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Abstract: A novel photocathode has been developed for H2

gas generation from sewage water, utilizing a bismuthyl
chloride–poly m-toluidine (BiOCl–PMT) nanocomposite
supported on poly-1H pyrrole (P1HP). X-Ray photoelectron
spectroscopy analysis confirms the formation of bismuth
oxide intercalated within the polymer network through a
chemical reaction, resulting in the creation of bismuth
oxide chloride (BiOCl). This photocathode exhibits strong
absorption in the UV region, extending into the visible
spectrum, with a bandgap of 2.75 eV, enabling effective
interaction with photons and efficient energy transfer to
the photocatalyst nanomaterials. The material’s crystalline
size is limited to 39 nm, and it features a highly porous
polymer structure with a pore size of 20 nm, aggregating
into larger structures approximately 300 nm thick. When
employed as the working electrode in a three-electrode
cell, the BiOCl/PMT/P1HP photocathode shows a measured
photocurrent density (Jph) of −0.046 mA/cm² under illumi-
nation, which drops to −0.032 mA/cm² when the light is
turned off. The resulting photocurrent of 0.012 mA/cm²
reflects the photocathode’s efficient photoelectrochemical
behavior. The performance of the photocathode during
sewage water splitting can be adjusted by varying the
photon energies between 3.6 and 1.7 eV, using filters to
control photon wavelengths. This variation is evident in
the linear sweep voltammetry curves, with Jph values ran-
ging from −0.045 mA/cm² at 3.4 eV to about −0.042 mA/cm²

at 1.7 eV under an applied bias voltage of −0.7 V. The photo-
cathode’s high efficiency is further demonstrated by its
ability to produce 15 μmol/h of H2 gas for a 10 cm² area.
This promising performance, combined with cost-effective-
ness, makes the BiOCl/PMT/P1HP photocathode an attrac-
tive option for green chemistry and industrial applications.
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1 Introduction

Hydrogen gas is essential for achieving a decarbonized
energy system and meeting emission reduction goals, such
as those in the Paris Agreement. Producing green hydrogen
via water splitting powered by renewable energy, particu-
larly solar power, is a promising approach [1,2]. Solar
energy, with over 520 GW of global capacity as of 2018, is
cost-effective and widely deployed, making it ideal for
hydrogen production [3,4]. Hydrogen serves as a key energy
carrier in transportation, heating, industrial processes, and
power generation. Regions with abundant solar resources,
like the Middle East and North Africa, are well-positioned
for green hydrogen production. On a global scale, green
hydrogen is expected to be traded within emission-neutral
systems, requiring advancements in technology, infrastruc-
ture, and comprehensive evaluations of production and
distribution to support effective policies [5]. Hydrogen’s
potential applications include fueling non-polluting vehi-
cles, heating, and aviation. As such, it is anticipated to
become a major component of a sustainable energy future,
alongside solar energy.

Photocatalysis is a valuable process that uses light to
drive reactions through electron transfer facilitated by
semiconductor materials [6,7]. To improve hydrogen pro-
duction rates, photocatalytic materials must possess a high
surface area and abundant active sites. Structures such as
nanorods, nanowires, and sheet-like materials show signif-
icant potential for enhancing hydrogen generation.
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Additionally, composite materials, which integrate diverse
optical and surface characteristics, offer further advan-
tages by optimizing performance and efficiency [8,9].

In recent years, metal oxides and sulfides that respond
to visible light have gained attention for their hydrogen
generation potential. Notable examples include WO3 (2.7 eV),
Bi2O3 (2.6–2.8 eV), SrNbO3 (2.3 eV), and CdS (2.4 eV). Bismuth-
based semiconductor Bi2O3, in particular, has emerged as a
viable alternative due to its low toxicity. Bi2O3 typically
exists in two main polymorphs: monoclinic α phase (∼2.8 eV)
and tetragonal β phase (∼2.6 eV). To enhance the photocata-
lytic performance of Bi2O3, one effective strategy is to
employ heterostructures. These heterostructures, created
by combining different materials, can modify the electronic
band structure at their interfaces [10]. Bismuth oxide
chloride (BiOCl) is a particularly suitable material for this
purpose due to its compatibility with Bi2O3, as both share the
same element, bismuth, and BiOCl has a similar band gap
[11,12]. The layered structure of BiOCl helps to reduce the
distance for photoelectron transmission, thereby improving
the separation of photogenerated electron–hole pairs. This
enhances the photocatalytic efficiency. Combining a narrow
band gap with a unique nanostructure is an effective
approach to achieving both visible light responsiveness
and a high quantum yield.

