Nanogenerators: Energy Harvesting and Self-Powered Systems
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Abstract—Nanogenerators are a class of devices that convert ambient mechanical/thermal/chemical energy into electricity at the nanoscale. With their growing importance in powering micro- and nano-devices, such as mobile biosensors and Internet of Things (IoT) applications, they have become a focal point of research. This paper provides an overview of current advancements in nanogenerator technologies, including piezoelectric, triboelectric, thermoelectric and pyroelectric nanogenerators - providing 80 of the latest references. The paper discusses the underlying mechanisms, fabrication techniques, material innovations and applications. Challenges and future perspectives in the field are also addressed to present a holistic understanding of this evolving technology.
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Introduction
The growing worldwide need for renewable/green energy solutions have spurred significant research into innovative methods of harvesting ambient energy. Traditional energy systems, which often depend on finite resources, face challenges regarding long-term sustainability and environmental impact. To address these issues, researchers are turning to renewable energy technologies. Among these, nanogenerators represent a groundbreaking approach to energy harvesting (EH). These devices work at the nanoscale, converting mechanical, thermal, or chemical energy from the ambient into electricity. Their small size, scalability and ability to power low-energy devices like wearable sensors and IoT applications make them increasingly valuable in today’s technological landscape.
Nanogenerators can be classified into four kind: piezoelectric nanogenerators (PENGs), thermoelectric nanogenerators (TEGs), triboelectric nanogenerators (TENGs), and pyroelectric nanogenerators (PyNGs). Each type relies on distinct mechanisms and materials, allowing them to serve a wide array of applications, including biomedical devices, environmental monitoring and powering smart textiles. However, challenges such as limited energy efficiency, durability and material sustainability hinder their broader adoption.
Although significant progress has been made, further advancements are necessary to overcome these barriers and enhance their integration into self-powered systems. This paper provides an in-depth review of nanogenerator technologies, exploring their mechanisms, fabrication methods, material advancements and practical applications. It also highlights existing challenges and outlines future research directions. The aim is to bridge current gaps and support reliable, efficient and sustainable energy solutions for future devices.
The transition to renewable energy systems is often constrained by the lack of compact, efficient and environmentally friendly energy harvesting solutions for portable and small-scale devices. Conventional EH technologies face issues related to scalability, adaptability, and environmental impact due to the use of toxic or non-recyclable materials. To enable the integration of nanogenerators into wearable and IoT devices, these challenges must be addressed through innovations in materials, fabrication processes and hybrid systems that combine multiple EH mechanisms.
Types of Nanogenerators
[bookmark: _Hlk185191911]There are broadly four different types of nanogenerators: piezoelectric, thermoelectric, triboelectric and pyroelectric, as shown in Fig. 1, below.
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The Four Types of Effects based Nanogenerators [1-3].
Piezoelectric Nanogenerators (PENGs)
· Mechanism: Based on the PE (piezoelectric) effect, PENGs [4] generate electricity when mechanical stress induces polarisation in certain materials, known as PE materials.
· Materials: Common materials used include lead zirconate titanate (PZT), barium titanate (BaTiO3) and zinc oxide (ZnO) [5].
· Applications: Widely used in self-powered sensors [6], medical implants and wearable electronics.
Triboelectric Nanogenerators (TENGs)
· Mechanism: Operate on the principle of electrostatic induction and electrification by contact. When different materials (two) come into contact and separate, a triboelectric [7] charge is generated.
· Materials: Polymers such as polyethylene terephthalate (PET) and polydimethylsiloxane (PDMS) are extensively used [8].
· Applications: TENGs find applications [9] in environmental monitoring, human-machine interfaces and EH from ocean waves.
Pyroelectric Nanogenerators (PyNGs)
· Mechanism: Temperature fluctuations to generate an electric charge via the pyroelectric effect [10].
· Materials: Materials such as lithium niobate (LiNbO3) and polyvinylidene fluoride (PVDF) are commonly used [11]. 
