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Abstract. The global demand for cleaner energy solutions has placed hydrogen at the centre of sustainable energy
discussions. As a zero-emission fuel, hydrogen offers a promising alternative to fossil fuels, but traditional production
methods like steam methane reforming (SMR) and electrolysis remain energy-intensive, expensive, and
environmentally harmful due to their reliance on fossil fuels. This paper introduces an innovative approach to
hydrogen production by utilizing wastewater as both a resource and an energy source. The system integrates
Piezoelectric Generators (Piezoelectric Energy cells) made from Zinc Oxide (ZnO) and Polyvinylidene Fluoride
(PVDF), which harvest mechanical energy from fluid movement and vibrations to generate electricity. Additionally,
an loT-based monitoring system is incorporated to track system performance, optimize energy harvesting, and enable
real-time adjustments for improved efficiency. To further enhance energy harvesting, a Triboelectric Generator
incorporating nylon and PTFE (Polytetrafluoroethylene) is integrated with the Piezoelectric Generators, capitalizing
on frictional forces within the wastewater flow. This integrated approach provides a way to generate clean energy
while also treating wastewater. By tackling both energy production and environmental cleanup at the same time, it
offers a smart and sustainable solution to the growing challenges of water and energy management. Future research
has the potential to explore utilization of piezoelectric and triboelectric generators for seawater electrolysis,
expanding beyond wastewater-based hydrogen production to enable sustainable energy generation from ocean
resources.

KEYWORDS: Hydrogen production, Piezoelectric energy cell, Triboelectric generator Polyvinylidene Fluoride
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1. Introduction

Hydrogen has emerged as a critical component in the global transition to renewable energy. Its ability to produce
energy without emitting greenhouse gases makes it a key player in efforts to combat climate change. However, the
current methods of producing hydrogen are far from sustainable. Steam methane reforming (SMR), the most common
method, relies on natural gas and releases large amounts of carbon dioxide into the atmosphere. Electrolysis, another
widely used method, requires significant amounts of electricity, often generated from non-renewable sources.
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These challenges have spurred interest in alternative methods of hydrogen production that are both environmentally
friendly and economically viable. One such approach is to use wastewater as a resource. Wastewater is abundant and
contains organic and inorganic compounds that can be harnessed for energy production. By treating wastewater and
producing hydrogen simultaneously, we can address two critical issues: clean energy generation and water
purification.

This paper explores a method that combines piezoelectric materials, triboelectric generators (TEGs), advanced
oxidation processes (AOPs), and loT-based monitoring to produce hydrogen from wastewater. Piezoelectric
materials generate electricity when subjected to mechanical stress, such as vibrations or pressure, while TEGs harvest
energy from fluid motion through contact electrification. This dual energy-harvesting approach enhances the overall
power output, making water-splitting more efficient. Advanced oxidation processes break down pollutants in
wastewater, improving water quality and further boosting hydrogen production efficiency. The integration of 10T-
based monitoring ensures that the system operates optimally, adapting to changing conditions in real time.

The potential of this approach is extensive, as it offers a sustainable way to produce hydrogen, but it also provides a
solution for wastewater treatment, which is a growing concern in many parts of the world. By combining these
technologies, we can create a system that is both efficient and environmentally friendly, paving the way for a cleaner
and more sustainable future.

2. Piezoelectric Materials for Water Splitting

Piezoelectric materials are at the heart of this innovative approach. These materials have the unique ability to generate
electricity when subjected to mechanical stress, such as vibrations, pressure, or bending. This property makes them
ideal for water-splitting applications, where electricity is used to break water molecules into hydrogen and oxygen.

Traditionally, lead zirconate titanate (PZT) has been the material of choice for piezoelectric applications due to its
high efficiency. However, PZT contains lead, which is toxic and harmful to the environment. Another such materials
are Molybdenum Disulfide (M0S2) nanoparticles, though generally non-toxic, require further investigation regarding
long-term aspect, Nano Zero-Valent Iron (nZV1) can exhibit toxicity at high concentrations & Peroxymonosulfate
(PMS), while effective in pollutant degradation, can lead to the formation of disinfection byproducts and increased
sulfate levels. This has led to explore alternative materials that are both effective and environmentally friendly.

One such material is zinc oxide (ZnO). ZnQO is a versatile compound that has been widely studied for its piezoelectric
properties. It is non-toxic, cost-effective, and highly stable, making it an excellent candidate for sustainable hydrogen
production. ZnO nanostructures, in particular, have a large surface area, which enhances their ability to facilitate
electron transfer during water-splitting reactions. This means that ZnO can generate more electricity from the same
amount of mechanical stress, improving the overall efficiency of the system.

