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Abstract: A novel photocathode has shown promise for
generating green hydrogen from sanitation water at a
rate of 50 μmol/h per 10 cm², using waste water as an elec-
trolyte in a three-electrode cell. This photocathode is com-
posed of two layers: a poly(1H-pyrrole) seeding layer topped
with a silver-silver oxide/poly(1H-pyrrole) (Ag-Ag2O-P1HP)
dendritic nanocomposite. The nanocomposite exhibits broad
light absorption up to 660 nm and possesses a bandgap of
1.8 eV. SEM images reveal that the Ag-Ag2O-P1HP nanocompo-
site consists of well-ordered semi-spherical nanoparticles,
with an average size between 80 and 100 nm. These spherical
nanoparticles offer a large surface area, which enhances
photon absorption and trapping efficiency. Additionally, the
crystalline structure is characterized by a small crystal size
of 32 nm, further contributing to the material’s efficiency.
Hydrogen generation performancewas evaluated bymeasuring
the current density (Jph) under white light and monochromatic
light, compared to the dark current (Jo). The photocathode’s
sensitivity was tested using four different monochromatic wave-
lengths: 540, 440, 340, and 730 nm. The first three wavelengths –
540, 440, and 340 nm – resulted in high Jph values of −0.19,
−0.20, and −0.21mA/cm², respectively, indicating significant
hydrogen production. Conversely, the 730 nm wavelength
produced a lower Jph value of −0.17mA/cm², as the energy
at this wavelength is insufficient to induce significant bond

vibrations, resulting in limited hydrogen production. The
high efficiency, combined with the straightforward fabri-
cation of this photocathode, suggests that it could be
scaled up as a prototype for industrial hydrogen genera-
tion applications.
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Nomenclature

F Faraday constant
FTIR Fourier transform infrared spectroscopy
Jo current density in the dark
Jph current density in light
P1HP poly(1H-pyrrole)
SEM scanning electron microscope
TEM transmission electron microscope

Greek symbols

D crystalline size
λ light wavelength
ß full-width half maximum

1 Introduction

Hydrogen is an eco-friendly energy source that offers a
solution to both green chemistry development beside the
energy crisis. The photocatalytic water-splitting process for
hydrogen production has gained significant attention as an
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abundant element H2 fuel is used in transportation, power
generation, and industrial processes [1,2]. Hydrogen energy is
crucial due to its capacity to produce power without releasing
harmful emissions. When used as a fuel, hydrogen’s sole by-
product is water, making it an environmentally sustainable
and clean energy source. Unlike fossil fuels, hydrogen does
not lead to greenhouse gas emissions, air pollution, or the
formation of harmful particulate matter, positioning it as a
promising alternative for reducing environmental impact [3].

In 2021, 94 million tons is consumed from H2 fuel
marking a notable 5% increase from the previous year. This
growth was particularly evident in traditional hydrogen
applications, especially in chemical processes, and repre-
sented a significant recovery from the impacts of the COVID-
19 pandemic. According to the IEA agency, USA, hydrogen
demand is projected to escalate to 115 million tons by 2030.
Hydrogen’s potential extends well beyond energy production,
offering substantial advantages over conventional fossil fuels.
As a clean fuel, it plays a crucial role in green chemistry by
promoting a more environmentally friendly approach and
minimizing or even eliminating the production of harmful
particulatematter [4,5]. This positions hydrogen as a significant
contributor to tackling global environmental issues. Further-
more, its versatility as an energy carrier allows it to be used in
a wide range of applications, including powering vehicles, gen-
erating electricity, and supporting various industrial pro-
cesses [6–8].

The growing interest in hydrogen is also driven by its
potential to enhance energy security. A variety of sources
can be used for producing hydrogen gas, including organic
materials, biomass, and water, making it a flexible option
for different regions and energy systems. This diversity in
production methods contributes to a more resilient and
secure energy supply [4]. Furthermore, the advancements
in hydrogen production technologies, such as photocata-
lytic water splitting, are making hydrogen a more viable
and cost-effective energy solution. These technologies are
continually being developed and optimized, enhancing their
efficiency and reducing their costs. As a result, hydrogen is
becoming an increasingly attractive option for a variety of
applications, from small-scale residential energy systems to
large-scale industrial operations [9,10].

