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complex nanocomposite as photoelectrode for
photoelectrochemical hydrogen gas generation
from seawater
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An innovative silver chloride–poly(2-chlorobenzeneamine) (AgCl–P2CBA) complex nanocomposite is

developed through a one-step chemical synthesis route for efficient and sustainable hydrogen

production from seawater. The resulting nanocomposite exhibits a rough, heterogeneous surface

morphology, an optical bandgap of 1.92 eV, and an average crystallite size of approximately 40 nm,

which collectively enhance its light-harvesting and photoresponse properties. The integration of AgCl

into the polymeric matrix not only improves visible-light absorption but also facilitates more effective

charge carrier separation, leading to a marked increase in photocurrent density from −0.011 mA cm−2

(pure P2CBA) to −0.035 mA cm−2 for the composite. Under solar illumination, the AgCl–P2CBA

photocathode achieved a hydrogen evolution rate of 3.5 mmol h−1 cm−2 using untreated seawater,

demonstrating excellent activity and stability. Additionally, the electrode remained responsive across

a broad photon energy range (1.7–3.6 eV), underscoring its adaptability to diverse lighting conditions.

This work presents an innovative combination of a halide salt with a chlorinated conducting polymer,

offering a simple, scalable, and cost-effective photoelectrode design with strong potential for practical

hydrogen generation technologies.
1. Introduction

Hydrogen is widely regarded as a clean, renewable, and
sustainable energy alternative. Recently, photoelectrochemical
(PEC) water splitting has gained recognition as a promising
technology for hydrogen production.1,2 Seawater offers several
advantages for PEC hydrogen production, including being an
abundant and renewable resource, a low-cost feedstock, and
highly feasible for large-scale hydrogen production. Additionally,
seawater naturally contains dissolved ions and trace metals,
which enhance the electrolyte's conductivity and facilitate charge
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transfer during the PEC process. In PEC systems, water is split
into hydrogen and oxygen under light illumination in the pres-
ence of semiconductors.3 These semiconductors function as light
absorbers, converting light energy into free electrons and holes
with sufficient thermodynamic potential to drive the water-
splitting reaction.4,5 The development of efficient semi-
conductor photocatalysts is vital for achieving high performance
and cost-effectiveness in PEC applications. The photochemistry
of silver halides has long been established, with applications
spanning various industries. Among them, silver chloride (AgCl)
has garnered signicant interest for photocatalysis in water
splitting due to its high photosensitivity. AgCl's photoactivity
extends from the UV to the visible light spectrum, primarily
driven by self-sensitization.6,7 Furthermore, AgCl exhibits poten-
tial as a p-type semiconductor. It has large bandgap energy
signicantly inuenced by impurities and Frenkel defects in its
crystal structure.8 Beyond photocatalysis, AgCl nds applications
in antimicrobials, disinfectants, photography, photochromic
lenses for sunglasses, and infrared-transmissive optical compo-
nents for windows. The PEC of AgCl is low due to limited charge
transfer efficiency and high energy gap.

Polymer materials have also drawn considerable attention
for PEC electrode applications.9,10 This is thanks to their
RSC Adv., 2025, 15, 35543–35552 | 35543
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properties such as light-harvesting capability, tunable elec-
tronic structures, high surface area, and abundant active sites.11

Additionally, polymers are lightweight, eco-friendly, exible,
low-cost, and easy to fabricate into large-area devices.10,12 Poly(2-
chlorobenzeneamine) (P2CBA) is a polymer with a unique
conjugated structure that makes it highly suitable for various
optical applications. The presence of a conjugated system
allows this polymer to interact effectively with optical photons,
enabling it to absorb light energy efficiently. This absorption
process results in the excitation of electrons, leading to the
liberation of high-energy (hot) electrons. These hot electrons
can then transfer through an external medium, facilitating
critical redox reactions, such as the reduction of water mole-
cules. This process ultimately leads to the generation of
hydrogen gas, which is an essential component for renewable
energy applications.