Another promising material is PVDF (Polyvinylidene fluoride) is a polymer that is flexible, durable, and resistant to
chemicals, making it well-suited for use in wastewater environments. Unlike rigid materials like ZnO, PVDF can be
moulded into various shapes and integrated into dynamic systems that experience constant movement, such as fluid
flow in wastewater treatment plants. PVDF-based piezoelectric films can generate electricity from the natural
vibrations and pressure changes in wastewater, eliminating the need for external power sources.

By using materials like ZnO and PVDF (Polyvinylidene fluoride) , we can create a system that is not only efficient
but also sustainable. These materials offer a way to generate clean energy without relying on harmful substances or
external power sources, making them ideal for large-scale applications.
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3. Role of Triboelectric Nanogenerators in Energy Harvesting

In addition to piezoelectric materials, triboelectric generators (TEGS) can serve as an additional energy source. TEGs
generate electricity through contact electrification, where materials transfer charge upon friction or separation. This
property allows them to harness energy from fluid motion and wastewater flow.

For effective energy harvesting, materials with high triboelectric polarity differences are selected.
Polytetrafluoroethylene (PTFE), a strong electron acceptor, is paired with nylon or aluminium, which act as electron
donors. When wastewater flow induces contact and separation between these materials, a charge imbalance occurs,
generating electricity.

Integrating PTFE—nylon or PTFE—aluminium TEGs with piezoelectric materials enhances the system’s energy
output, ensuring a more stable and reliable power supply for water splitting. The ability of TEGs to operate under
low-frequency vibrations makes them particularly useful in wastewater environments, where fluid movement is
continuous but irregular. By combining TEGs with piezoelectric materials (ZnO, PVDF), the overall efficiency of
the hydrogen production process can be significantly improved.

4, loT-Based Monitoring for Process Optimization

To ensure that the system operates at peak efficiency, an loT-based monitoring system is integrated into the design.
IoT, or the Internet of Things, refers to a network of interconnected devices that can collect, transmit, and analyse
data in real time. In this context, 10T sensors are used to monitor key parameters such as vibration intensity, energy
conversion efficiency, hydrogen yield, and pollutant degradation rates.

These sensors provide valuable insights into the performance of the system. For example, vibration sensors can detect
changes in mechanical stress on the piezoelectric materials, allowing for real-time adjustments to optimize energy
output. Similarly, pH and conductivity sensors monitor the quality of the wastewater, ensuring that pollutants are
effectively broken down by the AOPs.

The data collected by these sensors is transmitted to a cloud-based platform, where it can be analysed and visualized.
This enables researchers and operators to monitor the system remotely and make informed decisions about process
adjustments. For instance, if the hydrogen yield drops below a certain threshold, the system can automatically
increase the intensity of the mechanical vibrations or adjust the flow rate of the wastewater to compensate.

The integration of loT-based monitoring not only improves the efficiency of the system but also enhances its
scalability. By providing real-time data and automated controls, 10T technology makes it easier to adapt the system
to different environments and conditions. This is particularly important for large-scale applications, where manual
monitoring and adjustments would be impractical.

5. Advanced Oxidation Processes: Enhancing Hydrogen Yield and Water Purification

While piezoelectric materials provide the electricity needed for water splitting, triboelectric generators (TEGS) can
serve as an additional energy source, further improving system efficiency. TEGs generate electricity through contact
electrification, harnessing energy from wastewater flow and mechanical motion. When combined with
piezoelectricity, this dual energy-harvesting approach ensures a more stable power supply, reducing dependence on
external energy inputs.
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At the same time, advanced oxidation processes (AOPS) play a crucial role in improving the overall efficiency of the
system. AOPs are a set of chemical treatments that use highly reactive hydroxyl radicals (OHe) to break down
pollutants in wastewater. These radicals are powerful oxidants that can degrade complex organic and inorganic
compounds, improving water quality and making it easier to produce hydrogen.

There are several types of AOPs, each with its own advantages. Photocatalysis, for example, uses light energy to
activate a catalyst, such as titanium dioxide (Ti0-), which then generates hydroxyl radicals. The Fenton reaction, on
the other hand, uses iron and hydrogen peroxide to produce these radicals.