Water splitting relies on the use of photocatalytic
materials, such as metal oxides, which are highly effective
for producing green hydrogen. To increase their efficiency,
the morphology of these materials is often optimized, e.g.,
by creating a porous structure or scaling them down to the
nanoscale. The combination of photocatalysts with plasmonic
materials can significantly improve their light absorption prop-
erties. This enhancement occurs because plasmonic materials,
when used as coatings, amplify light capture and generate hot

electrons that facilitate the water-splitting reaction. Silver (Ag)
stands out as an excellent plasmonic material due to its
superior performance, affordability, and resistance to corro-
sion, making it a valuable addition to photocatalytic systems.
The synergy between silver and photocatalytic materials
boosts the overall effectiveness of the process, providing a
promising approach to advancing hydrogen production tech-
nologies [11,12].

One approach to modifying metal oxides is by creating
composites with polymer semiconductors. These modifica-
tions are designed to boost the photocatalytic efficiency
and stability of the materials, making them more effective
for hydrogen production and expanding their potential
uses in other applications. By combining metal oxides
with polymer semiconductors, researchers aim to improve
the overall performance of these materials, allowing for
more efficient energy conversion and increased durability.
This enhancement not only makes them more suitable for
practical hydrogen production but also opens up new possi-
bilities for their use in various other fields where enhanced
photocatalytic properties are required [13,14].

A well-known triad of conducting polymers includes
polythiophene, polyaniline, and P1HP. Among these, P1HP
is particularly attractive for a variety of applications. P1HP
is used in various fields, such as outer-coating layers. The
form and usage of P1HP can be extensively tailored based
on its properties including the nanoscale particle size com-
bined with the photocatalytic behavior. P1HP’s coating
ability makes it an ideal material for modifying and enhan-
cing absorbance and opens up significant opportunities for
light-based energy applications [15,16].

Previous studies have typically focused on estimating
hydrogen gas generation using complex techniques, often
relying on fresh water as an electrolyte or incorporating
acidic or basic sacrificing agents. These factors present
challenges to the efficiency and effectiveness of hydrogen
gas production [17].

Herein, this study introduces a novel photocathode,
Ag-Ag2O-P1HP/P1HP, which shows great potential for pro-
ducing green hydrogen from sanitation water without the
need for any external sacrificing agents. The chemical com-
position of this nanocomposite was thoroughly analyzed
using various techniques such as X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), and Fourier trans-
form infrared spectroscopy (FTIR), alongside additional
electrical, optical, and morphological assessments. The
photocathode’s sensitivity was rigorously tested under four
monochromatic wavelengths: 540, 440, 340, and 730 nm, and
further evaluated by comparing its performance in both light
illuminations and darkness. The hydrogen gas rate is deter-
mined, and the sensitivity was assessed by examining the
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differences between the Jph and Jo values. A comparative
analysis with other studies in the literature highlighted the
advantages of this photocathode, particularly in terms of cost-
effectiveness and technical performance, including the gener-
ated current density. The combination of high efficiency and
the straightforward fabrication process indicates that this
photocathode is a promising candidate for scaling up as a
prototype for industrial hydrogen generation applications.

2 Materials and methods

2.1 Materials

Silver nitrate (AgNO3 99.9%, Pio-Chem co, Egypt), HCl (36%,
Merck, Germany), acetic acid (CH3COOH, 99.9%, Pio-Chem co,
Egypt), Pyrrole (Across Co., 99.9%, USA), ethanol (C2H5OH, 99.9%,
Merck, Germany), and (NH4)2S2O8 (99.9%, Pio-Chem co, Egypt)

2.2 Fabrication of Ag-Ag2O-P1HP/P1HP
photocathode using
photopolymerization reaction

The synthesis of the P1HP material as a promising seeding
layer begins with the preparation of a clean glass substrate.
To create this seeding layer, pyrrole is dissolved in 0.5 M
HCl while being stirred thoroughly. For the oxidant pre-
paration, (NH4)2S2O8 is dissolved in 50 ml of water. To com-
plete the synthesis, the oxidant is quickly added to the
pyrrole solution, leading to full polymerization and the
formation of a P1HP thin film.

