enhancement in the crystalline
properties, the crystallite size was estimated using Eq. (2)
[32,33] with an evaluated crystallite size of 14 nm for the
Bi(III)OI/I-P1HP RS-nanocomposite. This relatively small
crystallite size indicates a high surface area causing great
photon absorption and energy conversion. The small crys-
tallites also contribute to better light absorption efficiency,
which is essential for photocatalytic processes or energy
harvesting applications.

The overall crystalline structure, combined with
improved photon absorption, makes the synthesized Bi
(III)OI/I-P1HP RS-nanocomposite highly suitable for energy
conversion applications. The presence of Bi(III)OI and
iodide materials within the composite contributes not
only to the enhancement of the crystalline nature but
also to its optical and electrical properties. The ability of

the composite to absorb light more effectively and convert
it into useful energy makes it a promising candidate for
energy-related processes.

The optical behavior of the Bi(III)OI/I-P1HP RS nano-
composite was assessed by monitoring its absorbance
across different optical regions, as illustrated in Figure
2(c). The composite demonstrates significant absorbance
in the UV–visible regions, extending beyond 500 nm. This
highlights the composite’s capability to effectively utilize
photons within these regions, facilitating enhanced photon
trapping and capturing. This ability to absorb photons pro-
vides additional kinetic energy to the electrons. These
energized electrons undergo transitions and accumulate
in the conduction band of the composite structure.

The enhanced optical absorbance observed in the
iodide-based materials is a key factor in promoting photon
absorption. This characteristic drives the excitation of elec-
trons to higher energy states, enabling transitions to the
conduction band. The superior photon-trapping efficiency
of the composite ensures that more photons are absorbed,
leading to the generation of a greater number of hot elec-
trons. This, in turn, enhances the material’s optical perfor-
mance and makes it highly suitable for applications involving
light-driven processes.

This behavior is further reflected in the estimated
bandgap of the Bi(III)OI/I-P1HP RS nanocomposite, esti-
mated to be 2.45 eV, as shown in Figure 2(d). The bandgap
estimation is based on Eq. (3) [34,35], which utilizes the
absorption coefficient as a critical parameter. The reduced
bandgap indicates that the composite requires lower
energy photons for electronic excitation, thereby broad-
ening its absorption spectrum and increasing its efficiency
in utilizing light energy.

In contrast, pure P1HP exhibits less favorable optical
performance. Its photon absorbance is comparatively
lower, which directly impacts its optical behavior and effi-
ciency. As a result, pure P1HP has a larger bandgap of
3.2 eV, requiring higher energy photons for excitation
and limiting its effectiveness in applications involving
photon-driven processes.

=D λ β θ0.9 / cos , (2)

( )= −αhν A hν E .g
1/2 (3)

The oxidation states and elemental composition of the
Bi(III)OI/I-P1HP RS-nanocomposite were analyzed using
XPS. This analysis provides valuable insights into the oxi-
dation state of the central Bi element and its bonding char-
acteristics, as well as the role of iodide within the compo-
site structure. The XPS data help to elucidate the
interactions between Bi(III)OI and the P1HP polymer, which
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are critical for understanding the material’s overall prop-
erties. Figure 3(a) shows the elemental composition of the
nanocomposite, revealing the presence of iodine (I),
oxygen (O), nitrogen (N), carbon (C), and bismuth (Bi).
These elements correspond to the components used in
the preparation of the composite, including the oxidant.
For the P1HP polymer, the nitrogen (N) and carbon (C)
elements are detected at 400 and 285.8 eV, respectively,
for the 1s transition. These peaks are consistent with the
elemental composition of the P1HP polymer, reflecting that
the polymer remains intact during the composite reaction.