When combined with piezoelectric and triboelectric water splitting, AOPs create a synergistic effect. The hydroxyl
radicals not only clean the water but also enhance the efficiency of the electrochemical reactions needed for hydrogen
production. By breaking down complex pollutants into simpler compounds, AOPs reduce the energy required to split
water molecules. The additional energy harvested from TEGs further ensures that the system remains operational
even under variable flow conditions. This multi-functional approach makes the system more efficient and cost-
effective, as it addresses both energy production and water treatment simultaneously.

Moreover, the integration of AOPs ensures that the wastewater is thoroughly treated, making it safe for reuse or
discharge. This is particularly important in regions where water scarcity is a pressing issue. By combining hydrogen
production with wastewater treatment and leveraging multiple renewable energy sources, we can create a sustainable
system that not only generates clean energy but also conserves valuable water resources.

6. Conceptual Design of the System

The proposed system consists of three core components: piezoelectric materials in addition with Triboelectric
Material for energy generation, AOPs for pollutant degradation and enhanced water splitting, and loT-based sensors
for real-time monitoring and optimization. The system is designed to operate in a continuous flow reactor, where
wastewater is subjected to mechanical vibrations to activate the piezoelectric materials.

The piezoelectric materials, such as zinc oxide (ZnO) and polyvinylidene fluoride (PVDF), are strategically placed
within the reactor to maximize energy generation from fluid flow and mechanical stress. ZnO, with its high
piezoelectric coefficient, is expected to generate significant electric charge, while PVDF’s flexibility allows it to
adapt to dynamic flow conditions. The generated electricity is then used to drive the water-splitting process,
producing hydrogen gas.

To further enhance energy harvesting, triboelectric generators (TEGS) are incorporated alongside piezoelectric
materials. TEGs utilize the movement of wastewater and mechanical contact within the reactor to generate additional
electrical energy through triboelectric effects. This provides a secondary power source, improving system reliability
and reducing dependence on external power inputs. The combination of piezoelectric and triboelectric energy
generation ensures that the system remains operational even under fluctuating wastewater flow rates.

Simultaneously, the AOPs are integrated into the system to degrade organic and inorganic pollutants in the
wastewater. Photocatalysis, for example, uses light energy to activate a catalyst, such as titanium dioxide (TiOz),
which then generates hydroxyl radicals. These radicals are highly reactive and can break down complex pollutants
into simpler compounds. The Fenton reaction, on the other hand, relies on a combination of iron and hydrogen
peroxide to produce hydroxyl radicals, further aiding pollutant degradation. By breaking down contaminants before
the water-splitting process, these AOPs enhance hydrogen production efficiency and improve overall system
performance.
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7. Expected Performance or Outcome

The proposed system is expected to outperform existing hydrogen production methods in terms of efficiency and
sustainability. Traditional methods like steam methane reforming (SMR) and electrolysis are energy-intensive, rely
heavily on fossil fuels, and produce significant carbon emissions, making them environmentally unsustainable. In
contrast, this system leverages piezoelectric materials (e.g., ZnO and PVDF) and triboelectric generators (TEGS) to
convert mechanical energy from vibrations and fluid motion into electricity for water splitting, eliminating the need
for external power sources and reducing carbon footprints. TEGs, utilizing materials like PTFE and aluminium,
further enhance energy harvesting by generating additional charge through contact electrification, ensuring a stable
and self-sustaining power supply. Additionally, the integration of advanced oxidation processes (AOPs) enhances
both hydrogen yield and wastewater treatment efficiency by breaking down pollutants into simpler compounds,
further improving overall system performance.

From a sustainability perspective, the use of eco-friendly piezoelectric and triboelectric materials replaces toxic
alternatives such as lead-based PZT, reducing environmental harm. The system also utilizes wastewater as a resource,
addressing two critical global challenges—clean energy production and water purification—simultaneously. The
incorporation of 10T-based monitoring ensures real-time optimization, maximizing energy efficiency and minimizing
waste. By combining renewable energy generation, eco-friendly materials, and smart technology, this system not
only achieves greater efficiency and reliability but also sets a new standard for sustainable hydrogen production,
paving the way for a cleaner and greener future.
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9. Hydrogen Yield and Energy Yield Estimation

This paper emphasizes the innovative design and theoretical advantages of this approach, specific hydrogen yield
and energy yield values that can be efficiently obtained cannot be provided because experimental validation is yet to
be conducted. To provide precise hydrogen yield data, experimental testing under controlled conditions needs to be
conducted. By measuring the electricity generated by piezoelectric and triboelectric components under varying
wastewater flow rates. Quantifying hydrogen output using gas chromatography or similar analytical techniques.

