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ABSTRACT

The rising demand for sustainable and renewable energy sources has intensified research in
solar energy harvesting technologies. Among the various materials explored for photovoltaic
applications, zinc oxide (ZnO) stands out as a promising nanomaterial owing to its unique
optoelectronic properties and natural abundance. ZnO, characterized by its wide bandgap and
excellent electrical and optical properties, emerges as a superior candidate for solar cell
enhancement. Its broad light absorption spectrum and high charge carrier mobility make it an

ideal material for improving solar energy conversion efficiency.

This project investigates the synthesis and structural characteristics of ZnO nanorods and their
integration into solar panels to enhance performance. By fabricating ZnO nanorods on
polycrystalline solar panels, we aim to increase light absorption and charge carrier mobility,
thereby boosting the overall efficiency of solar cells. The project encompasses detailed
methodologies for synthesizing ZnO nanoparticles and forming nanorods, as well as the step-

by-step process of integrating these nanostructures into solar panels.

We also explore the electronic properties of ZnO, such as its bandgap and electron affinity,
which are crucial for the effective conversion of solar radiation into electrical energy. Beyond
traditional photovoltaic applications, this research delves into the potential of ZnO
nanomaterials in innovative solar energy harvesting technologies, including flexible and

transparent solar cells.

Additionally, we developed a prototype power bank utilizing ZnO nanorod-enhanced solar
panels to demonstrate their practical application in portable energy solutions. The
comprehensive study highlights the fundamental mechanisms by which ZnO nanostructures
enhance light-matter interactions and charge transport at the nanoscale. The findings
underscore the significant role of ZnO nanorods in advancing solar cell technology, offering

valuable insights into the future of efficient and sustainable energy solutions.
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CHAPTER 1

INTRODUCTION

1.1 Introduction:

In a world where environmental concerns are at the front line of global discussions, the search
for sustainable and clean energy sources has become more critical than ever. The impacts of
climate change, such as rising temperatures, more frequent extreme weather events, and shifting
ecosystems, have underscored the urgent need to transition away from fossil fuels. This
transition is not just about mitigating environmental damage but also about securing a reliable
and resilient energy future for all. Among the various options available, solar energy stands out
as a shining example of hope. Therefore, the use of renewable energy at the present time is very

important.

1.2 Motivation on the project, switching to renewable sources of energy and why solar cell
preferred:

Fossil fuels, which release harmful greenhouse gases and pollutants into the atmosphere. Solar

power generation produces zero emissions during operation. This significant reduction in carbon

footprint makes solar energy a pivotal player in combating climate change and protecting the

planet for future generations.[1]
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Fig 1.1 Energy generation trend per terawatt hours [1]



Moreover, solar panels have a relatively low environmental impact during their lifecycle,

especially with advancements in recycling technologies.

The economic advantages of solar energy are multifaceted. Initially, the cost of installing solar
panels can be substantial, but this investment pays off in the long term through reduced
electricity bills and potential income from selling excess power back to the grid. Technological
advancements and economies of scale have dramatically lowered the cost of solar panels over the

past decade, making them more accessible to homeowners, businesses, and governments.

One of the most appealing aspects of solar energy is its versatility and scalability. Solar panels
can be deployed on different scales, from small residential installations to vast solar farms. They
can be integrated into building materials, such as solar roof tiles and windows, providing clean
energy without occupying additional space. This adaptability allows solar energy to be utilized in
diverse settings, including urban, suburban, and rural areas, as well as in off-grid locations where

traditional energy infrastructure is not feasible.
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Fig 1.2 Solar cell production from 1999-2006(2]
The field of solar technology is rapidly evolving, with continuous innovations improving

efficiency and reducing costs. Traditional silicon-based solar cells are now complemented by

emerging technologies like perovskite solar cells, thin-film photovoltaics, and bifacial panels that



capture sunlight from both sides. Furthermore, energy storage solutions, such as advanced
batteries, are enhancing the reliability of solar power by storing excess energy for use when the

sun is not shining.
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Fig 1.3 Solar Installation in the world[3]

As the world grapples with the dual challenges of environmental degradation and the need for
sustainable development, solar energy emerges as a beacon of hope. Its environmental,
economic, and social benefits make it a cornerstone of a cleaner, healthier, and more equitable
energy future. Investing in solar technology today is not just an investment in energy; it is an
investment in the planet and the well-being of future generations. As solar technology continues
to advance, its role in the global energy landscape will only become more prominent, paving the
way for a brighter and more sustainable tomorrow. Using of nanotechnology will significantly

increase the use of solar energy in a more proper and efficient way.[2]

1.3. Nanotechnology in Solar Cells:

Conventional designs face two main challenges: high costs and low efficiency. The latter is
particularly problematic since cells based on silicon lose a large portion of the received radiation

energy. This is problematic because not every photon’s energy matches the band-gap energy of



the cell used. A solution can be found in nanoparticles. They can be described as minuscule
motes, defined as the smallest of particles that are thousands of times smaller than the thickness
of a human hair. These particles’ extremely high surface area allows for unique interactions with

radiation energy.

The use of nanomaterials in solar cells has significantly enhanced their properties and
performance. Here are several ways nanomaterials improve solar cell efficiency, durability, and

overall functionality:

1.2.1 Increased Surface Area:

Nanomaterials have a high surface area-to-volume ratio, which provides a larger interface for
light absorption and electron-hole pair generation. This increases the active surface area of the

solar cell, improving its efficiency.

1.2.2 Enhanced Light Absorption

Nanostructured materials such as quantum dots, nanowires, and nanotubes can absorb a broader
spectrum of sunlight compared to bulk materials. For example: Quantum Dots:Quantum dots are
little semiconductor nanocrystals engineered to absorb light in a very narrowly defined spectrum.
They permit solar cells to collect that light from a much more significant solar span, making the
cell more efficient. Quantum dots have the benefit of being manufactured to generate exactly the
wavelength of sunlight that needs to be absorbed, which is usually beyond the range absorbed by

current cells.