Furthermore, the efficiency of P2CBA in optical applications
can be signicantly enhanced by combining it with other
materials that contribute additional optical properties. The
integration of nanomaterials, metal oxides, or other conjugated
systems can improve its absorption range, charge separation
efficiency, and overall photophysical behavior. This synergistic
effect results in a more effective photochemical system, opti-
mizing hydrogen production through photocatalysis. The
ability of P2CBA to be modied and tuned for specic applica-
tions makes it a promising candidate for sustainable energy
solutions. Its exible properties and compatibility with other
advanced materials make it an exciting area of research in the
eld of optoelectronics and green energy technology. One of the
major limitations in previous studies is the reliance on fresh-
water as the hydrogen source, oen requiring the addition of
strong acids, bases, or specialized electrolytes like ammonia to
facilitate the reaction. This approach poses challenges in terms
of sustainability, cost, and scalability. Therefore, the use of
readily available, commercially viable electrolytes-such as
seawater-represents a crucial step forward in developing prac-
tical and sustainable hydrogen production systems for future
energy technologies.

In this study, a novel AgCl–P2CBA nanocomposite is devel-
oped by integrating the distinctive optoelectronic properties of
P2CBA with the excellent photonic activity of AgCl through
a simple, one-step synthesis process. The combination lever-
ages the semiconducting nature of P2CBA-characterized by its
strong visible-light absorption and enhanced electrical
conductivity-alongside AgCl's high electron mobility and supe-
rior light-induced charge generation. The chlorinated aromatic
structure and amine groups of P2CBA promote effective inter-
facial interactions with AgCl, resulting in improved structural
integration, facilitated charge transfer, and enhanced surface
functionalization. Uniquely, the polymer serves not only as an
active light-absorbing material but also as a structural binder
that maintains the stability and integrity of the composite
during operation. This hybrid design leads to signicantly
enhanced light-harvesting efficiency, more effective charge
separation, and improved photoelectrochemical (PEC) stability
under saline conditions. For the rst time, this study introduces
the AgCl–P2CBA nanocomposite as a visible-light-driven
35544 | RSC Adv., 2025, 15, 35543–35552
photocathode for direct hydrogen generation from seawater,
addressing the challenges of cost, durability, and performance.
Comprehensive characterization-including structural,
morphological, and optical analyses-is performed, alongside
detailed PEC evaluations under dark, white light, and mono-
chromatic conditions. The photocurrent response, chopping
current behavior, and hydrogen evolution rate collectively vali-
date the potential of this nanocomposite as a cost-effective,
scalable, and high-efficiency material for green hydrogen
production on an industrial scale.

2. Materials & methods
2.1. Materials

In this study, various high-purity materials were utilized. Silver
nitrate (AgNO3, 99.9%), 2-chlorobenzenamine (99.9%), and
acetic acid (CH3COOH, 99.8%) were sourced from Merck, Ger-
many. Hydrochloric acid (HCl, 36%) and ammonium persulfate
((NH4)2S2O8, 99.8%) were obtained from Pio-Chem Co., Egypt.
Additionally, seawater was collected from the Red Sea for the
PEC experiments.

2.2. Synthesis of P2CBA and AgCl–P2CBA

The AgCl–P2CBA complex nanocomposite was synthesized
through the deposition of silver chloride (AgCl) onto the surface
of 2-chlorobenzenamine, facilitated by the reaction between
silver ions (Ag+) and chloride ions (Cl−). This process occurred
concurrently with the polymerization of 2-chlorobenzenamine,
resulting in the formation of a composite material. To initiate
the reaction, 2-chlorobenzenamine (0.06 M) was dissolved in
acetic acid (1.0 M). Subsequently, ammonium persulfate (0.07
M) and silver nitrate (0.07 M) were added to the solution. This
mixture led to the formation of the AgCl–P2CBA complex as
a thin lm deposited on a glass substrate. The reaction mixture
was allowed to proceed under continuous stirring at room
temperature for two days to ensure homogeneity and
completeness of the polymerization and deposition processes.