· Applications: thermal sensors and energy harvesters that exploit ambient temperature variations [12].
Thermoelectric Nanogenerators (TEGs)
· Mechanism: TEGs [13] convert the temperature gradient into electricity through the Seebeck effect, where charge carriers in a material migrate from hot to cold regions, generating a voltage difference, as shown in Fig. 2. 
· Materials [14]: Include bismuth telluride (Bi2Te3), lead selenide (PbSe) and silicon nanowires due to their high thermoelectric efficiency. 
· [image: ]Applications [15]: span various fields, including powering wearable electronics, EH from waste heat in industrial processes and environmental monitoring sensors.
Thermoelectric Devices: a) Seebeck Effect[footnoteRef:1]; b) Peltier Effect [14]. [1:  S. Arar, “Thermocouple Principles—the Seebeck Effect and Seebeck Coefficient”, All About Circuits, 10th July, 2022. Available: https://www.allaboutcircuits.com/technical-articles/thermocouple-principles-seebeck-effect-seebeck-voltage-seebeck-coefficients/ [accessed: 19th November, 2024].] 

Fabrication Techniques
The fabrication of nanogenerators involves a combination of bottom-up and top-down approaches. Techniques include lithography, chemical vapour deposition, electrospinning and solution-based methods. The selection of the fabrication method is determined by the intended application and the properties of the required material. The performance of PENGs depends on the precise design and arrangement of PE materials, which are typically structured into nanowires, thin films or composite layers. Several fabrication methods are employed to achieve these structures.
Sol-Gel Method [16]
· Process: is a chemical process where a colloidal solution (sol) transitions into a solid gel phase. PE materials such as Lead Zirconate-Titanate system (PbTiO3-PbZrO3) can be synthesised as powders of ferroelectric ceramics using this method.
· Advantages: This technique is relatively simple and cost-effective for large-scale production [17]. It allows for the fine adjustment of film thickness and the incorporation of dopants to enhance PE properties.
· Applications: Used for fabricating thin-film PENGs integrated into wearable devices and flexible [18] substrates.
Hydrothermal Synthesis
· Process: Hydrothermal synthesis involves the growth of PE nanowires, such as ZnO, in an aqueous solution under high temperature and pressure. The process [19] enables the formation of well-aligned nanowires with high crystallinity.
· Advantages: This method is favourable for growing nanowires on a variety of substrates, including textiles and flexible polymers. The technique is also environmentally friendly and scalable [20].
· Applications [21]: fabrication of PENGs for stretchable and flexible and electronics, as well as biomedical implants.
Chemical Vapour Deposition (CVD)
· Process: In CVD [22], gaseous precursors are decomposed at high temperatures to form thin films or nanostructures on a substrate. CVD is commonly used to deposit materials like ZnO and PZT with precise control over thickness and crystallinity. The generic steps are shown in Fig. 3.
· Advantages: CVD [23] provides uniform and high-quality films with excellent adhesion to substrates, making it suitable for high-performance PENGs.
· Applications [24]: Used for developing nanogenerators with enhanced PE output, especially for applications requiring durable and stable energy harvesters.
[image: ]
Generic CVD Process Step [23].
Electrospinning
· Process: is a way to produce polymer nano-fibres [25] with embedded PE nanoparticles by rapid spinning. An HV (high-voltage) EF (electric field) is applied to a solution of polymer, causing it to eject and form fibres, as shown in Fig. 4, below.
· Advantages: Electro-spun [26] fibres are highly flexible, lightweight and have a large surface area, which is ideal for wearable applications. The method also allows different materials to be integrated to form composite fibres.
· Applications: Electro-spun PVDF and PVDF-TrFE (poly(vinylidene fluoride-trifluoroethylene)) [27]  fibres are commonly used in wearable PENGs, enabling efficient EH from human motion.
[image: ]
Nanofibre Production Using Different Electrospinning Ways [25].