Another valuable point of quantum dots is their unique feature called multi-exciton generation.
As the name implies, this involves multiple electron-hole pairs being generated by a single
photon conversion event. When photons from sunlight hit the crystal, penetrate it, and eject
electron-hole pairs. The subsequent electron-hole pair can cause the ejection of another electron-
hole pair. This process will continue multiple times in a quantum dot, allowing it to generate

several pair numbers of electrons in response to merely two-photon hits.
1.2.3. Improved Charge Carrier Dynamics

Nanomaterials can enhance the separation and transport of charge carriers (electrons and holes),

reducing recombination losses. For example:



Zinc oxide (ZnO) nanomaterials: They exhibit unique charge carrier dynamics that make them

highly valuable in various applications, including electronics, optoelectronics, and photovoltaics.

1.2.4. Reduced Recombination Losses:

Nanomaterials can create a more favourable environment for electron-hole separation, thus
reducing recombination losses. For instance, core-shell Nanoparticles create a built-in electric
field that helps in the efficient separation of charge carriers. Also, the thin layers of
nanomaterials can passivate surface defects, which are typically recombination sites, thus

improving the carrier lifetime.
1.2.5. Energy Bandgap Tuning:
Nanomaterials allow for the tuning of energy bandgaps to optimize the absorption of different

parts of the solar spectrum. For instance:

Perovskite Nanocrystals: These materials can be engineered to have optimal bandgaps for solar

absorption, improving the overall efficiency of perovskite solar cells.

1.2.6. Flexibility and Transparency:

Nanomaterials can be used to create flexible and transparent solar cells, which expand the range

of applications. For example:

Transparent Conductive Oxides (TCOs): Nanostructured TCOs can be used in the development

of transparent solar cells that can be integrated into windows and other surfaces.
1.2.7. Improved Thermal Stability:

Nanomaterials can enhance the thermal stability of solar cells, allowing them to maintain
performance under varying environmental conditions. For example, incorporating nanomaterials
into the polymer matrix of organic solar cells can improve their thermal stability and mechanical
properties. Similarly, Metal Oxide Nanoparticles can provide better thermal management in solar

cells, reducing degradation at high temperatures.
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1.4. Brief importance of work in the present context-

In the present context, the importance of this work is underscored by the rapid proliferation of
portable electronic devices, the Internet of Things (IoT), and wearable technology, all of which
require efficient and sustainable power sources. Traditional batteries, while widely used, present
issues related to limited lifespan, environmental pollution, and the necessity for frequent
recharging or replacement. Nanomaterials like ZnO offer a compelling alternative due to their
unique properties, such as high piezoelectric and pyroelectric coefficients, which enable the
conversion of ambient mechanical and thermal energy into electrical energy. By harnessing these
capabilities, we can develop self-powered systems that reduce dependency on conventional
energy sources, decrease electronic waste, and contribute to a more sustainable and energy-
efficient future. This research not only advances scientific understanding but also has significant

practical implications for the development of next-generation, eco-friendly energy solutions.

1.5 Objective of the work:

The objective of this project is to develop a highly efficient, cost-effective, and sustainable
approach to converting solar energy into electrical energy using ZnO nanomaterials. Key

objectives include:



- Synthesize and characterize ZnO nanostructures for enhanced light absorption and charge

separation.

- Integrate ZnO nanostructures into solar cells to achieve high efficiency and stability.

- Conduct extensive characterization to optimize material properties and device performance.
-Demonstrate practical applications of ZnO nanorods.

The overarching goal is to establish ZnO nanomaterials as a viable option for solar energy
harvesting, contributing to renewable energy solutions and reducing dependence on fossil fuels.
1.6 Significance of possible end result:

The significance of our end result lies in the substantial improvement in the efficiency of solar
panels through the integration of nanomaterials. This enhancement addresses a critical need for
more effective renewable energy solutions as the world increasingly moves towards sustainable

energy sources to combat climate change and reduce reliance on fossil fuels.

1.7 Project work schedule:

Table 1.1: Project work schedule

SPECIFICATION
Literature Review

Sept'23-Oct'23 Now'23-Dec'23 iJan'24-Feb'24 Mar'24-April'24

Synthesis of Nanoparticle

Intregation of nanoparticle over solar plate _
Characterization _

Testing

Prototype. . . .

1.8 Organization of the project report (chapter wise):
Chapter 1: Introduction:

Chapter 1 gives a brief introduction to the topic, focusing on the significance of energy
harvesting and the role of nanomaterials in energy conversion. It highlights the growing demand
for sustainable energy solutions amidst depleting fossil fuel reserves and environmental

concerns. The chapter explains how nanomaterials, particularly ZnO nanostructures, offer unique



properties that make them suitable for efficient energy conversion. It also outlines the objective

of the project, which is to enhance the efficiency of solar panels using ZnO nanorods.

Chapter 2: Literature Review

Chapter 2 deals with the research and literature review conducted before and during the project.
It summarizes key papers and journals that have explored energy harvesting using various

nanomaterials, with a particular focus on ZnO.

Chapter 3: Methodology

Chapter 3 broadly describes the methodologies used for the fabrication of ZnO nanorods and

their integration onto polycrystalline solar panels.

Chapter 4: Results and Analysis

Chapter 4 analyzes the results obtained from testing the ZnO nanorod-treated solar panels. It
compares the performance of the treated panels with traditional, untreated panels under

controlled conditions.

Chapter 5: Conclusion and Future Scope

Chapter 5 concludes the report by summarizing the key findings and their implications for the
field of solar energy harvesting. It reiterates the success of the ZnO nanorod integration in
enhancing solar panel efficiency and discusses the broader impact of these advancements on
sustainable energy solutions. The chapter also explores future scopes, suggesting areas for

further research and development.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction:

This chapter conducts a comprehensive examination of prior studies and research papers
pertinent to the ongoing project. The project is focused on investigating various technological
instances and proposed methodologies aimed at enhancing the efficiency of solar panels through
the fabrication of nanomaterials. The primary objective is to explore how these advancements

can optimize energy harvesting processes within the realm of solar technology.
2.2. Literature Survey:

Solar energy is an abundant, clean, and renewable energy source, but its availability varies
seasonally. Therefore, the storage and conversion of solar energy are crucial for its efficient
utilization throughout the year. The increase in population and technological development has
led to a rise in energy demand, necessitating the need for efficient energy storage and

consumption methods.