An alternative method for the synthesis involved the
formation of pristine P2CBA. In this process, 2-chloro-
benzenamine was polymerized without the presence of silver
ions. Here, a higher concentration of ammonium persulfate
(0.14 M) was used as the oxidizing agent, while the monomer
was dissolved in hydrochloric acid (HCl) instead of acetic acid.
This variation resulted in the formation of pure P2CBA, high-
lighting the inuence of reaction conditions on the nal
product. Both methods emphasized the critical role of oxidant
concentration and reaction medium in determining the
composite structure and properties.

2.3 Characterization techniques

The physico-chemical properties of P2CBA and AgCl–P2CBA
materials were analyzed using various characterization tech-
niques. X-ray diffraction (XRD; Bruker D8-Advance) was used to
determine the crystal structure and phase of the P2CBA and
AgCl–P2CBA materials. The surface morphology was charac-
terized by scanning electron microscopy (SEM; Zeiss Sigma 500
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Present the band position of functional groups of the AgCl–
P2CBA complex composite and the P2CBA pure polymer

Bonds position (cm−1)

GroupsP2CBA AgCl–P2CBA

3230 3141 N–H
1570, 1492 1620, 1580, 1504 P2CBA ring13,14

1402 1400 C–N15

1279, 1196 1295, 1199 C–H16

819 825 Disubstituted
1090 1050 C–H bending
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VP). The optical properties of the prepared materials were
studied using a UV-Vis spectrophotometer (PerkinElmer
Lambda) to investigate light absorption and bandgap energy.
Fourier transform infrared spectroscopy (FTIR; Bruker) was
employed to analyze the functional groups attached to the
prepared materials. The oxidation states and chemical surface
compositions were examined by X-ray photoelectron spectros-
copy (XPS; Shimadzu).

2.4. Photoelectrochemical (PEC) measurement

The photoelectrochemical performance was evaluated using
a three-electrode workstation (CHI) for hydrogen generation.
Natural Red Sea water was used as the electrolyte. P2CBA and
AgCl–P2CBA with an area of 1.0 × 1.0 cm2 were employed as the
working electrodes. Calomel electrode served as the reference
electrode, and a graphic rode was used as the counter electrode.
Linear sweep voltammetry (LSV) was conducted to measure the
photocurrent density under various reaction conditions,
including exposure to white light (400 W metal halide lamp)
and in the absence of light (dark conditions). The electrodes'
responses to different wavelengths of light were also evaluated.

3. Results and discussion
3.1. Physico-chemical characterization

3.1.1. XRD, FTIR, and XPS analyses. FTIR spectroscopy
results for the synthesized P2CBA and AgCl–P2CBA are shown
in Fig. 1(a). Table 1 summarizes the functional groups present
in the pristine P2CBA polymer and AgCl–P2CBA composite.
Specically, the AgCl–P2CBA composite exhibits absorption
bonds at 1620 cm−1, 1580 cm−1, and 1504 cm−1, compared to
Fig. 1 (a) FTIR spectrum, (b and c) XPS, and (d) XRD patterns analyses
nanocomposite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the corresponding peaks at 1570 cm−1 and 1492 cm−1 in the
pristine P2CBA polymer. These shis indicate modications in
the aromatic ring structure resulting from AgCl integration.
Additionally, the evaluation highlights the substitution effect of
the chloride atom within the ring structure. The AgCl–P2CBA
composite shows a bond at 825 cm−1, compared to 819 cm−1 in
the pristine polymer, which conrms the successful insertion of
AgCl through complex formation. The shis in bond positions
of vibrational modes across various functional groups conrm
the integration of AgCl into the P2CBA polymer matrix. The
strong interactions between AgCl and P2CBA lead to alterations
in bonding environments and molecular arrangements, which
ultimately affect the material's properties. This results in
changes to the structural, electronic, and optical characteristics
of the composite.

XPS analysis is conducted to examine the elemental compo-
sition and oxidation states within the AgCl–P2CBA complex
nanocomposite, as displayed in Fig. 1(b) and (c). The structural
integrity of the polymer is evaluated by analyzing the transitions
of the synthesized pure P2CBA polymer and AgCl–P2CBA complex

RSC Adv., 2025, 15, 35543–35552 | 35545
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associated with the organic elements in the complex. Charac-
teristic binding energies for carbon (C), nitrogen (N), and chlo-
rine (Cl) were observed at 285.6 eV (C 1s), 400 eV (N 1s), and
201 eV (Cl 2p), respectively, as shown in Fig. 1(c). These transi-
tions provide valuable insights into the chemical environment
and bonding characteristics within the polymer framework.