Poly m-toluidine (PMT) is another promising material
due to its optical properties, which are similar to those of
polyaniline (PANI) but with additional benefits. These
properties, including strong light absorption and high sta-
bility, make PMT suitable as an electrode material for
water-splitting reactions and hydrogen production [13].
When exposed to light, these materials absorb photons,
which leads to surface activation and the generation of
electron–hole pairs. The generated electrons then interact
with water molecules in a complex process that produces
free radicals, ultimately resulting in the production of
hydrogen gas. Furthermore, poly-1H pyrrole (P1HP) exhi-
bits excellent semiconductor properties and outstanding
morphological characteristics. It is synthesized with minimal
particle content, making it an effective seeding material and
a highly efficient photocatalytic layer.

Previous studies on H2 gas generation have encountered
various technical challenges, including the need for external
electrolytes, such as harsh acids or bases. Other research has
relied on bulk materials without adequately addressing
morphological features, while some studies have employed
highly complex techniques for hydrogen generation.

In this work, a novel BiOCl/PMT/P1HP photocathode
was synthesized using a one-pot technique to create the
BiOCl/PMT composite on the surface of a P1HP thin film.
Various analyses confirmed the chemical characteristics

and morphological properties of this composite. The photo-
cathode was then integrated into a three-electrode cell to
generate H2 gas by splitting sewage water, introducing a
new source of hydrogen. The reaction was conducted under
different optical conditions, including white light and photon
energies ranging from 1.7 to 3.6 eV. The sensitivity of the
photocathode was assessed using chopped light, and the
amount of H2 produced was calculated using Faraday’s law.

2 Materials and methods

2.1 Materials

Bismuth nitrate (Bi(NO3)3 99.9%, Pio-Chem Co., Egypt), HCl
(36%, Merck, Germany), ethanol (C2H5OH, 99.9%, Merck,
Germany), m-toluidine (99.9%, Merck, Germany), (NH4)2S2O8

(99.9%, Pio-Chem Co., Egypt), and sanitation water (third
treated, water company, Beni Suef City, Egypt) were used in
this study.

2.2 Characterization techniques

The characterization of nanomaterials was performed
using various advanced techniques. Surface morphology
and three-dimensional features were analyzed using a
scanning electron microscope (SEM, Zeiss, Germany), while
the internal structure and two-dimensional characteristics
were examined using a transmission electron microscope
(TEM, JEOL, Japan). Elemental oxidation states were deter-
mined using an X-ray photoelectron spectroscopy (XPS)
device (Kratos, UK), and crystalline properties were studied
via X-ray diffraction (XRD) analysis (Xpert, Netherlands)
within a 2θ range of 10° to 62°. Functional group identifica-
tion and optical properties were assessed using a Fourier
Transform Infrared (FTIR) spectrometer (Bruker) across a
spectral range of 750–3,500 cm⁻¹, complemented by a
PerkinElmer instrument from the USA for further analysis.
This combination of techniques provided comprehensive
insights into the nanomaterial’s surface, structural, ele-
mental, and optical characteristics.

2.3 Fabrication of BiOCl/PMT/P1HP
photocathode through the oxidation
polymerization

The BiOCl/PMT/P1HP photocathode is synthesized through
an oxidative polymerization reaction of m-toluidine in the
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presence of Bi(NO3)3, using (NH4)2S2O8 as the oxidizing
agent. In this process, themonomer and Bi(NO3)3 are dissolved
in HCl, maintaining a molar ratio of 1:1:10. Meanwhile,
(NH4)2S2O8 is dissolved in water at a concentration of 0.1
M. Once both the monomer and oxidant solutions are fully
dissolved, the oxidant is added to the monomer solution,
initiating the polymerization reaction. This reaction results
in the formation of Bi2O3 intercalated within the PMT net-
work, along with BiOCl.

The resulting BiOCl/PMT/P1HP nanocomposite thin film
undergoes treatment and drying processes to prepare it for
further analysis and applications.

The fabrication of the P1HP seeding layer follows a pre-
viously established method [14], which involves the oxida-
tion of pyrrole using (NH4)2S2O8 in an acidic medium. This
method, detailed in our earlier publications, provides a
foundation for the creation of the seeding layer, ensuring
consistency and reliability in the overall fabrication process.