A detailed literature survey of a few previous research has been discussed in this section which

are given below.
2.2.1 The Importance of Alternative Solar Energy Sources:

The main focus of Pai H. Chou et al. [3] are to review and analyse the advantages and
disadvantages of alternative solar energy sources, particularly the use of solar panels. It discusses
the importance of solar energy as a renewable, clean, and environmentally-friendly energy
source that can be used to generate electricity and heat. The paper examines how solar energy
falling on photovoltaic elements depends on environmental factors like climate, season, and
location, and how atmospheric changes can affect the intensity and spectrum of light, impacting

solar panel operation.

It also covers the advantages of solar panels, such as their renewable nature, ability to generate

electricity and heat, and use in various types of transportation. The disadvantages discussed



include the high dependence on weather and time of day, expensive costs, maintenance

challenges, and environmental concerns with some materials used.

By 2050, human beings receive 20-25% of the sun's electricity. According to international
energy experts, in 40 years, with the help of modern technology, it produces 9,000 TEUs of
energy or 20 to 25 percent of electricity per hour, which in turn reduces the CO. emissions by

about 6 billion tons.

Solar collectors play an important role in reducing emissions to the atmosphere. The use of solar
energy in the chemical industry has led to the use of oxidized zinc production technology by the
Solar Beads in 2005. At the top of the sun, zinc oxide can be extracted from the net by 12000C
using pure zinc. Subsequently, the addition of the zinc to the water results in the formation of a
chemical reaction that results in the release of hydrogen. Hydrogen is used as a power generation

or as a fuel.

This paper finds that solar energy can be used without turning it into electricity in everyday life.
For example, when lighting the room, heating water. Solar collector for heat collecting,
scavenging and storage. In these collectors’ water can be heated up to 60-900 ° C, which reduces
the utility fees to 50-70%. One of the complex systems created by America is the solar system
for Heat Experiment. In 2008, 274 MW solar tacks were installed in Korea. Japan has a power

output of 3 GW. In Germany, the installed capacity of the QES is 5 GW.
2.2.2 Solar energy collection device:

John J. Miller et al. [4] introduces a solar panel system designed to capture energy and store it for
later use in an energy storage device.The paper primarily focuses on the design and
implementation of a solar panel system for energy capture and storage. The methods likely
involve the engineering and technical aspects of developing a system that efficiently captures
solar energy. The method also includes simulations, prototypes, or field tests to validate the
effectiveness and practicality of the energy capture system. The paper presents the successful
development and implementation of the solar panel system for energy capture and storage. It
details the efficiency of the system in capturing and storing solar energy for later use. The results
include data on the preservation of aesthetics, minimized installation complexity, and reduced

costs as intended in the system design. The paper also discusses any challenges faced during the

10



development and implementation process and how they were overcome. Resultshighlight the
system's performance metrics, such as energy conversion efficiency, storage capacity, and
overall reliability. Potential comparisons with existing energy capture systems or traditional

energy sources may be provided to showcase the advantages of the developed system

John J. Miller et al. [4] also highlights the potential impact of the developed energy capture
system on renewable energy adoption, sustainability, and environmental conservation efforts.
Overall, the conclusions are to reinforce the significance of the research findings and their
contribution to advancing solar energy technologies for practical applications. The system
enables the capture of solar energy, which can then be stored for later use in an energy storage
device. It facilitates the preservation of aesthetics, ensuring that the visual appeal of the
surroundings is maintained while harnessing solar power. Cost reduction is a significant
advantage mentioned, indicating that the solar panel system is designed to be cost-effective in
terms of both the system itself and the installation process. The system's ability to capture solar
energy contributes to sustainability efforts by utilizing a renewable energy source and reducing
reliance on non-renewable resources. Overall, the advantages of the solar panel system include
efficient energy capture, storage capabilities, aesthetic preservation, ease of installation, cost-

effectiveness, and environmental sustainability.
2.2.3 Efficiency Improvement of PV (Solar Panel) Using Nanofluids:

M. Laxmaiahet al. [5] focuses on using nanofluids such as water, AI203, CuO, TiO2, and
ethylene glycol, which can help lower the temperature of PV panels. These nanofluids are
circulated inside tubes fastened to the back of the panel. A numerical model for nanofluid heat
transfer was used to simulate the outcomes of using different nanofluids. The results showed that
the temperature of the PV panel can be effectively lowered by using these nanofluids. This paper
finds that the main variable impacting the efficiency of PV panels is the operating temperature.
In this paper they find that as the temperature rises, the open circuit voltage falls. They observed
that the current increases gradually as the plate temperature rises and the output tension
decreases linearly. They reduced the working temperature of PV (solar panels) using nanofluids
as a refrigeration technology, achieving a variation of about 23 °C and a 2.3 % improvement in
efficiency and fill factor, respectively. When compared to the power generated prior to cell

cooling, they increased power by more than 15 W using a cooling method known as nanofluid.