The presence of silver (Ag) (Fig. 1(b)) is conrmed through
distinct transitions of Ag 3d5/2 and Ag 3d3/2, located at binding
energies of 367.3 eV and 373.4 eV, respectively. These peaks
conrm the formation of silver in the form of AgCl, embedded
within the polymer matrix. Silver is a core component of the
AgCl–P2CBA composite. This detailed characterization reects
the unique composition of the nanocomposite, emphasizing its
potential for various applications.

The crystallite size and growth orientation of poly(2-
chlorobenzeneamine) (P2CBA) and its composite with silver
chloride (AgCl–P2CBA) were analyzed using XRD patterns, as
illustrated in Fig. 1(d). The XRD pattern of pristine P2CBA
reveals a broad and prominent peak centered at 2q = 22.5°,
which is characteristic of its amorphous nature. This broad
peak indicates the presence of a disordered polymeric structure
with limited long-range periodicity.

Upon the incorporation of AgCl into the P2CBA matrix, the
XRD pattern exhibits additional features indicative of enhanced
crystallinity. The modied composite structure shows three
weak but distinct peaks at 2q = 22.0°, 30.9°, and 37.8°, which
can be attributed to the parallel periodicity of the polymer
chains. These newly observed peaks suggest an increase in the
ordered regions within the polymer matrix, thereby conrming
the development of a semi-crystalline nature in the AgCl–P2CBA
complex. The presence of these peaks indicates that the inter-
action between AgCl and P2CBA induces a partial trans-
formation from an amorphous to a more ordered phase. This
structural change could lead to modications in the optical and
electronic properties of the material, making it potentially
useful for optoelectronic and catalytic applications.

For AgCl–P2CBA, key diffraction peaks were observed at
67.2°, 56.9°, 54.3°, 45.9°, 32.0°, and 27.4°, corresponding to the
crystal planes (400), (222), (311), (220), (200), and (111) of AgCl,
respectively. The crystalline structure matches the Joint
Committee on Powder Diffraction Standards (JCPDS) le 31-
1238.7,17 Additionally, the XRD analysis revealed three distinct
peaks at 38.1°, 30.4°, and 24°, attributed to the P2CBA polymer.
Minor peaks corresponding to Ag2O were also observed. These
ndings conrm the successful formation of AgCl within the
P2CBA polymer matrix. The XRD patterns displayed intense and
well-dened diffraction peaks, reecting the high nano-
crystalline nature of the AgCl–P2CBA composite, which
enhances its optical properties. The crystallite size was calcu-
lated using the Scherrer equation.18

D = 0.9l/b cos q (1)

where b is the full width at half maximum (FWHM) in radians, q
is the Bragg's angle, and l is the X-ray wavelength (CuKa= 0.154
nm). The crystallite size of the AgCl–P2CBA composite at the
highest peak (2q= 32.0°) is approximately 40 nm. This relatively
35546 | RSC Adv., 2025, 15, 35543–35552
small crystallite size, indicative of a high surface area, is
particularly advantageous for PEC applications.