Fabrication of TENGs
TENGs rely on the effective material separation and contact with different triboelectric polarities. Various fabrication techniques have been developed to optimise the triboelectric effect and enhance energy output.
Nanoimprinting
· Process: Nanoimprinting [28] involves pressing a patterned mould onto a triboelectric material, such as PDMS or PET, to create micro- or nano-scale surface structures. These structures have an increased triboelectric effect due to the increased fabricated contact area.
· Advantages [29]: The method is cost-effective and capable of producing high-resolution patterns. It is widely used to create hierarchical surface structures that improve energy conversion efficiency.
· Applications: Employed in the fabrication of TENGs for high-performance EH from body movements [30], environmental vibrations and mechanical stimuli.
Laser Ablation
· Process: Laser ablation [31] uses a high-energy laser beam to etch or pattern the surface of a triboelectric material. This technique creates micro- and nano-scale features that enhance surface roughness and consequently, the triboelectric charge generation.
· Advantages: Laser ablation [32] is a precise and rapid method that allows for pattern customisation. It is also suitable for processing flexible and stretchable materials.
· Applications: Used in designing TENGs integrated into smart textiles [33] and wearable devices, where customised patterns are needed to optimise performance.
Spin Coating [34]
· Process: is utilised to deposit thin, uniform layers of triboelectric materials on substrates. A liquid precursor is placed onto the substrate, which is rotated at high speed to spread the material evenly.
· Advantages [35]: it is simple and reproducible, especialy for large-scale production. It is often used for fabricating thin-film TENGs on flexible substrates.
· Applications: Utilised in creating uniform triboelectric layers [36] for energy harvesters embedded in clothing and wearable electronics.
3D Printing
· Process [37]: used to make complex and customised structures for TENGs. The process involves layer-by-layer deposition of materials to create three-dimensional energy harvesters.
· Advantages: 3D printing [38] offers design flexibility and the ability to create integrated devices with intricate geometries. It is particularly useful for developing prototypes and custom-fit wearable devices.
· Applications: Used in the development of TENGs for body-worn [39] energy harvesters, such as custom-fit insoles or armbands.
Fabrication of Pyroelectric Nanogenerators
PyNGs require materials that can efficiently convert temperature variations into electrical energy. Fabrication techniques focus on enhancing the pyroelectric response through material structuring and surface engineering.
Sol-Gel Deposition
· Process: Similar to its use in PENGs, the sol-gel technique is employed to create thin films of pyroelectric materials, such as lithium niobate (LiNbO3) or PVDF [40]. The films are deposited on substrates and then annealed to improve crystallinity, the basic steps are shown in Fig. 5, below.
· Advantages: This technique [41] provides control over film thickness and allows for the incorporation of dopants to enhance the pyroelectric effect.
· Applications: Used in developing thin-film PyNGs for EH from body heat or environmental temperature fluctuations and wearable thermal electric generators (WTEGs) [42].
Screen Printing
· Process: it is an economical method used to deposit pyroelectric inks or pastes onto flexible substrates [43]. The process involves transferring the ink through a mesh screen to create patterned layers [43].
[image: ]
The Basic Steps of the Sol–gel Process of LiNbO3 Films [40].
· Advantages: The method is scalable and suitable for large-area fabrication. It is often used in the production of flexible and personal pyroelectric devices [44].
· Applications [45]: Employed in creating energy harvesters for temperature sensing and self-powered thermal detectors.
Self-Assembly Techniques
· Process: Self-assembly methods involve the spontaneous organisation of pyroelectric nanomaterials into ordered structures. Techniques such as dip-coating and strata-by-strata assembly are used to fabricate composite films [46].
· Advantages: Self-assembly provides a simple way to create multilayered or hybrid structures with enhanced pyroelectric properties [47]. It is suitable for integrating nanomaterials into flexible and stretchable devices.
· Applications [48]: Used in the development of PyNGs for wearable applications that harvest energy from soma heat or ambient temperature variations.