11



2.2.4 Nanomaterials, such as graphene, SiNH (silicon nanoholes), and TiO2 nanoparticles in

DSSC, are identified as potential materials for use in solar cells:

The authors discuss the limitations of current solar cell modules in generating maximum energy
from solar radiation and the need for more efficient methods of solar energy harvesting. Loss
processes in solar cells, such as heat generation and recombination losses, are identified as
important factors affecting the performance of photovoltaic devices. The use of graphene in solar
energy generation is described as revolutionary, as it is more economical than pure silicon, has
better charge holding capacity, and can absorb solar UV radiation. The study of nanomaterials
and their applications in solar energy generation is suggested as a means to achieve efficiency
beyond the current limit of 20% in conventional solar cells. This paper shows the properties of
Graphene, silicon nanoholes are studied and it is observed to be capable of converting solar
energy into electricity more efficiently than silicon solar cells. A solar energy harvesting and
storing system has been proposed using nanomaterials and super-capacitors to harvest and store
the energy without much losses and for a longer period of time. It is possible to achieve 40%

efficiency when graphene layers are doped with gold.[6]

2.2.5 Well-ordered vertically aligned ZnO nanorods arrays for high-performance perovskite

solar cells:

Shan Yun et al. [7] fabricated ZnO nanorods over solar cells and tried to increase its efficiency.
They used the chemical bath deposition method which resulted in the high cost-effectiveness and
great potential of scaling up of solar cells efficiency. They found that with the increase of water
bath reaction time, the length of ZnO nanorods grew longer and the arrays became more
perpendicularly aligned with respect to the FTO substrate. The lengths of the nanorods array
layer varied from about 300 to 400, 500, 600, and 1500 nm with the growth time increased from
1to 3,5, 7 and 15 min. The growth speed was estimated to be 100 nm-min-1 in the range from 1
to 15 min. In conclusion, they had developed a controllable mesoporous structure that employs
ZnO nanorod arrays with different lengths to optimize the performance and stability of solar
cells. It was seen that with a proper length, ZnO nanorod could not only enhance the infiltrate
process of perovskite resulting in better crystalline quality of the deposited film, but also

suppress the charge recombination efficiently. According to their results, the power conversion

12



efficiency got the maximum point with a length around 400 nm, for which the perovskite crystal

size, defect density and electron transfer distance reached an optimum balance.
2.2.6 Fabrication of ZnO/CdS core/shell nanowire arrays for efficient solar energy conversion:

The work focuses on ZnO/CdS core/shell nanowire arrays for solar energy conversion. It
highlights CdS shell thickness impact on PEC performance and visible-light absorption. The

methods used are:

e Two-step chemical solution method for ZnO/CdS core/shell nanowire arrays.
e SILAR technique for CdS shell coating on ZnO nanowires.
e TEM measurements after sonication to observe ZnO/CdScoreshell structures.

e Synthesis of ZnO nanowire arrays on various substrates.

It was found that ZnO/CdS core/shell nanowires achieved 3.53% power conversion
efficiency. CdS shell thickness is controlled, affecting visible-light absorption and PEC
performance. CdS shell stripped from ZnO core in TEM observations. It can be concluded that
ZnO/CdS nanowire arrays show high PEC performance under visible light. CdS shell thickness
affects light absorption and PEC efficiency. ZnO/CdS core/shell arrays are suitable for solar cell
applications.[8]

2.2.7 Carbon Nanomaterials for Advanced Energy Conversion:

This work discusses the use of carbon nanomaterials, including fullerenes, carbon nanotubes, and
graphene, had b extensively studied for advanced energy conversion and storage. It found that
carbon nanomaterials have unique size-/surface-dependent properties that enhance energy-
conversion and storage performances. Moreover, another conclusion from this paper is that
carbon nanotubes (CNTs) have high electrical conductivity, charge transport capability,
microporosity, and electrolyte accessibility, making them attractive electrode materials for high-
performance supercapacitors. It suggested that carbon nanotubes, in particular, as electrode
materials for high-performance supercapacitors due to their high electrical conductivity and
charge transport capability. Research has focused on developing different types of carbon
nanotube electrode materials and combining 8 them with various electrolytes to improve the

performance, safety, and lifetimes of supercapacitor.[9]

13



2.2.8 Nanoantennas for increasing efficiency of solar panel:

This work discusses nanoantenna structures that were analysed in tandem with a silicon solar cell
to improve its output. Metallic aperture nanoantennas made of silver, aluminum, gold, and
copper were studied, with rectangular, circular, and triangular geometries. They found out that
Nanoantennas can enhance the absorption of light into a photovoltaic cell, improving its output.
The highest field enhancement was obtained with an aluminum rectangular nanoantenna of 50
nm thickness. However, the circular geometry with a 100 nm radius showed the most
improvement compared to a basic silicon cell. Silver structures in tandem with a silicon cell
yielded an electric field intensity greater than that of the silicon cell alone 24 times. Aluminum
structures surpassed the silicon cell electric field intensity a total of 21 times. Gold structures had
an electric intensity greater than the silicon cell peak field intensity 19 times. Copper structures
also showed improved electric field intensity compared to the silicon cell. It was seen that the
efficiency of photovoltaic cells is limited by the bandgap of the material. Each photon with
energy above the bandgap produces an electron-hole pair independently of its energy. The
materials' models used in the study included silicon as the semiconductor, with specific dielectric

functions for metals and air.[10]
2.3 Why ZnO is Preferred:

From the study and literature review we have found many properties which led us to choose ZnO

to fabricate our solar panel. Some of the comparison is mentioned in the table below:

Table 2.1 Comparison of ZnO with other nanomaterials based on their properties

Property ZnO TiO2 SiO2 Ag NPs Au NPs
Cost Low Moderate Low High Very High
Availability High High High Moderate Moderate
Biocompatibility High Moderate High Low High
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Optical Excellent Good UV Transparent Plasmonic Plasmonic
Properties uv absorption (visible) (visible)
absorption
Applications Electronics, | Photocatalysis, Drug Antimicrobial, | Medical,
Sensors, Sunscreens delivery, Medical Sensors
Cosmetics, Catalysis
Medical
Stability High High High Moderate High
Toxicity Low Moderate Low High Low
Synthesis ‘ . ‘
Complexity Simple Simple Simple Complex Complex