The preparation of the Ag-Ag2O-P1HP/P1HP photocathode
involves a reaction similar to the previous oxidation of pyrrole
to P1HP. In this case, however, AgNO3 serves as the oxidant,
with a pyrrole to oxidant ratio of 1:2.5. Here pyrrole is dissolved
in acetic acid. During the addition of the oxidant to the pyrrole
solution, a vacuummetal halide lamp is used to illuminate the
solution, facilitating the photopolymerization reaction.

The reaction results in the formation of an Ag-Ag2O-
P1HP/P1HP photocathode thin film. This film undergoes
further treatment, including immersion in distilled water
and subsequent drying at 60°C. Once these steps are com-
pleted, the electrode is ready for characterization and electro-
chemical testing for green hydrogen generation. Figure 1
depicts the preparation procedure of this promising
photocathode.

2.3 Ag-Ag2O-P1HP/P1HP photocathode for
hydrogen generation
photoelectrochemically

Green hydrogen generation is achieved photoelectrochemi-
cally using a specially fabricated Ag-Ag2O-P1HP/P1HP photo-
cathode. This process utilizes a three-electrode cell setup, with
sanitation water as the primary electrolyte. Sanitation water
is chosen for its potential to be converted into green hydrogen
gas, contributing to renewable energy goals. Within this setup,
the photocathode (main working electrode), where all reduc-
tion reactions take place, results in the production of green
hydrogen gas. The efficiency of the photocathode is assessed
bymeasuring the Jph produced under light illumination, as this
reflects the electrode’s capability to generate hydrogen gas.

Figure 1: The schematic steps for the synthesizing of Ag-Ag2O-P1HP/P1HP photocathode and their position inside the three-electrode cell for H2 gas
generation.
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The potential of the photocathode is determined rela-
tive to a calomel reference electrode. To quantify the cell’s
efficiency, the produced moles of hydrogen are calculated
using the Faraday equation (Eq. (1)), which involves the
Faraday constant (F) and the change in time (dt) [17]. The
light source for the experiment is a vacuum metal halide
lamp, capable of providing complete white light illumina-
tion. Electrochemical measurements are carried out using
a CHI608E device through linear sweep voltammetry, and
the relationship between current and time is analyzed via
a chopped relation.

Furthermore, the sensitivity of the photocathode to
different wavelengths is examined by measuring Jph under
various wavelengths. This approach helps determine how
the photoelectrode responds to different light conditions.
This comprehensive method allows for the evaluation of
the photocathode’s efficiency and its potential application
in generating green hydrogen from contaminated water,
making significant strides toward sustainable and renew-
able energy solutions.

The incident photon-to-current efficiency (IPCE) for hydrogen
gas production represents the conversion of photons into current.
This calculation can be estimated based on the photon intensity
(P) and different wavelengths (λ), using Eq. (2) [18,19], while taking
the Jph into account. Meanwhile, the estimation of solar-to-

hydrogen conversion efficiency (STH) is evaluated using Eq. (3)
[20] (Table 1).
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3 Results and discussion