Hybrid Fabrication Techniques
To maximise the energy output of nanogenerators, researchers have developed hybrid fabrication techniques that combine multiple EH mechanisms. These methods often involve the integration of PENGs, TENGs and PyNGs into a single device.
Layer-by-Layer (Strata-by-strata) Assembly
· Process: by sequential deposition of different functional layers to create a hybrid nanogenerator [49]. Each layer is designed to harvest a specific type of energy, such as thermal or mechanical energy [49].
· Advantages [50]: This approach allows for the efficient use of multiple energy sources, enhancing the overall EH capability. The method is also compatible with flexible substrates for wearable applications [50].
· Applications: Hybrid nanogenerators are used in systems which are self-powered that require a continuous energy supply from various ambient sources, such as body motion and temperature fluctuations [51]. The output of TENGs may be multiplied by a factor of over 1000 [52] by the use of charge storage and release strategy.
[image: ]
TENGs’ Energy Sources and Applications [53].
Inkjet Printing
· Process: Inkjet printing [54] is a digital and additive manufacturing technique used to deposit functional inks, such as PE or triboelectric materials, onto substrates. The process enables the fabrication of multi-material devices with high precision [54].
· Advantages: Inkjet printing is highly versatile and suitable for creating complex patterns on flexible and stretchable substrates [55]. It also minimises material waste and allows for the integration of hybrid nanogenerators.
· Applications: for making wearable [56] energy harvesters which can be customised for specific body parts, such as flexible patches for monitoring muscle activity.
Material Innovations
The performance and efficiency of nanogenerators are largely determined by the materials used in their construction. Material innovations have driven significant advancements in the field, allowing for higher energy conversion rates, greater flexibility, improved durability and broader applicability in wearable and self-powered devices. This section introduces the current developments in materials for PE, PyNGs, triboelectric as well as hybrid and composite materials.
Piezoelectric (PE) Materials
PENGs rely on materially generated electric charge when they are put under mechanical stress. Advances in PE materials have focused on improving their energy conversion efficiency, compatibility and flexibility with wearable applications.
Traditional PE Materials
· Inorganic Crystals: lead zirconate titanate (PZT), zinc oxide (ZnO) and barium titanate (BaTiO₃) are well-known for their strong PE properties. These ceramics [57] are widely used in high-performance PENGs but often suffer from brittleness, making them less suitable for flexible devices.
· Recent Innovations: Efforts have been made to enhance the properties of these materials mechanically by incorporating them into flexible substrates or creating nanostructured forms, such as nanowires, nanotubes and nanoplates. For instance, ZnO nanowires [58] have been integrated into polymer matrices to create flexible and stretchable PE layers.
Polymeric PE Materials
· Polyvinylidene Fluoride (PVDF) and Copolymers: PVDF and PVDF-TrFE (its copolymers) [59] are widely used in wearable PENGs due to their flexibility, biocompatibility and excellent PE response. The PE properties of PVDF can be further enhanced by stretching and poling, which align the molecular dipoles.
· Nanocomposites: to inrease the performance of polymer-based PE materials, nanocomposites have been developed by embedding PE nanoparticles (such as ZnO, BaTiO₃, or graphene oxide) into PVDF [60] matrices. These nanocomposites exhibit higher energy conversion efficiency and mechanical robustness, making them suitable for wearable applications. Fig. 7, below, shows the various types of flexible PENGs.
Lead-Free PE Materials
· Environmental Concerns: usage of lead-based materials like PZT has raised environmental and health concerns, prompting the search for lead-free alternatives [61]. Materials such as KNN (potassium sodium niobate), BiFeO₃ (bismuth ferrite) and NBT (sodium bismuth titanate) have been explored as environmentally friendly PE materials [61].
· Performance Enhancements: Researchers have developed strategies to enhance the PE response of lead-free materials [62], such as doping and the creation of composite structures. These materials are being tested for their potential in flexible and wearable EH devices.
[image: ]
Various Flexible Types of PVDF-based PENGs [60].