2.4 Conclusion

The comprehensive literature review conducted on solar panel, solar energy harvesting utilizing
nanomaterials has been instrumental in shaping our project's trajectory. Through this extensive
analysis, we have gained valuable insights into diverse nanomaterials and their applications in
energy harvesting systems and also the methods to capture the solar energy. This exploration
enabled us to meticulously assess numerous nanomaterials, their properties, and performance
within solar energy conversion. As a result, we have successfully identified the most suitable
nanomaterial for our project, facilitating a focused and strategic continuation towards optimizing

solar plate efficiency through the utilization of this specific material.
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CHAPTER 3

METHODOLOGY

3.1 Introduction:

The methodology for this project involves a systematic approach to integrate nanorods onto the
surface of a solar panel to enhance its efficiency. Initially, we experimented with growing a thin
film of ZnO nanomaterial on the solar panel; however, this method did not result in any
significant increase in efficiency. Building on this insight, the project then shifted focus to the
synthesis and precise deposition of ZnO nanorods. This section will discuss the detailed
synthesis process of ZnO, followed by the deposition techniques for creating a thin film and then
growing nanorods over the panel. Finally, the testing procedures to evaluate the performance
improvements in the solar panel will be outlined. This comprehensive methodology ensures the
reproducibility and reliability of the results, aiming to demonstrate the significant improvement

in solar energy conversion efficiency through the incorporation of ZnO nanorods.

3.2 Detailed methodology:
Growing nanorods over a solar panel offers significant benefits in enhancing the efficiency of
solar-to-electrical energy conversion. The nanorods capture ultraviolet (UV) rays, which
traditional solar panels typically cannot utilize, thereby expanding the spectrum of light that can
be converted into electricity. This increased absorption is due to the unique optical properties of
nanorods, which act as waveguides for the emerging photons. By directing and concentrating the
light more effectively, nanorods minimize the loss of photons and ensure a higher photon-to-
electron conversion rate. This advanced light management capability leads to a substantial boost
in the overall efficiency of solar panels, making them more effective in harnessing solar energy
even under suboptimal lighting conditions.
The processes involved in synthesizing, firstly the ZnO thin film and then growing nanorods
over the solar panel(hydrothermal process)[11][12] involves the following steps:

3.2.1 Selection of solar panel

3.2.2  Synthesis of ZnO

3.2.3 Thin film deposition

3.2.4 Fabrication of ZnO nanorods
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3.2.5 Testing
3.2.6 Application

3.2.1. Selection of solar panel:

For our project, selecting an appropriate solar panel is crucial to effectively grow the nanorods
and enhance the overall efficiency of solar energy conversion. We have chosen the
Polycrystalline Black Solar Panel from the brand Melody's, which is made from durable plastic
material. This panel is well-suited for our experimental needs, offering a maximum voltage of 5
volts and a current rating of 80mA. These specifications provide a stable and manageable
platform for the deposition and growth of ZnO nanorods. The polycrystalline structure of this
solar panel ensures adequate light absorption and energy conversion, making it an ideal

candidate for our efficiency enhancement experiments with nanorods.

A traditional polycrystalline solar panel typically consists of several layers [13], each serving a

specific function in the conversion of sunlight to electrical energy. The main layers include:

-Glass Cover: Protects the panel from environmental factors and provides structural support.
-Anti-Reflective Coating: Reduces the reflection of sunlight, increasing the amount of light
absorbed by the panel.

-Encapsulant (Top Layer): Usually made of ethylene vinyl acetate (EVA), this layer encapsulates
the solar cells, providing protection and maintaining their position.

-Solar Cells: The active layer where light is converted into electricity typically made of
polycrystalline silicon in this type of panel.

-Encapsulant (Bottom Layer): Another layer of EVA that provides additional protection and
support for the solar cells.

-Backsheet: A protective layer on the rear of the panel, often made of polymer, which provides

insulation and protection against moisture and mechanical damage.
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Fig 3.1 Layers of polycrystalline solar plate[5]

For growing nanorods, they would typically be deposited on the surface of the solar cells (the

active layer). To do this, the layers that need to be removed or modified are:

- Glass Cover: This needs to be temporarily removed to access the underlying layers.

- Anti-Reflective Coating: This might need to be removed or modified to allow for the proper
adhesion and growth of nanorods.

- Top Encapsulant (EVA): This needs to be carefully removed to expose the surface of the solar

cells for the deposition of nanorods.

To fabricate the ZnO nanomaterials, we carefully removed specific layers of the solar panel. By
gently heating the panel, we softened and peeled away the glass cover, anti-reflective coating,
and top encapsulant (EVA) layer. This exposed the polycrystalline solar cells, providing an ideal

surface for the deposition and growth of ZnO nanorods.
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3.2.2. Synthesis of ZnO:
We synthesized ZnO nanoparticles using the bottom up, hydrothermal process. Initially we

prepared a solution of 4 mmol Zinc Acetate in 20 ml of ethanol.

To prepare ZnO nanomaterials:
A 4 mM solution of Zinc Acetate Dihydrate (Zn(CHsCOO).:2H20), molecular weight 219.49
g/mol) is prepared by dissolving 0.0175 g of Zinc Acetate Dihydrate in 20 ml of ethanol with

vigorous stirring at 50°C.

Fig 3.2 Measurement of Zinc Acetate Dihydrate

The solution is then diluted with an additional 20 ml of fresh ethanol and allowed to cool in

ambient air.

20 ml of a 4 mM NaOH solution is prepared by dissolving 0.0032 g of NaOH (molecular weight
39.997 g/mol) in ethanol. This NaOH solution is added dropwise to the zinc acetate solution

under continuous stirring
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Fig 3.3 Measurement of NaOH

The calculation of weight in grams of solutes:

1)4 mM Zinc acetate in 20 ml of Ethanol:

= Molarity x Volume of the solvent x Molecular weight of the solute

=4x 102 x20x 102 x 219.49

=0.0175 gm

i1) 4 mM NaOH in 20 ml of ethanol

=4x 107 x20x 107 x 39.997

=0.0032 gm

Then we dipped the beaker in a water bath for 90 minutes at 60 deg. Celsius.