3.1 Ag-Ag2O-P1HP/P1HP nanocomposite
physio-chemical characterization

The functional group analysis of the Ag-Ag2O-P1HP nano-
composite involves key steps to highlight the composite’s
structure. The FTIR spectrum, depicted in Figure 2(a), iden-
tifies the primary functional groups at wavenumbers 1,631,
1,399, 1,036, and 937 cm−1, indicating the presence of the
P1HP ring structure. The incorporation of Ag-Ag2O signifi-
cantly influences the vibrational characteristics of the com-
posite, as indicated by the distinct enhancement of the
band at 617 cm⁻¹. In the original pristine P1HP polymer,
this band, attributed to the C–H out-of-plane bending
vibrations, is present but appears weak due to the free
rotation of bonds in the P1HP structure, which affects the
intensity of certain vibrational modes. However, upon inte-
grating Ag-Ag2O into the composite, the 617 cm⁻¹ band
becomes noticeably stronger. This change suggests that
the presence of Ag-Ag2O alters the local molecular envir-
onment, thereby impacting the organic C–H vibrations.
The interaction between the Ag-Ag2O and the polymer
matrix appears to enhance the rigidity or restrict the rota-
tional freedom within the polymer, leading to a more
pronounced vibrational mode. Consequently, the strength-
ening of the band at 617 cm⁻¹ reflects the impact of Ag-Ag2O
on the polymer’s structural dynamics, particularly its influ-
ence on the vibrational behavior of the C–H bonds within
the composite. The detailed functions of these groups are
summarized in Table 2.

The crystallinity behavior and chemical structure of
the Ag-Ag2O-P1HP nanocomposite are analyzed using XRD
(Figure 2(b)). The peaks corresponding to Ag and Ag2O
materials are prominently observed. The peak at 37.9° cor-
responds to the (200) growth direction of Ag2O (JCPDS No.
76-1393), while the peaks at 44.0°, 64.1°, and 77.3° corre-
spond to the (200), (220), and (331) growth directions of

Table 1: Sanitation water with their conc. relative to metals and other
materials [17,21]

Material or element Conc. (µg/L)

Ba3+ 0.002
F− 0.001
Phenols 0.015
Hg2+ 0.005
Ni3+ 0.01
Cr3+ 0.001
Mn2+ 0.001
As3+ 0.05
Co2+ 0.002
Al3+ 0.003
Cd3+ 0.05
NH3 0.005
Cu2+ 0.00015
Pb2+ 0.05
Fe3+ 0.0015
Ag+ 0.02
Zn2+ 0.005
CN−1 0.01
Coli groups 0.004/0.1 cm3

Other cations 0.01
Industrial washing 0.05
Pesticides 0.02
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Ag, respectively, (JCPDS file No. 87-0720) [24]. The P1HP
component remains amorphous in both its composite form
with Ag materials and in its pristine state. The significant
improvements within the composite are attributed to the
presence of inorganic materials Ag and Ag2O, which enhance
the overall nanocomposite structure.

The crystalline size is calculated using the Scherrer
equation (Eq. (4)) [25,26], which depends on the incident
angle 2θ and the peak width at half maximum. Applying
the 2θ value of 37.9° in the Scherrer equation, the estimated
crystalline size is determined to be 32 nm.

=D
λ

θ

0.94

ß cos
. (4)

The sensitivity of the fabricated Ag-Ag2O-P1HP nano-
composite to incident photons is assessed through optical
analyses, as shown in Figure 2(c). The optical absorbance of
the nanocomposite shows a significant enhancement com-
pared to pristine P1HP. This improvement is reflected in
the higher optical absorbance value and the broad absorp-
tion range extending up to 660 nm. This indicates the com-
posite’s capability to promote electron transfer to a higher
energy level (conduction band) under light illumination,

Figure 2: Chemical analysis of the Ag-Ag2O-P1HP nanocomposite: (a) FTIR spectroscopy and (b) XRD pattern. Optical analysis of the nanocomposite: (c)
absorbance and (d) bandgap.

Table 2: Estimated FTIR analyses reflect the Ag-Ag2O-P1HP nanocom-
posite structure

Group and its value (cm−1) Functional group

Ag-Ag2O-P1HP P1HP

3,421 3,408 N–H [22]
1,631, 1,399, 1,036,
and 937

1,551, 1,469, 1,313, 1,188,
1,036, and 908

P1HP ring [23]

617 — Ag-O
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resulting in a substantial accumulation of electron clouds
in the conduction band due to photon exposure [27,28].