3.1.2. SEM morphology. The SEM images of P2CBA and
AgCl–P2CBA lms, shown in Fig. 2(b) and (c), provide insights
into the morphological structure of the fabricated lms. The
surface morphology of P2CBA, as seen in Fig. 2(a), reveals a non-
uniform structure arising from the aggregation of small particles.
These particles appear densely packed and intertwined, forming
a continuous thin lm without any observable holes or cracks.
Notably, some particles exhibit elongated, rod-like shapes with
length about 0.84 mm. The morphology of the AgCl–P2CBA
nanocomposite demonstrates notable alterations compared to
pure P2CBA. As shown in Fig. 2(b), the surface of AgCl–P2CBA is
characterized by individual particles with irregular shapes and
sizes. These particles resemble semispherical nano- and micro-
stones, with sizes ranging from 150 nm to 1.1 mm, separated by
wide gaps. This unique structure can enhance the optical prop-
erties and facilitate the penetration of electrolytes into the elec-
trode. The 3D topography and surface roughness were analyzed
using SEM images processed with the free Gwyddion soware.
Fig. 2(d) reveals that the P2CBA surface features numerous peaks
and valleys with varying depths, heights, and spacing. In
comparison, the AgCl–P2CBA surface exhibits a more complex
and highly rough morphology, as shown in Fig. 2(d). The larger
distances between peaks and valleys indicate a signicantly
rougher surface with increased surface area.19 Fig. S1 (SI) shows
the particle size distribution of the AgCl–P2CBA nanocomposite.
The particles are predominantly in the range of 150–180 nm,
indicating a relatively uniform morphology. This narrow size
distribution reects the structural consistency of the nano-
composite, which is essential for achieving stable and repro-
ducible photoelectrochemical performance.

The roughness parameters, such as arithmetic average
roughness (Ra) and root mean square roughness (Rq), provide
insights into the surface texture irregularities characteristics.20

P2CBA exhibits an Ra of 133.4 and an Rq of 161.7, while the
AgCl–P2CBA displays an Ra of 175.3 and an Rq of 204.7. This
enhanced surface roughness suggests that AgCl–P2CBA has
a higher surface area with more active sites compared to P2CBA.
Additionally, the complex rough morphology is useful for
enhancing the interaction between incident photons and the
material, increasing light trapping within the material structure
and promoting photon absorption.19 This process generates
a large number of electron–hole pairs on the surface of the
electrode. This results in improved sensitivity and overall
performance of the photodetector.

3.1.3. Optical properties. The light absorption capability of
the fabricated AgCl–P2CBA complex nanocomposite is
primarily determined by the interaction of its constituent
materials with incident photons. When exposed to light, the
material absorbs photons and transfers their energy to hot
electrons, which are crucial for participating in PEC reactions
and hydrogen production. Fig. 3 presents the optical properties
of both the pristine P2CBA polymer and the AgCl–P2CBA
nanocomposite through absorbance and Tauc spectra.21,22 The
AgCl–P2CBA complex exhibits a broad absorbance spectrum
that extends across a wide optical range, including the infrared
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM and 3D roughness of (a and c) P2CBA polymer and (b and d) AgCl–P2CBA nanocomposite.

Fig. 3 (a) Optical absorbance (b) Tauc spectra of P2CBA polymer and AgCl–P2CBA nanocomposite.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 1
1:

38
:0

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
(IR) region, highlighting its ability to efficiently harness light
energy beyond the visible (Vis) spectrum. In contrast, the pris-
tine P2CBA polymer shows a more limited absorption range
primarily within the visible region, resulting in lower efficiency
in capturing light energy.

The enhanced optical properties of the AgCl–P2CBA complex
are attributed to the incorporation of AgCl, which modies the
electronic structure and forms an additional complex network
with the polymer. This synergistic effect signicantly improves
the overall light absorption behavior of the nanocomposite,
making it highly suitable for applications such as photo-
catalysis and solar energy conversion.

To further quantify its optical properties, the absorption
coefficient (a) was calculated using the lm thickness (d) and
material absorbance (A) according to eqn (2). The optical
bandgap (Eg) of the AgCl–P2CBA nanocomposite was
© 2025 The Author(s). Published by the Royal Society of Chemistry
determined using the Tauc equation, yielding a bandgap energy
of 1.92 eV, Fig. 3(b). This low bandgap value conrms the
enhanced light-harvesting capabilities of the material, making
it a strong candidate for energy-related applications.

a ¼
�
2:303

d

�
A (2)

aħf = K(hf − Eg)
1/2 (3)

where K is a constant, ħ is Planck's constant, and f is the photon
frequency.
3.2. Application of the H2 generation