A slightly milky white solution consisting of nanoparticles was observed which was the required

ZnO solution.

3.2.3. Thin film deposition:
In this step we fabricated a thin film of ZnO nanoparticles over the solar panel using drop and

dry technique. First, we heated the solar panel to 60 deg. Celsius over a hot plate. After
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achieving the required temperature, we added the ZnO solution over the solar panel drop wise
and let it dry over the hot plate for 5 mins. After the solar panel dried up, we rinsed it with
deionized water to remove the loosely attached ZnO particles and dried the plate on the hot plate.

This step was repeated 5 times to obtain a thin film over the solar panel.

Fig 3.4 Dry and drop Method

3.2.4. Fabrication of ZnO nanorods:

For the synthesis of ZnO nanorods on a seeded solar panel, it was carried out using a controlled
hydrothermal method. The seeded substrate, pre-coated with a ZnO thin film, was placed in an
inverted position within a petri dish containing a 10 mM equimolar solution of Zinc Nitrate
Hexahydrate and Hexamethylenetetramine (HMT). The assembly was maintained at a constant
temperature of 90°C in a hot air oven for a total duration of 15 hours. To ensure a consistent
growth environment and optimal reagent availability, the solution mixture was replaced every 5
hours. Upon completion of the growth period, the solar panel was thoroughly washed with
deionized water to remove any residual chemicals and unbound particles. This methodical
approach facilitated the uniform growth of ZnO nanorods on the seeded substrate, enhancing the

surface characteristics suitable for solar energy applications.
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The calculation of weight in grams of solutes:

Weight of 10mM Zinc Nitrate Hexahydrate in 100 ml of deionized water:
=10x 107 x 100 x 10~ x 297.48

=297.48 x 103 gm

=0.29748 gm

Weight of 10 mM Hexamethylenetetramine (HMT) in 100 ml deionized water:
=10x 102 x 100 x 10  x 140.19

=140.19 x 10 gm

=0.14019 gm

Fig 3.5 Immerging the solar plate in equimolar solution Zinc Nitrate Hexahydrate and

Hexamethylenetetramine (HMT).

Zn0O Nanorod

Solar Panel

Fig 3.6 Growth of nanorod over solar panel
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3.2.5. Testing:

To evaluate the effectiveness of the ZnO nanorods in enhancing the solar panel's efficiency, we
conducted a series of tests using a multimeter. We conducted comparative tests on both the
enhanced panel with ZnO nanorods and the traditional panel. We connected Light Dependent
Resistor (LDR) to an Arduino system and used a to measure the intensity of the light. The LDR,
with its varying resistance, allowed us to gauge the light intensity accurately. We calibrated the
Arduino to process these readings and calculate the average light intensity correlating the
electrical output of the panels with this average light intensity, we were able to compute their
respective efficiencies. We compared the performance of two solar panels: one with nanorods
grown on its surface and one without. The tests measured the voltage and current output under
identical lighting conditions. The solar panel with ZnO nanorods exhibited a significant increase
in efficiency, demonstrating higher voltage and current outputs compared to the panel without
nanorods the detailed explanation of the same is shown in the next chapter. This notable
improvement confirms the successful integration of nanorods and their effectiveness in

enhancing the solar energy conversion efficiency of the panel.

Fig 3.8 Testing of solar plates with or without nanorod under same condition.
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Fig 3.9 Simple Circuit to calculate the voltage and current.

3.2.6. Application:

From the nanorods grown over the solar panel, we have developed a prototype power bank
module that efficiently harnesses and stores solar energy. This prototype includes an 18650 Li-
ion battery (1200mAh) to store excess energy generated by the solar panel. The power bank
module utilizes a 5V 2.4A UC converter to ensure stable output for charging devices. An MPPT
solar charge module optimizes the voltage from the solar panel, enhancing charging efficiency.
The solar panel, enhanced with ZnO nanorods, serves as the primary energy source, converting
sunlight into electricity with improved efficiency. Connecting wires establish the necessary
electrical connections between components, ensuring smooth energy transfer. This prototype
demonstrates a practical application of our enhanced solar panel technology, providing a reliable

and efficient power source for portable electronic devices.

The specifications of the components used are mentioned below:
-18650 Li-ion Battery (1200mAh):
Function: Stores excess energy generated by the solar panel.

Specifications: 3.7V, 1200mAh capacity.

-5V 2.4A UC Power Bank Module:
Function: Converts stored battery power to a stable 5V output for charging devices.

Specifications: Output 5V, 2.4A maximum current.
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-MPPT Solar Charge Module:

Function: Boosts and optimizes the voltage from the solar panel to efficiently charge the
battery.

Specifications: Output 5V, 80-90% efficiency.

-Solar Panel:
Function: Converts sunlight into electricity, enhanced with ZnO nanorods for improved
efficiency.

Specifications: Typically, 12-48V, 15-20% efficiency.

-Connecting Wires:
Function: Establishes electrical connections between the components.
Specifications: Made of copper or aluminum, with gauge chosen according to current capacity

requirements.

Working:

The power bank prototype allows for the convenient charging of mobile devices via a standard
data cable. The enhanced solar panel captures sunlight and converts it into electrical energy,
which is then regulated by the MPPT solar charge module to charge the 18650 Li-ion battery
efficiently. The stored energy is converted to a stable 5V output by the 5V 2.4A UC power bank
module. Users can easily connect their mobile devices to the power bank using a data cable,
allowing for reliable and portable charging on the go. The connecting wires ensure efficient
energy transfer between all components, making the prototype an effective and practical solution

for solar-powered charging.
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Fig 3.10 Block diagram of our prototype model

3.3 Characterization:

The analysis of surface and cross-sectional morphologies, along with the composition of ZnO
substrates, was conducted using a field emission scanning electron microscope (FE-SEM).
Additionally, the crystallinity of the sample was assessed via X-ray diffraction (XRD), which
provides insights into the crystalline nature, phase composition, lattice parameter, and grain

size.