Given this impressive optical behavior, the bandgap is
evaluated as illustrated in Figure 2(d). There is a notable
difference in bandgap values between the composite and
P1HP. The estimated bandgap values are 1.8 eV for the nano-
composite and 3.2 eV for the pristine P1HP. The smaller
bandgap of the composite enhances its ability to absorb
photons in the UV and visible regions, thereby generating a
significant number of hot electrons on the composite’s sur-
face. Overall, the optical analyses reveal that the Ag-Ag2O-
P1HP nanocomposite exhibits superior photon absorbance
and electron transfer capabilities compared to pristine
P1HP. The enhanced optical absorbance and broad absorp-
tion spectrum suggest that the composite is highly efficient in
capturing and utilizing light energy. The reduced bandgap of
the composite further supports its effectiveness in absorbing
UV and visible light, leading to the generation of hot electrons
that can be harnessed for various applications. This makes
the Ag-Ag2O-P1HP nanocomposite a promising material for
optical and photoelectrochemical applications.

The oxidation states with the elemental types of the
synthesized Ag-Ag2O-P1HP nanocomposite are estimated
using XPS, as illustrated in Figure 3. The survey spectrum
(Figure 3(a)) identifies all elements present in the compo-
site, showing nitrogen (N) and carbon (C) from P1HP asso-
ciated with the 1s orbital at binding energies of 400 eV and
285.3 eV, respectively. Oxygen (O), representing the oxide
source, is observed at 532 eV, corresponding to the 1s
orbital.

To further clarify the presence of the Ag element in
both its metallic and oxide forms, Figure 3(b) highlights the
detailed spectra. The doublet peaks for the Ag element
reveal contributions from both Ag2O and metallic Ag in
the composite. The binding energies for the Ag3d5/2 and
Ag3d3/2 orbitals of Ag+ are observed at 367.8 and 373.6 eV,
correspondingly. For the metallic Ag, these orbitals appear
at 368.6 and 374.2 eV, respectively [29].

These XPS data support the XRD findings, confirming
the presence of both Ag2O and Ag materials within the
P1HP matrix, thereby forming the Ag-Ag2O-P1HP nanocom-
posite. This comprehensive analysis emphasizes the incor-
poration of these elements and their respective oxidation
states, highlighting the composite’s complex structure.

The morphological behavior significantly impacts the
optical properties and applications of the synthesized Ag-
Ag2O-P1HP nanocomposite. This composite’s morphology is
analyzed using various analytical tools such as SEM, TEM,
and theoretical estimation, as illustrated in Figure 4.

Figure 4(a) shows the SEM image of the Ag-Ag2O-P1HP
nanocomposite, revealing well-ordered semi-spherical nano-
particles with an average size ranging from 80 to 100 nm. The
spherical shape of these nanoparticles provides a large sur-
face area for photon absorption, making the composite highly
efficient in photon trapping and capturing. Figure 4(c) dis-
plays the TEM image, which further confirms this behavior.
The image shows that the Ag-Ag2O material is embedded
within the P1HPmatrix, with variations in structure indicated
by different colors (dark and gray) representing the distinct
materials. The estimated size of the composite from the TEM

Figure 3: The Ag-Ag2O-P1HP nanocomposite XPS chemical characterization: (a) survey and (b) Ag element.
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analysis is approximately 80 nm. Additionally, a theoretical
estimation of two contacting particles within the composite is
conducted to evaluate the roughness and cross-sectional mor-
phology. Each particle exhibits significant surface roughness,
with an estimated diameter of 90 nm and a thickness of about
100 nm, reflecting the semi-spherical nature of the nanocom-
posite. Figure 4(b) illustrates themorphology of pristine P1HP,
which has a spherical porous structure with a size of approxi-
mately 300 nm. This pristine polymer’s features are crucial in
understanding the composite’s formation during the reaction
with other materials. Overall, these analyses highlight the
structural characteristics of the Ag-Ag2O-P1HP nanocomposite.
The SEM and TEM images show the well-ordered, semi-sphe-
rical nanoparticles and the embedded Ag-Ag2Omaterial within
the P1HP matrix. The theoretical estimation provides further
insight into the roughness and semi-spherical nature of the
particles. The pristine P1HP’s spherical porous structure also
plays a significant role in the composite’s formation. These
morphological features collectively enhance the composite’s

potential for effective photon absorption and trapping, making
it a promising material for various optical applications [30,31].