2.4 Photoelectrochemically H2 generation
using the BiOCl/PMT/P1HP photocathode

The photoelectrochemical generation of hydrogen is con-
ducted via the splitting of sanitation water using a specially

fabricated BiOCl/PMT/P1HP photocathode. In this setup, the
photocathode serves as the working electrode within the
cell. Sanitation water is chosen as the electrolyte due to its
low cost with its constituents (Table 1), and its conversion
into a renewable energy source represents a dual benefit:
not only does it generate energy in the form of H2 gas, but it
also transforms harmful wastewater into something useful.

The experimental setup includes a three-electrode cell
configuration. Alongside the working electrode, a calomel
electrode is used to estimate the potential inside the cell,
while another calomel electrode helps provide the current
without inducing any additional chemical reactions. The
efficiency of H2 gas evolution through the photoelectro-
chemical reaction is assessed by measuring the current
density under illumination (Jph), which serves as an excel-
lent indicator. This value is compared to the dark current
density (Jo), allowing for the determination of the enhance-
ment brought about by the light.

A vacuum halide metal lamp, which can produce white
light, serves as the light source. To control the wavelengths
of light that reach the photocathode, a series of monochro-
matic filters are employed. These filters allow only specific
wavelengths of light to pass through, thus enabling precise
control over the photoelectrochemical reactions.

The generation of H2 gas is quantified using the photo-
induced current density (Jph). By evaluating the Jph values
at different wavelengths and comparing them to Jo, the
amount of H2 produced can be estimated (Figure 1). This
estimation takes into account the time intervals during
which H2 gas is produced. The number of moles of H2

generated is calculated using an established equation (Eq.
(1)) [15], which incorporates the Jph value and the duration
of gas production

∫= ⋅J t FH mole d / .

t

2

0

ph
(1)

3 Results and discussion

3.1 BiOCl/PMT nanocomposite physio-
chemical analyses

Understanding the crystalline size and properties of the
synthesized BiOCl/PMT nanocomposite is essential to grasp
its optical applications. PMT, in its pristine state, exhibits
non-crystalline behavior. However, this characteristic sig-
nificantly improves upon forming the composite, as shown
in Figure 2(a). The synthesized polymer within the

Table 1: Concentration of ions in sanitation water (µg/L) [16]

Material or element Concentration (µg/L)

F− 1,000
Hg2+ 5
Ni3+ 100
Phenols 150
Mn2+ 1,000
NH3 5,000
Ba3+ 2,000
Al3+ 3,000
Cd3+ 50
Cr3+ 1,000
As3+ 50
Pb2+ 500
Co2+ 2,000
Cu2+ 15,000
Zn2+ 5,000
Fe3+ 1,500
Pesticides 200
Ag+ 100
Industrial washing 500
CN−1 100
Other cations 100
Coli groups 4,000/0.1 cm3
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composite shows substantial crystallinity, indicated by five
distinct crystalline peaks within the range of 11–19.6o,
which enhance its photon absorption capability.

Moreover, the nanocomposite shows the interaction
with BiOCl materials, indicated by a sharp peak at 15.3°

and seven additional low-intensity peaks at 48.5o, 46.2o,
38.9°, 35.3°, 30.9°, 24.5°, and 22.4°, JCPDS (06-0249) [17].
These peaks further enhance the composite’s overall fea-
ture for light absorbance, as they contribute to trapping
photons.

Figure 1: Procedures for the applications of BiOCl/PMT/P1HP photocathode inside three-electrode for H2 gas generation.

Figure 2: Physicochemical analyses of the BiOCl/PMT nanocomposite: (a) XRD analysis, (b) FTIR analysis, and (c) and (d) optical analyses, including
absorbance and the corresponding evaluated bandgap.
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The incorporated inorganic Bi2O3 component with a
few percent displays some crystallinity, evidenced by 14
distinct peaks. Among these, seven peaks demonstrate
high crystallinity intensities at 42.0°, 36.3°, 34.3°, 32.6°,
28.1°, 27.0°, and 23.3°, corresponding to the growth direc-
tions (122), (212), (220), (002), (201), (012), and (120), respec-
tively. Additionally, there are seven more peaks with lower
intensity but still indicative of the nanocomposite’s crystal-
linity. These peaks are located at 60.4°, 59.1°, 58.0°, 54.7°,
52.4°, 25.6°, and 18.7°, corresponding to growth directions
(422), (402), (421), (203), (321), (002), and (111), respectively.
This crystallinity feature is confirmed by the JCBDS stan-
dard 76-1730 [10,18].