The XPS analysis for the Bi element, shown in Figure 3(b),
reveals two prominent peaks for the Bi 4f7/2 and Bi 4f5/2 orbi-
tals at 158.5 and 163.8 eV, respectively [36]. These values are
indicative of bismuth in the +3 oxidation state, confirming
the presence of Bi(III) in the composite. Additionally, the
interaction between Bi(III) and oxygen is supported by the
O 1s peak at 531.6 eV in Figure 3(d), which corresponds to
the formation of Bi(III)OI and verifies the successful reac-
tion of both bismuth and oxygen into the nanocomposite.
The presence of iodide is also confirmed through XPS

analysis, with a distinct doublet observed at I 3d5/2 binding
energies of 618.6 and 620.3 eV. These peaks reflect iodide
species within the Bi(III)OI framework as well as iodide ions
interacting with the P1HP polymer. The detailed spectral
data provide strong evidence that iodide is not only
embedded within the Bi(III)OI lattice but also forms inter-
actions with the polymer, affirming the successful synth-
esis of the Bi(III)OI/I-P1HP RS-nanocomposite. XPS analysis
is crucial for confirming oxidation states of the constituent
materials in the Bi(III)OI/I-P1HP RS-nanocomposite. The
data indicate that Bi is present as Bi(III), and iodide ions
are integrated into the Bi(III)OI structure, with additional
interactions with the P1HP polymer. This information pro-
vides the essential chemical structure and the interactions
between the inorganic components (Bi(III)OI and iodide)
and the polymer matrix, which play a great role in deter-
mining the composite’s properties. These insights are cru-
cial for understanding the material’s structure–property
relationships, which are essential for its potential applica-
tions in areas such as photocatalysis, energy conversion,
and other technologies.

Figure 3: Elemental composition of the Bi(III)OI/I-P1HP RS-nanocomposite, as determined by XPS analysis: (a) total survey, (b) Bi, (c) I, and (d) O
spectra.
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3.2 Photoelectrochemical H2 gas generation
from seawater electrolyte

Photoelectrochemical hydrogen gas production represents
a promising avenue for renewable energy, utilizing water
sources enriched with sacrificial agents. Among these, sea-
water emerges as an excellent candidate, serving as a nat-
ural electrolyte abundant in ions that facilitate water
splitting. These ions act as sacrificial agents, enhancing
water molecule mobility under minimal applied potential.
This movement propels water molecules toward the photo-
cathode surface, where they participate in the reduction
process. The availability, low cost, and eco-friendliness of
seawater underscore its potential as an ideal electrolyte for
hydrogen generation.

To elucidate the role of seawater ions solely as sacrificial
agents – without contributing to additional reduction reac-
tions – comparative studies are conducted. These involve
employing an artificial electrolyte with a similar ionic com-
position to seawater, allowing a direct comparison of their
respective electrochemical behaviors. All experiments utilize
the CHI608E electrochemical workstation, which enables the
connection of the cell and facilitates precise monitoring of
changes in electrochemical reactions. These changes are eval-
uated by measuring the Jph values, indicative of water reduc-
tion on the fabricated photocathode’s surface.

The Bi(III)OI/I-P1HP photocathode demonstrates excep-
tional capabilities for water reduction, attributed to the
unique chemical structure of its components. This photo-
cathode consists of two semiconductors, BiOI and P1HP,
which exhibit high sensitivity to incident photons. Their
well-aligned energy levels synergistically enhance the
charge carrier dynamics. Electrons accumulate on the
BiOI surface due to its lower conduction band level relative
to P1HP, while the higher valence band level of P1HP

facilitates reverse hole flow. This arrangement promotes
hole accumulation on the P1HP surface and efficient charge
separation, critical for photoelectrochemical processes.

To assess the photocathode’s performance in hydrogen
gas production, Jph measurements were performed using
both natural and artificial seawater. Figure 4(a) illustrates
that the photocurrent density under dark and light condi-
tions is nearly identical for both electrolytes. In seawater,
the current density shifts from −0.12 to −0.2 mA cm−2, with
similar trends observed for artificial seawater. This unifor-
mity suggests the fabricated photocathode’s robust ability
to generate hydrogen from either electrolyte. Furthermore,
the results confirm that seawater ions do not influence the
water reduction process beyond their role as sacrificial
agents.