3.2 Green hydrogen using Ag-Ag2O-P1HP/
P1HP nanocomposite photocathode

The fabricated Ag-Ag2O-P1HP nanocomposite, characterized
by semi-spherical nanoparticles averaging 80–100 nm in size,
exhibits significant morphological and optical properties.
With a 1.8 eV small bandgap and strong optical absorption,
this nanocomposite has been evaluated for its effectiveness in
generating green hydrogen gas. The evaluation was conducted
using a three-electrode cell, where the Ag-Ag2O-P1HP/P1HP
nanocomposite served as the primary working photocathode.
The electrolyte used in this cell was sanitation water, which
notably did not require any external sacrificial agents. This
setup presents a promising approach for converting a harmful

Figure 4: Morphological analyses of the Ag-Ag2O-P1HP nanocomposite: (a) SEM, (c) TEM, and (d) theoretical modeling. (b) SEM of pristine P1HP.
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electrolyte into a valuable source of renewable energy, ulti-
mately producing green hydrogen. The presence of heavy
metals in sanitation water acts as a driving force for ion move-
ment, facilitating the reduction of water at the cathode to gen-
erate H2 gas.

Under light illumination, the Ag-Ag2O-P1HP/P1HP nano-
composite photocathode demonstrates excellent photocata-
lytic activity, as evidenced by the H2 gas production shown
in Figure 5(a). The variation in Jph compared to the Jo is noted,
with values of −0.22 and −0.14mA/cm², correspondingly. This
results in a photocurrent of 0.08mA/cm², highlighting the
photocatalytic efficiency of the photocathode. The effective-
ness of this photocathode is attributed to its ability to generate
a high electron density and an extensive electric field, which
facilitate the production of hot electrons crucial for the photo-
catalytic reaction [32,33]. The inclusion of silver (Ag) as a
plasmonic material enhances this process by generating sur-
face plasmon resonance, thereby increasing the number of
hot electrons that are directly transferred to the photocata-
lytic materials, where they drive the water-splitting reaction,
resulting in the formation of hydroxyl (OH) radicals. These
highly reactive OH radicals further attack other H2O mole-
cules, for the generation of H2 gas. Figure 5(b) illustrates the
behavior of the photocathode under chopped light conditions,
where the alternating increase and decrease in current den-
sity indicate the photocathode’s rapid and sensitive response to
light. This response demonstrates the photocathode’s ability to
efficiently accept or lose electrons, crucial for sustaining the H2

gas generation reaction. Additionally, the consistent cycles of
current density changes reflect the high photocathode stability.
The stability is attributed to the integration of inorganic

materials, such as Ag and Ag2O, within the polymer matrix
of P1HP, which is further coated with the polymer. This
coating provides the composite with enhanced anticorrosion
properties, ensuring the longevity and reliability of the photo-
cathode in the photocatalytic process. Overall, the Ag-Ag2O-
P1HP/P1HP nanocomposite exhibits excellent photocatalytic
performance and stability, making it a promising material
for green hydrogen production from sanitation water.

The impact of using individual monochromatic light
sources to illuminate the Ag-Ag2O-P1HP/P1HP nanocomposite
photocathode is illustrated in Figure 6(a). The study utilized
four different monochromatic wavelengths: 540, 440, 340, and
730 nm. The first three wavelengths – 540, 440, and 340 nm –

demonstrated a significant effect on the photocathode, resulting
in high Jph of −0.19, −0.20, and −0.21mA/cm², correspondingly.
These high Jph values indicate substantial hydrogen gas produc-
tion. In contrast, the 730 nm wavelength achieved a lower Jph
value of −0.17mA/cm², which is closer to the dark current den-
sity (Jo) values. As a result, the energy associated with this
wavelength is insufficient to induce significant bond vibrations
and therefore, only leads to limited H2 gas production.