The very small crystalline size of about 39 nm, esti-
mated using the Scherrer equation (Eq. (2)) [19] based on
the highly crystalline peak at 42.0°, also contributes to this
enhanced light absorption capability. So, the combination
of BiOCl and Bi2O3 with PMT improves crystallinity in the
composite form, resulting in a material with highly light-
absorbing properties

=D λ β θ0.9 / cos . (2)

In addition to analyzing the crystalline structure of the
synthesized BiOCl/PMT nanocomposite, the functional
groups within the composite were identified using FTIR
analysis, as illustrated in Figure 2(b). This analysis revealed
the presence of all anticipated functional groups at their
respective wavenumber positions. Table 2 provides a sum-
mary of these groups and their positions. The FTIR analysis
indicated that the polymer’s functional groups are present
in the composite, with shifts reflecting the integration of
Bi2O3 materials.

The composite exhibits a red-shift in most of these
groups, which can be attributed to the incorporation of
Bi2O3 or BiOCl within the structure. Additionally, there is a
significant change in the intensity of the band at 870 cm−1,
corresponding to the Bi–O bond. This shift and change in

intensity highlight the insertion of the inorganic components
into a polymer matrix [20], supporting the successful for-
mation of the Bi2O3–PMT nanocomposite and providing
insights into its structure and properties.

The behavior of the BiOCl/PMT nanocomposite in terms
of optical absorption and the subsequent generation of hot
electrons, which act as attaching electrons during H2 gas
generation, is evaluated through the optical absorption
spectra shown in Figure 2(c). The formation of the composite
leads to a significant enhancement in the π–π* transition
and the production of hot electrons. This improvement is
due to the synergistic optical effect of combining Bi2O3 and
PMT, which together maximize the generation of hot elec-
trons essential for H2 production during the solution reaction.

The composite exhibits maximum absorption in the
UV and the initial visible (Vis) region up to 430 nm, with
the formation of a broad absorption band extending to
800 nm, reaching into the IR region. This broad absorption
indicates a substantial enhancement in the optical beha-
vior of PMT following the formation of the composite.
These optical properties are further quantified by evalu-
ating the bandgap value using Tauc equations (Eqs. (3) and
(4)) [21]. The bandgap for the nanocomposite is estimated
to be 2.75 eV, reflecting its improved optical characteristics
(Figure 2(d))

= ⎛
⎝
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The structure of the BiOCl/PMT nanocomposite, along
with the oxidation states of its elements, has been analyzed
using XPS, as shown in Figure 3(a). The XPS survey reveals
the presence of all the expected elements within the com-
posite, including chlorine, which is detected at around
200 eV. The elements associated with the PMT polymer
are also identified, with the carbon element’s 1s orbital
appearing at 285.3 eV and the nitrogen element’s 1s orbital
observed at 400 eV. The XPS for bismuth (Bi) elements
indicates the duplicated peaks at 160.3 and 165.8 eV. These
shifted peaks are depicted in Figure 3(b).

The presence of traces within Bi2O3 is evaluated through
the characteristic peaks corresponding to the Bi 4f7/2 and Bi
4f5/2 orbitals, which are located at 159.6 and 165.1 eV, respec-
tively [11,12]. These peaks are critical indicators of the pre-
sence of Bi2O3 in the composite.

Further analysis of the chlorine (Cl) element and the
oxygen (O) 1s spectrum, which appears at 532 eV, provides
additional evidence supporting the formation of both Bi2O3

and BiOCl within the PMTmatrix. The combination of these

Table 2: Estimated band positions of the BiOCl/PMT nanocomposite
relative to the PMT polymer through the estimated FTIR analyses

Group and its value (cm−1) Function group

BiOCl/PMT PMT

870 834 C–H out of plan
1,201 and 1,057 1,147 and 1,056 C–H group
1,401 1,379 C–N
1,634 1,639 C–C
3,424 3,389 N–H
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spectral findings underscores the successful integration of
Bi2O3 and BiOCl materials into the PMT nanocomposite,
demonstrating the complex structure and the effective oxi-
dation states of the involved elements.

The morphological structure of the fabricated BiOCl/
PMT nanocomposite, compared to that of pure PMT, is
analyzed and presented in Figure 4. The SEM analysis of
the composite (Figure 4(a)) reveals the formation of a

Figure 3: XPS chemical analyses of the BiOCl/PMT nanocomposite: (a) survey and (b) Bi element.