10. Future Research Directions and Industrial Scalability

This technology shows exciting potential, but several challenges remain before it can be scaled up for widespread
use. One key area of improvement is material enhancement. For instance, doping ZnO with other elements can boost
its piezoelectric response, while fine-tuning triboelectric material pairings can increase energy output from fluid
interactions.

Another critical focus is energy optimization. While piezoelectric and triboelectric materials convert mechanical
stress and friction into electricity, their power output may not always be enough for large-scale hydrogen production.
A practical solution is hybridization, combining these sources with solar or wind energy to create a stable, continuous
power supply. Additionally, optimizing TEG structures to extract more energy from fluid motion could further
enhance system efficiency.

Smart technology integration is also an exciting future approach. Right now, 10T sensors provide real-time
monitoring, but Al-driven automation could take efficiency even further. By predicting maintenance needs and
dynamically adjusting system settings, Al could optimize both energy production and wastewater treatment with
minimal human intervention.

Apart from material and technology wise scalability this approach could even be extended to ocean water
applications. The ocean is a massive, underutilized energy source, with waves and tides providing mechanical motion
for energy harvesting. By embedding piezoelectric and triboelectric generators in marine environments, we could tap
into ocean currents while producing hydrogen from seawater using AOP-assisted electrolysis. This could
revolutionize offshore energy generation and create a sustainable hydrogen production system without relying on
freshwater.

Finally, this technology presents a unique opportunity for integration with rainwater harvesting systems. By
incorporating piezoelectric and triboelectric generators into rainwater collection infrastructure. Piezoelectric
materials can harness the impact of falling raindrops and the pressure of accumulated water to generate electricity,
while triboelectric generators (TEGS) can capture energy from the movement of water along surfaces. This approach
could turn rooftops, gutters, and drainage systems into energy-harvesting structures, providing a decentralized source
of renewable power. Additionally, purified rainwater can be utilized in hydrogen production, creating a sustainable
link between water management and clean energy generation.
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11. Challenges and Limitations

While the proposed system shows great potential, several challenges need to be addressed to ensure its practical
implementation. One key challenge is the durability of both piezoelectric and triboelectric materials in wastewater
environments. Continuous exposure to pollutants, moisture, and mechanical stress may lead to material degradation
over time, affecting energy generation efficiency. Future research should focus on developing protective coatings or
composite materials that enhance durability while maintaining performance.

Another challenge is the variability in wastewater composition, which could impact both hydrogen production and
pollutant degradation. While the loT-based monitoring system allows real-time adjustments, more advanced adaptive
algorithms are needed to optimize system performance across different wastewater conditions. Ensuring stable
energy generation from piezoelectric and triboelectric sources despite these fluctuations is also an area that requires
further study.

Additionally, economic feasibility is a critical factor. While utilizing wastewater as a resource reduces operational
costs, the initial investment in energy-harvesting materials, AOPs, and 0T infrastructure could be significant.
Conducting cost-benefit analyses and evaluating long-term energy savings will be necessary to determine whether
the system can be scaled up efficiently. While life cycle assessments (LCAS) can provide insights into environmental
impact, the main focus should be on balancing sustainability with affordability to make this technology a viable
alternative to conventional hydrogen production methods.

12. Conclusion

This paper presents a novel approach to hydrogen production that integrates piezoelectric and triboelectric materials,
advanced oxidation processes (AOPs), and loT-based monitoring. By utilizing wastewater as both an energy source
and a raw material, this method addresses two critical challenges: clean energy generation and water purification.
Piezoelectric materials like ZnO and PVDF, along with triboelectric generators (TEGS) utilizing materials such as
PTFE and aluminum layers, work together to maximize energy harvesting from fluid motion and mechanical stress.
This harvested energy is then used to drive the water-splitting process, reducing dependence on external power
sources. Meanwhile, AOPs enhance both hydrogen yield and pollutant degradation, improving overall system
efficiency.

The integration of loT-based monitoring ensures optimal operation by adapting to variations in wastewater conditions
in real time. While preliminary results indicate promising hydrogen production and pollutant removal rates, further
research is necessary to refine material durability, optimize energy output, and scale the system for industrial
applications.

With continued advancements, this hybrid energy-harvesting system has the potential to contribute significantly to
global clean energy initiatives. By generating hydrogen from wastewater through a self-sustaining process, this
approach offers a practical, cost-effective, and environmentally friendly alternative to traditional hydrogen
production methods. The combination of piezoelectricity, triboelectricity, and advanced oxidation technologies could
pave the way for a more sustainable and efficient future in both energy and wastewater treatment sectors.
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