For the determination of the nanorods' size grown on the substrate, scanning electron
microscopy (SEM) was employed using a JEOL JSM 6390LV SEM. SEM utilizes a high-
energy electron beam focused by condenser lenses to generate a small, focused electron probe
on the specimen, typically ranging from approximately 0.4 nm to 5 nm in diameter. Further

details regarding SEM methodology can be referenced elsewhere [14].

Furthermore, transmission electron microscopy (TEM) was utilized to determine the size of
nanoparticles grown on the substrate, employing a TECNAI G2 20 S-TWIN TEM operated at
200 kV. TEM involves the interaction of a beam of electrons with an ultra-thin sample as it is
transmitted through, facilitating the observation of crystal structure, layer growth, composition,

and defects.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Introduction:

Here, we're diving into what we found after doing our experiment. We'll carefully look at all
the information we gathered and use graphs, tables and characterization outcome to make it
easier to understand. This extensive examination ultimately leads us to a conclusive synthesis,
where we synthesize the implications and significance of our findings, paving the way for a

deeper understanding of the experiment's outcomes.
4.2 Result Analysis:

After deposition of the thin film of nanoparticles over the solar panel using drop and dry
technique, we dipped the solar panel in the solution of hexamethylenetetramine and Zinc
Nitrate Hexahydrate and heated it for 15 hours (changing the solution every 5 hours) at 90°C
and observed the growth of nanorod after seeing through electron microscope as mentioned in

the previous chapter.

The SEM image obatained from shows( Figure 4.1)that distance between two rods are ~ < Inm
.The TEM image (Figure 4.2) obtained after keeping the heating the substraing imersed in the
solution confirms that the length and width of the particles grown over the solar plate are ~ <
60nm .Moreover SAED pattern (Figure 4.3) showing diffused rings and regular spots also

confirmed the above result.

& Sigral A = Intans Diate 0 Agr 2024 f—
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Fig 4.1SEM image of ZnO nanorod.
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Fig 4.2 TEM image of ZnO nanorod

Fig 4.3SAED image of ZnO nanorod .

From Figure 4.4,the tauc plot is prepared(Figure 4.5). The plot is (ahv)? versus photon enegry
where 0=(2.303 x Abosorbance)/d .From Figure 4.4 it is seen that maximum absorbance is at

350nm.
d = Thickness of the sample (=1cm)

From the plot it was seen that the band gap is 3.37ev which the band gap of ZnO.
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In order to validate the increase in efficiency due to presence of nanorods, a straightforward
experiment was conducted to demonstrate the variation in efficiency pre- and post-fabrication
of nanomaterial on the solar panel. This experiment involved constructing a basic circuit

utilizing the solar panel as the primary source and varying solar intensities, keeping the

29



resistance constant. Voltage and current were then recorded using a multimeter. The efficiency

of the solar panel was calculated using the following formula:

Power(load)

x 100 %---- (1)

Efficiency(n) =

Vos Isc

Power(load)= Voltage of the solar panel at a particular load x Current of the solar panel at a

particular load
Vos = Voltage of the solar plate when no load is connected.
Isc = Current of the solar plate when no load is connected.

The following table displays the experimental data that was collected, indicating the voltage
and current measured across a 150 Q ,220 Q and 470 Q resistor seperartly under varying
levels of sunlight intensity. Using these recorded values of voltage and current, Equation 1 was

applied to compute the efficiency for each corresponding sun intensity level.

Table 4.1 Values of voltage and current measured for 150 Q for solar plate with nanorod

olar Intensity(ux) |Voltage(V) Current(mA) |power(load)W | Vos (V) |Isc(mA)

7272| 25| 27.6] 0069| 518/ 36
7280| 2.56 27.7| 0.07091 2 5.19 37
7283| 261 284 0074124 526| 37
7291f 2.74| 29.1) 0.0?97345 5.32| 37
] 7295 31| 295 009145 538 38
7296: 3.24 295 0.09558 5.47 39
7300 33| 321 0.10593 5.49 40
7310/ 338 327 0.110526] 549 41
7311[ 34 338 0.11492i 5.55 42

Table 4.2 Values of voltage and current measured for 150 Q for solar plate without nanorod

Solar Intensity(lux) Voltage(V) Current(mA) power(load)W Vos (V) Isc(mA)

7272 19 16.8 0.03192 45 35.71
7280 212 16.9 0.035828 451 35.81
7283 2.25 17.4 0.03915 46 36.72|
7291 2.28 176 0.040128 465 36.8
7295 23 179 0.04117 4.68 38.2
7296 2.35 179 0.042065 47 384
7300 2.38 18.2 0.043316 475 384
7310 25 183 0.04575 48 39.5

7311 2.56 18.6 0.047616 484 39.5



The efficiency of the 150 Q resistor for all levels of solar intensity for solar plates with and
without nanorod is calculated by using the power values from the table as the numerator in
Equation 1. The denominator of Equation 1 includes the values of open-circuit voltage (Voc)

and short-circuit current (Isc).
Calculation of example of a single row (Table 1) is as follows:
For Solar Intensity — 8567 Lux,

The power(load)=4.5x 18.6 x 10 A= 83.7W

83.7

Therefore, (T]): 537401 %103 x 100 %

=39.38 %

Using the same procedure the efficiency for all the other solar intensity are calculated.

COMPARISION OF EFFICIENCY FOR 1500hm

47.29186757 48.62860009
44,15101627 = 43.?;&?20?2
03 dad 39.54510286 - \
40 3529554038 36.14602767 / E— : TR LT
3 = =
9]
g2 23.74780702
2 _— 23.450210383,02881819 / 24123745854
& 19.86371698 _— /
20 SRS 23.17774936 23.30720167 24.90637096

7270 7275 7280 7285 7290 7295 7300 7305 7310 7315

LIGHT INTENSITY(LUX)

Fig 4.6 Comparison of efficiency for 150Q with and without nanorod
Blue line denotes efficiency of solar plate without nanorod over it.
Orange line denotes efficiency of solar plate with nanorod over it.