Figure 4: SEM morphological analyses of the synthesized nanomaterials: (a) BiOCl/PMT nanocomposite and (b) PMT, whereas (c) TEM and (d)
theoretical modeling for BiOCl/PMT nanocomposite.

6  Maha Abdallah Alnuwaiser et al.



highly porous, non-uniform structure. This morphology
arises from the aggregation of small particles, each with
an average size of approximately 50 nm, which coalesce to
form larger particles around 500 nm in size. This porous
structure is advantageous as it allows photons to pass
through and become trapped within, enabling multiple
scattering events. These events result in the generation
and collection of a large number of hot electrons on the
surface of the structure, which can then participate in
further reactions with nearby solutions [22–24]. In Figure
4(c), the composite’s compact nature is further illustrated.
The image shows the integration of inorganic materials,
which appear as dark regions, within the PMT matrix,
which is displayed as a lighter shell. This contrast high-
lights the effective incorporation of Bi2O3 into the PMT
structure.

Figure 4(d) provides a more detailed view of the com-
posite’s structure. It shows that the polymer forms a highly
porous outer layer, with small particles around 20 nm in
size aggregating into larger structures approximately
300 nm thick. The central particles within the composite
are densely packed, forming larger clusters with diameters
of about 200 nm.

These structural features of the BiOCl/PMT nanocom-
posite are significantly different from those of pure PMT, as
depicted in Figure 4(b). The PMT is shown to form a small,
complex network with a longitudinal shape with an average
diameter of 75 nm. In addition to their spherical shape, these
particles exhibit some porosity, which suggests that the PMT
alone can form structures with different characteristics
when compared to the composite.

Overall, the SEM analysis reveals that the BiOCl/PMT
nanocomposite has a complex, porous structure that is
distinct from the simpler, spherical morphology of pure
PMT. This intricate structure is crucial for the composite’s
enhanced optical properties, as it facilitates efficient photon
trapping and electron generation.

3.2 BiOCl/PMT/P1HP photocathode green H2

generation electrochemistry

The generation of green hydrogen in this study is carried
out through electrochemical splitting of sewage water
within a three-electrode cell. The reduction reactions
necessary for this process occur on the surface of a spe-
cially fabricated photocathode. This photocathode, made of
BiOCl/PMT/P1HP, plays a crucial role in generating hot elec-
trons. These hot electrons act as the key initiators for pro-
ducing hydroxyl (OH˙) radicals, which subsequently drive

the splitting reaction in the surrounding solution. The
amount of hydrogen gas (H2) produced is directly related
to the generation of hot electrons, which can be estimated
through the measurement of the Jph. The value of Jph pro-
vides insight into the efficiency of electron generation, and
therefore, the amount of hydrogen gas that is produced.

A notable advantage of this process is the use of
sewage water as the source for hydrogen production. By
utilizing a contaminated water source, the overall eco-
nomic feasibility of hydrogen generation is significantly
improved. This makes the system an attractive solution
for addressing energy shortages, as it transforms waste
into a renewable energy source. The use of a vacuum
tube metal halide for illumination provides white light
that enhances the photocathode’s performance. Under illu-
mination, the measured Jph value is −0.046 mA/cm², which
decreases to −0.032 mA/cm² when the light is turned off, as
illustrated in Figure 5(a). The difference between these
values corresponds to the photocurrent (0.012 mA/cm²),
demonstrating the photocathode’s excellent photoelectro-
chemical behavior under illumination. This result high-
lights the efficient transfer of hot electrons from the PMT
layer to the Bi2O3 layer, with Bi2O3 serving as the electron
initiator for reactions in the adjacent sanitation solution.
Meanwhile, the holes move in the opposite direction [25],
accumulating on the PMT surface.

The photocathode’s stability plays a vital role in its
overall performance. Its durability ensures consistent
behavior, as evidenced by the current density fluctuations
observed under conditions of alternating illumination and
darkness. These variations in current density, which can
be seen in Figure 5(b), demonstrate the reproducibility and
sensitivity of the fabricated photocathode. The consistent
increase and decrease in current densities, depending on
whether the photocathode is illuminated or in darkness,
indicate a high degree of stability and reliability. This
research holds significant promise, particularly in terms
of using contaminated water as a resource for generating
renewable energy. The use of sewage water not only
reduces costs but also presents a sustainable solution to
the world’s energy challenges [26]. The materials used in
the photocathode, particularly BiOCl and PMT, show strong
potential for long-term application due to their stability
and efficient electron transfer properties. As the photocur-
rent values directly reflect the amount of hydrogen pro-
duced, this method of hydrogen generation could become a
pivotal technology in the renewable energy sector, espe-
cially in addressing global energy shortages while mana-
ging environmental waste effectively.