The figure displays the transient photocurrent
response of a fabricated Bi(III)OI/I-P1HP photocathode
under chopped illumination, in the context of seawater
splitting. The experiment was conducted under periodic
light on/off cycles, which are indicated in green (on) and
red (off), respectively. This behavior is characteristic of a
photoelectrochemical system under intermittent light irra-
diation. Upon illumination (“on” period), the Bi(III)OI/I-
P1HP photocathode is photoexcited, leading to electron–
hole pairs. The photogenerated electrons are driven
toward the external circuit due to the electric field at the
semiconductor/electrolyte interface, while the holes parti-
cipate in the oxidation reactions –most likely water oxida-
tion in the context of seawater splitting. As a result, a
cathodic photocurrent is observed, signifying the reduction
reactions at the photocathode (e.g., H⁺ + e− → H2). The
negative direction of the photocurrent confirms the reduc-
tion process occurring at the photocathode side.

When turned off (“off” period), the photocurrent
rapidly drops to near-zero, highlighting the absence of

Figure 4: (a) Performance of the fabricated Bi(III)OI/I-P1HP photocathode in artificial and natural seawater electrolytes and (b) photocathode behavior
under chopped light conditions.
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photoexcitation and confirming that the current is photo-
induced rather than due to dark reactions. The reproduci-
bility and rapid switching response of the photocurrent
across multiple cycles illustrate the excellent stability and
reversibility of the Bi(III)OI/I-P1HP system under opera-
tional conditions. This behavior demonstrates the mate-
rial’s strong photoresponsivity, suggesting efficient charge
separation and transport, minimal recombination losses,
and good interaction with the seawater electrolyte.
Overall, the chopped light experiment confirms that the
Bi(III)OI/I-P1HP photocathode can act as a stable and efficient
photoelectrode for seawater splitting, offering promising
performance in terms of sustained hydrogen generation
under intermittent solar illumination.

The light sensitivity of the Bi(III)OI/I-P1HP photo-
cathode was evaluated by testing its response under var-
ious optical filters. These filters allowed the passage of
monochromatic light corresponding to specific optical
regions, enabling detailed analysis. In the ultraviolet (UV)
region, where photons of 340 nm were transmitted, the Jph
was measured at −0.19 mA cm−2. This value is comparable
to the current density achieved under full-spectrum white
light illumination (−0.2 mA cm−2). This similarity is related
to the high energy carried by photons in the UV region,
which are associated with higher frequencies. These ener-
getic photons interact with the active sites of the photo-
cathode, transferring their energy to the material. This
interaction activates “hot” electrons, facilitating energy
transfer and enhancing the photocurrent [37,38].

As the wavelength increases, the energy and frequency
of these photons decrease. Consequently, the energy trans-
ferred to the photocathode’s active sites diminishes, resulting
in a reduction in the generated photocurrent density. This
trend is reflected in the measured Jph values, which decrease

to −0.18 and −0.17mA cm−2 for 440 and 730 nm, respectively.
Figure 5(b) provides a summary of these results, derived from
the data presented in Figure 5(a), at −1.0 V.

This behavior highlights the photocathode’s capability
to efficiently generate hydrogen gas across different optical
regions. Notably, the photocathode demonstrates superior
efficiency in the UV region compared to other regions of
the light spectrum. Furthermore, it confirms the photo-
cathode’s ability to sustain hydrogen generation from sea-
water under various optical conditions, utilizing more than
50% of sunlight effectively.

So, the Bi(III)OI/I-P1HP photocathode exhibits excellent
performance in harnessing energy from different parts of
the light spectrum. Its high sensitivity to UV light under-
scores its suitability for photoelectrochemical applications.
The results also affirm the photocathode’s robustness and
efficiency in generating hydrogen gas from seawater under
diverse optical conditions, making it viable sustainable
energy solutions.

The high efficiency of the photocathode’s response to
various optical regions can be attributed to its unique elec-
tronic structure, as illustrated in Figure 6(a). The sequen-
tial transfer of electrons between the materials comprising
the photocathode – P1HP and BiOI – is facilitated by their
closely aligned conduction band energy levels. This align-
ment enables electrons to move effortlessly from P1HP to
BiOI. As electrons accumulate on the surface of the BiOI
material, they create a strong electric field, further driving
electron accumulation [39,40]. This electric field supports
the reduction process by facilitating interactions with adja-
cent seawater molecules, thereby contributing to hydrogen
generation.

Simultaneously, the photogenerated holes are directed
in the opposite direction, moving toward the surface of the

Figure 5: (a) Photocathode’s response to monochromatic light, showing Jph as a function of applied potential in natural seawater and (b) the
calculated Jph at −1.0 V.