The difference in performance between the 730 nmwave-
length and the other three wavelengths can be explained by
the energy levels associated with these wavelengths. The
photon energies for the 540, 440, and 340 nm wavelengths
are 2.3, 2.8, and 3.6 eV, correspondingly, all of which exceed
the estimated bandgap of the photocathode material, which is
1.8 eV. This means that these higher-energy wavelengths are
capable of easily exciting electrons, promoting them to the
conduction band. The presence of silver in the nanocomposite
enhances this process by generating an electric field that

Figure 5: Green hydrogen production using the Ag-Ag2O-P1HP/P1HP nanocomposite photocathode: (a) comparison of light and dark performance,
and (b) response of chopped current under alternating light and dark conditions.
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encompasses all the metal oxide and polymer components,
thereby providing a large number of hot electrons that con-
tribute to the high Jph values and, consequently, to efficient H2

gas generation [34].
Figure 6(b) further illustrates the relationship between

the photon wavelength and the Jph values, showing a clear
trend of decreasing photocurrent density with increasing
photon wavelength. This sequential decrease confirms that
shorter wavelengths, which have higher photon energies,
are more effective in driving the photocatalytic process and
generating hydrogen gas compared to longer wavelengths like
730 nm, which fall below the energy threshold needed to effec-
tively engage the photocathode material. This study under-
scores the importance of using light sources with photon

energies that exceed the bandgap of the photocathode to max-
imize the efficiency of hydrogen production.

The significant photocurrent density achieved by the
fabricated Ag-Ag2O-P1HP/P1HP nanocomposite photocathode
highlights the efficient charge transfer occurring within this
composite, as depicted in Figure 7(a). In this system, Ag2O and
P1HP are the primary sources of electrons as estimated
through the theoretical modeling roughness image. The elec-
trons accumulate on the surface of Ag2O, while the holes are
collected on the surface of P1HP, moving in the opposite
direction. Silver metal serves as the ultimate receptor for
the hot electrons, which are then utilized to generate surface
plasmon resonance [35–37]. This resonance creates a strong
electric field that envelops all the materials in the composite.

Figure 6: Green hydrogen production using the Ag-Ag2O-P1HP/P1HP nanocomposite photocathode: (a) impact of different light wavelengths and (b)
corresponding Jph values at varying photon energies.

Figure 7: (a) Electron transfer within the fabricated Ag-Ag2O-P1HP/P1HP nanocomposite photocathode and (b) the measured H2 generation in moles
using sanitation water.
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The generation rate of 50 μmol/h per 10 cm² of this
photocathode, as shown in Figure 7(b) and related to Eq.
(1), further demonstrates the robust design of the Ag-Ag2O-
P1HP/P1HP nanocomposite. This photocathode is composed of
various materials that exhibit high responsiveness to photon
illumination and facilitate a sequential electron transfer pro-
cess among its components. The result is the formation of a
strong electric field on the surface, enhanced by the plas-
monic properties of silver. This behavior also highlights the
importance of sanitation water in hydrogen gas production,
as the ions present facilitate significant mobility during the

splitting reaction. This process leads to the formation of
hydroxyl (OH) radicals, which serve as a driving force for
water reduction via the fabricated photocathode.

These remarkable properties, combined with the efficient
preparation methods and potential for large-scale production,
make this photocathode highly promising. The superior perfor-
mance of the Ag-Ag2O-P1HP/P1HP nanocomposite is evident
when compared to previous studies, as shown in Table 3.
The data underscore the photocathode’s advanced capabilities
in generating green hydrogen, making it a strong renewable
energy technology photocathode.