The PEC behavior of P2CBA and AgCl–P2CBA electrodes for
hydrogen generation is studied using a three-electrode cell in
RSC Adv., 2025, 15, 35543–35552 | 35547
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a seawater splitting reaction. When light illuminates the elec-
trodes, it excites electrons, generating electron–hole pairs that
are fundamental for driving the water-splitting reaction. The
amount of hydrogen gas (H2) produced is directly related to the
number of electron–hole pairs generated, which can be esti-
mated by measuring the photocurrent density. Natural
seawater, containing heavy metals and salts, acts as an inherent
electrolyte, enhancing the electrolysis process without the need
for additional synthetic electrolytes.23,24

Fig. 4(a) presents the linear sweep voltammetry curves for
P2CBA and AgCl–P2CBA electrodes under white light and in the
dark. The pristine P2CBA photocathode exhibited a photocur-
rent density (Jph) of −0.004 mA cm−2 and a dark current density
(Jo) of −0.018 mA cm−2 at −0.95 V vs. RHE. In contrast, the
AgCl–P2CBA electrode recorded Jph and Jo values of −0.010 mA
cm−2 and −0.035 mA cm−2, respectively, at the same voltage.
This indicates that the photocurrent density of AgCl–P2CBA is
twice that of pristine P2CBA, highlighting its enhanced photo-
catalytic performance. The limited performance of the pristine
material suggests a lower efficiency in utilizing incident
photons for energy transfer. For the AgCl–P2CBA electrode, the
photocurrent density is 3.5 times higher than the dark current.
The low dark current of AgCl–P2CBA reecting the absence of
photogenerated electron–hole pairs in the dark. Conversely, the
high photocurrent under illumination signies efficient redox
reactions at the electrolyte–electrode interface, underscoring
the excellent PEC performance of the AgCl–P2CBA electrode.
Additionally, AgCl–P2CBA demonstrates the ability to generate
photocurrent without requiring an external voltage, a critical
advantage that simplies PEC systems and reduces energy
costs.

The incorporation of AgCl into the P2CBA matrix signi-
cantly enhances its light absorption capacity, thereby improving
overall photocatalytic activity. This enhancement illustrates the
crucial role of AgCl in modifying the electronic structure and
facilitating more efficient charge separation, ultimately leading
to improved water-splitting efficiency by maximizing light
absorption across a broader spectral range. Moreover, the rough
morphology of the AgCl–P2CBA structure increases its surface
area, creating numerous active sites that enhance the interac-
tion between light, the electrode surface, and the surrounding
Fig. 4 (a) The PEC response of the fabricated P2CBA and AgCl–P2CBA f
on/off chopped light for AgCl–P2CBA composite electrode.

35548 | RSC Adv., 2025, 15, 35543–35552
electrolyte. This improved interaction not only boosts light
absorption but also facilitates the redox reactions essential for
hydrogen generation. The reduced bandgap and extended light
absorption range of AgCl–P2CBA further demonstrate its
superior ability to harness a broader spectrum of light, resulting
in enhanced electron–hole pair generation. The integration of
AgCl with P2CBA improves charge migration to the electrode
surface and reduces energy losses during the PEC process.
Furthermore, the heterojunction formation between AgCl and
P2CBA within the composite minimizes electron–hole recom-
bination by effectively separating charge carriers, ensuring that
more electrons and holes participate in the hydrogen evolution
reaction (HER). Collectively, these properties contribute to
a higher photocurrent density and improved PEC performance,
highlighting the feasibility of using seawater as a renewable and
abundant resource for hydrogen production through solar
energy conversion, thereby addressing global energy challenges
while supporting green energy initiatives.