Development of a photoelectrode for green hydrogen generation  9



P1HP material. This reverse flow of holes complements the
electron transfer and establishes a closed circuit for the
photogenerated charge carriers. The combined effect of
polarization and the generated electric field within the
photocathode system drives the reduction reaction,
resulting in hydrogen gas production.

The amount of hydrogen gas generated by the photo-
cathode has been quantified as 5.0 µmol h−1 cm−2, as esti-
mated in Figure 6(b). This value represents an improve-
ment compared to other materials, such as polyaniline
derivative composites with oxides or sulfides and polypyr-
role composites with graphene oxide. The calculation of
hydrogen production is based on Faraday’s law, as
expressed in Eq. (1), which relates the generated Jph to
the amount of hydrogen gas produced.

This promising result underscores the effectiveness of
the Bi(III)OI/I-P1HP photocathode in harnessing light energy
for hydrogen generation. Its superior performance

compared to other materials demonstrates its potential
for advancing sustainable energy applications. The ability
of this photocathode to generate hydrogen efficiently, com-
bined with its responsiveness to diverse optical regions,
positions it as a leading candidate for photoelectrochem-
ical hydrogen production technologies, in which Table 2
estimates this performance relative to other literature.

4 Conclusions

This research centers on the development of a nanoporous
Bi(III)OI/I-P1HP RS-nanocomposite, engineered as a photo-
cathode for eco-friendly hydrogen production using sea-
water as the working electrolyte. The strategic inclusion
of iodide-based materials improves the composite’s light
absorption capabilities, while its moderate bandgap of
2.45 eV allows for efficient photon harvesting from UV to
mid-visible regions, making it well-suited for photocata-
lytic processes. XPS confirmed the successful integration
of iodide within both the polymeric and inorganic frame-
works. XRD analysis identified nanostructures resembling
cysteine with an average diameter of around 14 nm and
revealed enhanced crystallinity upon embedding Bi(III)OI
into the P1HP polymer. The photocathode’s structural and
optical attributes were investigated in the context of
hydrogen evolution, achieving a hydrogen generation
rate of 5.0 µmol/h cm2. Performance evaluations were car-
ried out using two different electrolytes: natural seawater
from the Red Sea and a synthetic laboratory-prepared solu-
tion. The recorded Jph were −0.20 mA cm⁻2 for Red Sea sea-
water and −0.19 mA cm⁻2 for the artificial medium, under-
scoring the system’s stable and consistent performance
under diverse environmental conditions. To assess opera-
tional stability, chopped illumination tests were conducted,

Figure 6: (a) Flow of photogenerated charge carriers through the Bi(III)OI/I-P1HP system and (b) hydrogen gas production evaluated using Faraday’s
equation.

Table 2: Bi(III)OI/I-P1HP photocathode performance compared to pre-
vious studies

Photoelectrode Jph (mA cm−2) Electrolyte

BiFeO3 [41] 0.1 NaOH
Cr2S3–Cr2O3/poly-2-
aminobenzene-1-thiol [42]

0.017 Sewage water

Poly-m-toluidine/graphene
oxide [43]

0.09 Sewage water

Poly(3‐aminobenzoic acid) [44] 0.08 H2SO4

TiN–TiO2 [45] 3.0 × 10−4 NaOH
g-C3N4–CuO [46] 0.01 NaOH
PrFeO [47] 0.130 Na2SO4

CuO–C/TiO2 [48] 0.012 glycerol
Au/Pb(Zr, Ti)O3 [49] 0.06 NaOH
Present work: Bi(III)OI/I-P1HP
nanocomposite photocathode

0.2 Seawater
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which demonstrated high reproducibility and excellent
durability over time. Furthermore, wavelength-dependent
studies revealed variable photoresponses linked to inci-
dent photon energy, indicating the material’s flexibility
under a broad range of light conditions. Combining strong
photoconversion efficiency, long-term electrochemical sta-
bility, and cost-effectiveness, the Bi(III)OI/I-P1HP RS-nano-
composite emerges as a highly promising candidate for
large-scale hydrogen production applications, contributing
significantly to the advancement of renewable and sustain-
able energy technologies.
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