The behavior of the photocathode during sewage water
splitting can be influenced by varying the photon energies,
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which can be adjusted between 3.6 and 1.7 eV using filters
that control the wavelengths of the photons. As the photon
energies increase, the energy transferred to the photo-
cathode also rises, leading to a significant increase in the
generation of electrons on the surface of the BiOCl/PMT/
P1HP photocathode. These generated electrons are crucial
for producing hot electrons with varying kinetic energies.
This variation is reflected in the linear sweep voltammetry
curves, which show changes in the Jph. The Jph values shift
from −0.045mA/cm² at 3.4 eV to approximately −0.042mA/cm²
at 1.7 eV under an applied bias voltage of −0.7 V, as illu-
strated in Figure 6(a). Notably, there is optimization at
photon energies of 3.6 and 2.8 eV, which are higher than
the evaluated bandgap of 2.75 eV, indicating that these
photons possess sufficient energy to provide additional
kinetic energy for the reaction. The summary of these Jph
values is presented in Figure 6(b). This behavior under-
scores the high sensitivity of the fabricated photocathode,

which is based on the excellent photocatalytic properties of
the semiconductor materials BiOCl and PMT.

The sensitivity of the fabricated BiOCl/PMT/P1HP
photocathode is assessed by measuring the amount of H2

gas evolved, as shown in Figure 7(a). The production rate of
H2 gas is estimated to be 15 μmol/h for a 10 cm² area. These
values are closely tied to the sequential transfer of photo-
generated charges, which involves the movement of gen-
erated electrons and holes in opposite directions under the
small bandgap of 2.75 eV. Hot electrons accumulate on the
BiOCl material and then migrate into the solution to drive
the water-splitting reaction, leading to H2 gas generation.
Simultaneously, the holes move in the opposite direction
until they reach the PMT material, creating polarization
during this process. This charge movement is facilitated
by the close alignment of the conduction and valence levels
of PMT and BiOCl, enhancing the efficiency of charge
transfer, as depicted in Figure 7(b). The flow of these

Figure 6: (a) Electrochemical performance of the fabricated BiOCl/PMT/P1HP photocathode under illumination with different photon energies and
(b) the variation in the produced current corresponding to these changes in photon energy.

Figure 5: (a) Electrochemical performance of the fabricated photocathode under illumination and (b) the sequential variation in the generated current
corresponding to the chopped light exposure on the BiOCl/PMT/P1HP photocathode.
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generated electrons into the neighboring solution results in
the formation of OH radicals, which further support the
water-splitting reaction [27].

Utilizing sewage water in this process presents an
excellent option for generating H2 gas from waste and con-
taminated water, making this study highly promising.
When compared to other materials in the literature, such
as Cr2S3-Cr2O3/poly-2-aminobenzene-1-thiol [28] or graphene
oxide/polypyrrole [29], which achieves about 0.01 mA/cm²
with limited H2 production, this photocathode demonstrates
superior performance.

4 Conclusions

A novel BiOCl/PMT/P1HP photocathode has been created
for generating H2 gas from sewage water. This BiOCl/PMT
composite features a crystalline size of 39 nm, a bandgap of
2.75 eV, and a porous polymer structure with 20 nm pores
that aggregate into larger structures around 300 nm thick.

When used as the working electrode in a three-elec-
trode cell, the BiOCl/PMT/P1HP photocathode achieves a
hydrogen production rate of 15 μmol/h over a 10 cm²
area. The Jph measures −0.046 mA/cm² under illumination,
decreasing to −0.032 mA/cm² when the light is turned off,
resulting in a photocurrent of 0.012 mA/cm². This reflects
the photocathode’s highly efficient photoelectrochemical
behavior. The performance of this photocathode in split-
ting sewage water can be finely tuned by adjusting the
photon energies between 3.6 and 1.7 eV using filters to con-
trol the photon wavelengths. This variation is observed in
the linear sweep voltammetry curves, where Jph values
shift from −0.045 mA/cm² at 3.4 eV to approximately
−0.042 mA/cm² at 1.7 eV under an applied bias voltage of
−0.7 V. The promising efficiency of this photocathode,
coupled with its cost-effectiveness, positions the BiOCl/
PMT/P1HP photocathode as a compelling choice for green

chemistry applications and industrial-scale hydrogen
production.
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