The stability test is an essential evaluation of the perfor-
mance and durability of photoelectrodes, particularly in PEC
applications. For the AgCl–P2CBA photoelectrode, stability was
assessed using the chopped current method under alternating
light (on/off) conditions, as depicted in Fig. 4(b). Upon illumi-
nation, the photocathode absorbs light, generating electron–
hole pairs and leading to an increase in current density, while in
darkness, the current density decreases. The sequential uctu-
ations in current density reect the photoelectrode's rapid
response to light stimuli. Consistent variations across multiple
cycles underscore the sensitivity and reproducibility of the
AgCl–P2CBA photoelectrode, conrming its stable performance
even aer repeated light exposure. The photoelectrode's high
sensitivity demonstrates its ability to efficiently capture light
energy and convert it into photocurrent, a key process for
hydrogen generation. AgCl–P2CBA's durability indicate strong
the chemical and structural stability of AgCl–P2CBA. Addition-
ally, its anticorrosion properties enhance its resilience,
enabling it to withstand degradation and maintain function-
ality in harsh environments, such as seawater with salts and
heavy metals. Stability is further supported by the photo-
electrode's efficient electron transfer at the electrode–electrolyte
interface. The heterojunction between AgCl and P2CBA
or H2 gas generation from splitting Red Sea water under white light (b)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effectively reduces electron–hole recombination. These ndings
underscore the exceptional reliability and effectiveness of AgCl–
P2CBA for practical PEC water-splitting and hydrogen evolution
reactions (HER).

The Tafel plot in Fig. S2 illustrates the PEC behavior of the
AgCl–P2CBA nanocomposite under illumination at various
wavelengths (340, 440, 540, and 730 nm). It shows the rela-
tionship between the applied potential (vs. RHE) and the loga-
rithm of the photocurrent density (log Jph), highlighting the
strong dependence of PEC performance on the incident light
wavelength. At shorter wavelengths (340 and 440 nm), the
nanocomposite demonstrates lower overpotentials for
hydrogen evolution, indicating more favorable kinetics. For
instance, at a xed log Jph value of 6.0, the overpotential for
340 nm illumination is signicantly lower compared to that at
longer wavelengths. This behavior underscores the enhanced
generation and separation of charge carriers driven by higher-
energy photons, which effectively excite electrons across the
bandgap of the AgCl–P2CBAmaterial and accelerate the HER. In
contrast, as the illumination shis to longer wavelengths (540
and 730 nm), a noticeable increase in overpotential is observed.
This trend reects diminished light absorption and weaker
charge carrier excitation due to the lower photon energy, espe-
cially near the infrared region. Consequently, the reduced effi-
ciency in charge separation and transport hinders the HER,
requiring a higher energy input to sustain similar photocurrent
densities. These ndings conrm that the PEC activity of AgCl–
P2CBA is highly wavelength-dependent, with optimal perfor-
mance under higher-energy illumination. Therefore, AgCl–
P2CBA emerges as a promising candidate for PEC hydrogen
generation, particularly under solar light conditions where
shorter wavelengths are present.

Photon energies are vital for exciting electron levels within
the photoelectrode, facilitating the generation of photocarriers.
The photo-response of the AgCl–P2CBA photoelectrode was
examined under illumination with light of different wave-
lengths, using natural seawater as the electrolyte, as shown in
Fig. 5(a). Optical lters were employed to control the photon
wavelengths at 340, 440, 540, and 738 nm, corresponding to
photon energies of 3.64, 2.81, 2.29, and 1.68 eV, respectively.
The Jph was measured under an applied bias voltage of −0.95 V
Fig. 5 (a) The PEC response of the AgCl–P2CBA under light with va
wavelengths.

© 2025 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 5(b). At longer wavelengths (738 nm), the photo-
cathode displayed minimal responsivity, with a low Jph of
approximately −0.020 mA cm−2. In contrast, at shorter wave-
lengths (340 nm), the photocathode exhibited signicantly
higher responsivity, with Jph reaching −0.035 mA cm−2. This
variation in responsivity underscores the AgCl–P2CBA photo-
electrode's ability to efficiently absorb and utilize photon energy
at shorter wavelengths. Photons with lower energies are unable
to induce the necessary electron transitions, leading to reduced
efficiency. Higher-energy photons (shorter wavelengths)
promote increased electron–hole pair generation.25 These
photogenerated carriers contribute to the formation of OH
radicals, which play a crucial role in the production of H2 from
water, enhancing PEC performance.

The amount of H2 gas evolution from the AgCl–P2CBA
photoelectrode is illustrated in Fig. 6(a). The production rate of
H2 gas is estimated to be 3.5 mmol h−1 for a 1 cm2 area. This
signicant value highlights the efficacy of the photocathode,
especially given its fabrication through a single-step process
suitable for mass production. Furthermore, its cost-
effectiveness enhances its potential as a viable solution for
renewable energy production, particularly in generating H2 gas
from seawater.