Triboelectric Materials
TENGs operate based on the triboelectric effect [53], which take place when two materials make physical contact and generate opposite charges. The performance of TENGs depends on the triboelectric series, which orders materials based on their tendency to accept or donate electrons.
High-Performance Polymers
· Common Polymers: materials like FEP (fluorinated ethylene propylene), PDMS (polydimethylsiloxane) and PET (polyethylene terephthalate) are commonly used in TENGs. These polymers exhibit excellent triboelectric properties [63] and are mechanically flexible which are ideal for wearable applications.
· Surface Engineering: The triboelectric performance of polymers can be enhanced through surface engineering techniques, such as micro- and nano-structuring [64]. Methods like plasma treatment, chemical etching and nanoimprinting are used to create rough surfaces that increase the effective contact area and improve charge generation [64].
· Advanced Functional Materials: PPy (polypyrrole) amd PANI (polyaniline) which are conductive polymers [65] have been explored for their ability to enhance the electrical output of TENGs. These conductive polymers can be combined with traditional triboelectric materials to create hybrid structures that improve overall performance.
· 2D Materials: two-dimensional materials such as molybdenum disulphide (MoS2) and Graphene, have been integrated into TENGs to enhance electrical conductivity and triboelectric charge transfer [66]. These materials also add mechanical strength and flexibility to the nanogenerators.
Composite and Hybrid Materials
· Nanocomposites: Combining triboelectric polymers with inorganic nanoparticles, such as silica (SiO2), titanium dioxide (TiO₂), or carbon nanotubes (CNTs) [67], has shown significant improvements in EH efficiency. These nanocomposites benefit from the synergistic effects of the organic and inorganic components, resulting in better charge generation and transfer.
· Bio-Inspired Materials: Researchers have drawn inspiration from nature [68] to develop bio-inspired triboelectric materials. For example, materials mimicking the microstructure of lotus leaves or the hierarchical structure of butterfly wings have been shown to enhance triboelectric performance by increasing surface roughness and hydrophobicity.
Pyroelectric Materials
PyNGs rely on materials that can generate electricy in response to fluctuations in temperature. The development of pyroelectric materials focuses on improving their thermal response, flexibility and integration into wearable devices.
Traditional Pyroelectric Materials
· Inorganic Crystals: Materials [69] like lithium niobate (LiNbO3) and barium-strontium-titanate (BST, Ba0.64Sr0.36TiO3) are known for their strong pyroelectric response. These materials are used in applications requiring high thermal sensitivity but are limited by their rigidit.
· Polymeric Pyroelectrics: Polymers [70] such as PVDF and its copolymers have also been used as pyroelectric materials. These polymers are lightweight, flexible and easily incorporated into wearable devices. Techniques like electrospinning have been used to fabricate nano-fibres with enhanced pyroelectric properties.
Hybrid Pyroelectric Materials
· Composite Materials: To improve the performance of PyNGs, researchers have developed composites [71] that combine pyroelectric materials with thermally conductive fillers, such as graphene or boron nitride. These fillers enhance heat transfer and increase energy conversion efficiency.
· Flexible and Stretchable Designs: Innovations in material science have created stretchable [72] pyroelectric materials that can be incorporated in wearable devices. For example, PyNGs embedded in elastic substrates can extract thermal energy from the body and adapt to various deformations.
Hybrid and Multifunctional Materials
To address the limitations of single-mode EH, researchers have developed hybrid materials that combine multiple energy conversion mechanisms, such as PE, triboelectric and pyroelectric effects. 
Hybrid Energy Harvesting (EH) Materials
· Multifunctional Nanocomposites [73]: These materials are designed to extract simultaneously, energy from both thermal and mechanical sources. For instance, a pliable Ag2Te-nylon nanocomposite can harvest energy from both pressure (triboelectric) and temperature changes (thermoelectric).
· Layered Structures: By layering different EH materials, hybrid nanogenerators can be created to capture various forms of ambient energy. For example, a device [74] that combines a TENG layer with a PENG layer can efficiently harvest energy from both frictional forces and mechanical vibrations.