Table 3: Comparison of the Ag-Ag2O-P1HP/P1HP nanocomposite’s performance with other studies on green H2 gas generation

Photoelectrode Electrolyte Jph (mA/cm2)

Poly-3-methyl aniline/graphene oxide [38] Sewage water 0.09
Polypyrrole/graphene oxide[39] Sewage water 0.1
Polypyrrole/NiO [40] Sewage water 0.11
Poly-O-aminothiophenol/intercalated iodide Composite [14] Red Sea water 0.12
Cr2S3-Cr2O3/Poly-2-aminobenzene-1-thiol [22] Sewage water 0.017
Ag-Ag2O-P1HP/P1HP (this work) Sewage water 0.22

Figure 8: (a) IPCE and (b) STH efficiency for the fabricated Ag-Ag2O-P1HP/P1HP nanocomposite reflects the green H2 generation from sanitation water,
and (c) the rate of the H2 gas generation based on this photocathode.
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The photon impact on the surface of the Ag-Ag2O-P1HP/
P1HP nanocomposite photocathode is assessed by calculating
the IPCE using Eq. (2). The obtained values indicate the photo-
cathode’s strong performance in hydrogen generation, parti-
cularly in the UV region, where the IPCE reaches 0.7%. As the
wavelength shifts toward the visible spectrum, the IPCE gra-
dually decreases to 0.67% at 540 nm, followed by a further
decline to 0.57% in the infrared region.

Similarly, the STH efficiency exhibits a comparable
trend using Eq. (3). It peaks in the UV region with a maximum
value of 0.26%, then diminishes to 0.23% in the visible range
and continues to decrease to 0.21% in the infrared range. This
pattern demonstrates that the photocathode’s efficiency is
highly dependent on photon energy, showing optimal perfor-
mance under higher-energy photons.

The consistent decrease in both IPCE and STH effi-
ciency from UV to IR regions highlights the photocathode’s
responsiveness to varying photon energies, confirming its
suitability for hydrogen production. The results emphasize
that the photocathode is most effective when exposed to
higher-energy photons in the UV spectrum, while its effi-
ciency gradually declines as the photon energy decreases
in the visible and infrared regions. This behavior supports
the potential application of the Ag-Ag2O-P1HP/P1HP nano-
composite in photocatalytic processes, where its perfor-
mance can be optimized by targeting specific regions of
the electromagnetic spectrum.

Conversely, the rate constant (k) for hydrogen gas pro-
duction using the fabricated photocathode is determined
from Figure 7(c), with the calculated k value being 0.009 s⁻¹
for a first-order reaction (Figure 8).

4 Conclusion

A new photocathode, Ag-Ag2O-P1HP/P1HP, has demonstrated
significant potential for green hydrogen production from
sanitation water, achieving a rate of 50 μmol/h per 10 cm²
using wastewater as the electrolyte in a three-electrode cell,
without needing any external sacrificing agent. This nano-
composite features a bandgap of 1.8 eV, small crystalline
material with a size of 32 nm, and semi-spherical nanoparticles
ranging from 80 to 100 nm in diameter. The photocathode’s
performance was assessed by comparing its responsiveness
in light, Jph, and in the dark, Jo, with recorded values of −0.22
and −0.14mA/cm², correspondingly.

The sensitivity of the photocathode was further tested
with four monochromatic wavelengths: 540, 440, 340, and
730 nm. The first three wavelengths – 540, 440, and 340 nm
– yielded high Jph values of −0.19, −0.20, and −0.21 mA/cm²,

correspondingly, indicating substantial hydrogen genera-
tion. In contrast, the 730 nmwavelength produced a lower Jph
value of −0.17mA/cm², as the energy at this wavelength is
insufficient to trigger significant bond vibrations, resulting
in reduced hydrogen production. The combination of high
efficiency and the straightforward fabrication of this photo-
cathode indicates its potential for scaling up as a prototype
for industrial hydrogen generation applications. Additionally,
the use of readily available and low-cost electrolytes addresses
an environmental issuewhile also providing renewable energy
sources.
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