To elucidate the enhanced PEC performance of the AgCl–
P2CBA nanocomposite, a charge transfer mechanism based on
energy band alignment is proposed and illustrated in Fig. 6(b).
The improved hydrogen evolution is primarily attributed to the
formation of a heterojunction between AgCl and the conducting
polymer P2CBA, which facilitates efficient charge separation
and directional charge transfer.26–28 The combination of AgCl's
wide bandgap and P2CBA's narrower bandgap creates favorable
energy offsets that promote interfacial charge movement. Upon
light irradiation, both materials generate electron–hole pairs.
Electrons in AgCl's conduction band migrate to the lower-lying
LUMO of P2CBA and subsequently to the electrolyte interface
(natural Red Sea water), where they reduce protons to form
hydrogen gas.29,30 Simultaneously, holes in P2CBA's HOMO
transfer to AgCl's valence band, minimizing recombination.
The ion-rich seawater further enhances charge mobility and
supports hydrogen evolution at the electrode–electrolyte inter-
face. This directional ow of charge carriers and the optimized
rious wavelengths (b) the evaluated Jph for photons with different
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Table 2 Comparison of the electrochemical performance of the
AgCl–P2CBA photocathode with other reported photocathodes

Photoelectrode Jph (mA cm−2) Electrolyte

Cr2S3–Cr2O3/
poly-2-aminobenzene-1-thiol23

0.017 Sewage water

g-C3N4–CuO
31 0.01 NaOH

CuO–C/TiO2
32 0.012 Glycerol

TiN–TiO2
33 3.0 × 10−4 NaOH

Present work: AgCl–P2CBA 0.035 Red sea water

Fig. 6 (a) Evaluation of the estimated hydrogen moles (b) schematic diagram of the charge transfer through the constituents of for the AgCl–
P2CBA photoelectrode.
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band alignment ensure efficient separation and utilization of
photogenerated charges. Overall, these results highlight the
strong potential of AgCl–P2CBA as a light-responsive photo-
cathode for efficient seawater-splitting applications.

Finally, Table 2 presents a comparative overview of the
electrochemical performance of the AgCl–P2CBA photocathode
relative to various previously reported systems. The results
clearly demonstrate its superior PEC activity, underscoring the
effectiveness of the AgCl–P2CBA nanocomposite for efficient
hydrogen generation.
4. Conclusion

A novel AgCl–P2CBA photocathode has been successfully
developed through a cost-effective and efficient one-step fabri-
cation method. This advanced material is designed for
sustainable energy applications, with a primary focus on
hydrogen production from seawater. XRD analysis revealed
a crystallite size of approximately 40 nm, while FTIR spectros-
copy showed characteristic shis in functional group positions
following AgCl incorporation, conrming successful composite
formation. The PEC performance of both pristine P2CBA and
AgCl–P2CBA photocathodes was evaluated for hydrogen evolu-
tion. The AgCl–P2CBA composite demonstrated a markedly
enhanced photocurrent density of −0.035 mA cm−2, nearly
twice that of pristine P2CBA. Furthermore, it achieved
a hydrogen production rate of 3.5 mmol h−1 cm−2. This perfor-
mance enhancement is attributed to improved charge separa-
tion and transfer, along with increased light absorption,
35550 | RSC Adv., 2025, 15, 35543–35552
underscoring the benecial role of AgCl in enhancing photo-
catalytic activity. Beyond its PEC efficiency, the AgCl–P2CBA
nanocomposite offers notable economic advantages. Its low-
cost synthesis and scalability via a simple one-pot method
make it a strong candidate for industrial-scale hydrogen
production. Given its high efficiency, affordability, and ease of
fabrication, the AgCl–P2CBA photocathode represents a prom-
ising solution for next-generation hydrogen technologies. Its
integration into future hydrogen-based energy infrastructures
could signicantly contribute to global decarbonization efforts
and the transition to clean energy.
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