Self-Healing and Smart Materials
· Self-Healing Polymers: The integration of self-healing [75] polymers into nanogenerators enhances their durability and lifespan. These materials can autonomously repair damage caused by mechanical stress or environmental factors, making them a perfect match for wearable applications that experience repeated deformation.
· Stimuli-Responsive Materials: these respond to external stimuli [76], such as light, temperature, or humidity, are being explored to create smart energy harvesters. For example, materials that change their surface properties in response to humidity can be used to optimise EH in variable environments.
Biocompatible and Eco-Friendly Materials
These materials are crucial for wearable nanogenerators, especially for applications in healthcare and environmental monitoring.
Biocompatible Polymers
· Silk Fibroin and Collagen: Natural polymers like silk fibroin [77] and collagen have been investigated for their biocompatibility and mechanical flexibility. These materials are suitable for implantable nanogenerators that harvest energy from physiological movements or body heat.
· Hydrogels [78]: which are water-rich polymer networks, have been used to create soft and stretchable nanogenerators. These materials can conform to the skin and are ideal for wearable devices that require intimate contact with the human body.
Eco-Friendly Materials
· Cellulose-Based Materials [79]: derived from plant sources, is a sustainable and biodegradable material that has been used in TENGs. Modified cellulose nano-fibres can be combined with other triboelectric materials to create eco-friendly energy harvesters.
· Recyclable and Degradable Composites: Researchers are developing nanogenerators using recyclable or degradable materials [80] to minimise environmental impact. For example, degradable polymers and natural fillers are being used to create energy harvesters that can be safely disposed of or recycled after use.
Applications
· Wearable Electronics: Nanogenerators can power wearable devices by extracting energy from human movement. Examples include self-powered health monitoring systems and electronic textiles.
· Environmental EH: Nanogenerators are used to extract energy from environmental sources such as the falling of raindrops the wind and the motion of waves. These devices have the potential to power remote sensors for environmental monitoring.
· Biomedical Applications: Implantable nanogenerators can extract energy from physiological activities, e.g. heartbeats or respiratory movements, to power medical implants.
Challenges and Future Perspectives
Despite significant advancements, challenges remain in the field of nanogenerators. These include issues related to long-term stability, energy conversion efficiency and scalability of production. Future research should focus on improving material properties, developing cost-effective fabrication techniques and exploring new applications.
Conclusions
Nanogenerators represent a transformative approach to EH, providing a foundation for human-powered systems and energy solutions for achieving sustainable energy. Their ability to convert ambient energy from body movements, mechanical vibrations, temperature fluctuations and other environmental sources into electrical power holds immense promise for revolutionising the way we power small-scale and wearable electronics. With the growing emphasis on renewable energy and eco-friendliness solutions, nanogenerators offer a compelling path toward reducing dependency on conventional batteries, thus minimising electronic waste and leading to a more sustainable future.
Continued progress in engineering and material science  are crucial to overcoming current limitations, such as relatively low energy conversion efficiency and the need for enhanced durability and scalability. Innovations in flexible and biocompatible materials will increase the diversity of applications, making nanogenerators more suitable for bio-mobile health monitoring devices, implantable medical systems and environmental sensors. Furthermore, the integration of self-healing and stimuli-responsive materials could significantly enhance the lifespan and adaptability of nanogenerators in dynamic and variable environments.
Looking ahead, the development of multifunctional and hybrid nanogenerators that can concurrently extract energy from multiple sources will lead to increased robustness and reliability of energy solutions. As researchers continue to explore novel material combinations and fabrication techniques, nanogenerators are poised to become a critical component of future energy systems, playing a key role in the advancement of the IoTs, smart cities and next-generation electronics. By addressing the challenges and leveraging the potential of nanogenerators, we can move closer to a world where sustainable, self-powered devices are seamlessly integrated into our daily lives.
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