For the 150 Q resistor, a graph was plotted to show the efficiency versus light intensity for
solar panels with and without nanorod fabrication. The trend observed indicates that efficiency

tends to increase with increasing sunlight intensity(recorded using an LDR sensor). However,
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under the same environmental conditions, the solar panel with nanorod fabrication consistently

exhibited higher efficiency compared to the panel without nanorods. At every level of sunlight

intensity, the efficiency of the solar panel without nanorods was consistently lower than that of

the solar panel with nanorods.

Table 4.3 Values of voltage and current measured for 220 Q for solar plate with nanorod

Solar Intensity(lux) |Voltage(V) Current(mA) | power(load)W | Vos (V) Isc(mA)
8556[ 35 21.6 0.0756 5.1 5.7
8564 | 3.58 224 0.080192 5135 35.8
8600 3.65 22.8 0.08322 5.26 358
8665 | 3.7 23.2 0.08584 53 35.9
8672 | 3.75 24.2 0.09075 5.38 36.5
8681 3.76 25 0.094 5.48 36.5
8585[ 38 25.1 0.09538 5.49 36.8
8690 3.84 25.2 0.096768| 5.49 374
8695 | 3.91 26.4 0103224 555 37.5

Table 4.4 Values of voltage and current measured for 220 Q for solar plate without nanorod

Solar Intensity(Lux)
8556
8564
8600
8665

8672

8681
8685
8690
8695

Voltage(V) Current{mA)
29 1456
31 1465
3.95 148
41 155
415 16.1
425 164
429 164
435 16.6
44 16.8

power(load)W Vos{V)

0.042224
0.045415
0.05846
0.06355
0.066815
0.0697
0.070356
0.07221
0.07392

Isc(mA)

47 3871
472 387
474 3472
4386 35.1
4.87 352
489 35.4|

49 354
491 355
495 355

The table displayed above presents the experimental values obtained for a 220 € resistor when

using solar panels, both with and without nanorod fabrication.The calculation procedure is

same as mentioned above to obtain the value of the efficiency of both the panels.
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Fig 4.7 Comparison of efficiency for 220€Q2 with and without nanorod

Blue line denotes efficiency of solar plate without nanorod over it.

Orange line denotes efficiency of solar plate with nanorod over it.

Similarly for the 220 Q resistor, a graph was plotted to show the efficiency versus light

intensity for solar panels with and without nanorod fabrication. The same trend observed is

observer which was seen for 150 Q resistor. At every level of sunlight intensity, the efficiency

of the solar panel without nanorods was consistently lower than that of the solar panel with

nanorods.

Table 4.5 Values of voltage and current measured for 470 Q for solar plate with nanorod.

Solar Intensity(lux) |Voltage(v) |Current(mA) Power(load)W |Vos(V) |Isc(mA) |

8567 45 18.6 0.0837 5.3 40.1
8568 4.58 18.7 0.085646 5.35 40.5
, 8572 4.58 18.8 0.086104 5.36 40.5
8578 4.65 189 0.087885 5.37 40.6
8582 4.65 20 0.093 5.38 41
8595 4.73 211 0.099803 5.42 412
8596 4.78 212 0.101336 5.41 413
8598 4.88| 219 0.106872 5.42 418
8600 4.97| 22 0.10934 5.45 42
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Table 4.6 Values of voltage and current measured for 470 Q for solar plate without nanorod

Solar Intensity(Lux) Voltage(V) Current(mA) power(load) W Vos{V) Isc(mA)
8567 39 125 0.04875 48 35.5
8568 3.92 126 0.049392 481 35.5
8572 3.95 1295 0.0511525 484 356
8578 41 13.2 0.05412 4.86 35.7
8582 415 134 0.05561 487 358
8595 425 138 0.05865 489 36.1
8596 429 143 0.061347 495 36.5
8598 435 145 0.063075 498 36.6
8600 44 149 0.06556 498 37.2

The table displayed above presents the experimental values obtained for a 470 Q resistor when

using solar panels, both with and without nanorod fabrication.Efficiency is obatained in the

same way as it was done for 150 € resistor.
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Fig 4.8 Comparison of efficiency for 470€Q2 with and without nanorod
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Blue line denotes efficiency of solar plate without nanorod over it.
Orange line denotes efficiency of solar plate with nanorod over it.

The efficiency versus the light intensity is plotted and similar result is obtained as seen for
150Q and 220Q resistor. The efficiency of the solar with nanorod fabricated over it is more

than solar plate without nanorod fabrication. The trend is same for all the three resitor.

Following the analysis of the results, it can be concluded that solar panels incorporating
nanorod structures exhibit significantly higher efficiency, offering promising avenues for real-

world applications. The implementation of nanorods proves advantageous.

Nanorods function as waveguides due to their diminutive size, enabling them to confine and
guide waves along their length. This unique ability enhances mobility within the solar panel,

consequently amplifying efficiency.
4.3 Conclusion:

Thus, the characterization images confirm the successful growth of nanorods on the solar
panel. The experimental results demonstrate that the solar panel with nanorods provides higher
efficiency compared to the traditional solar panel. From the above results it was found that the
average increase in efficiency of the panel for 150Q is 19.39% as compared to that of
tradtional solar panel . Similarly for 220Q and 470Q resistor the percentage increased in
effiecieny of the solar panel is 15.009 % and 12.32 % respectively compared to that of
traditional solar panel.The average increase in efficiency is 15.573 % which validates as our
result.Thus growing of the nanorod is a success in increase the efficiency of the solar which
can be used in various application.Thus for a reduced size panel we can have the same output

which results in saving of size and costs.

These findings motivated us to develop our solar bank prototype using the nanomaterial-
fabricated panels. This system serves as both a harvesting and storage solution that is

environmentally friendly, easy to use, and highly efficient.
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CHAPTER 5
FUTURE SCOPE AND CONCLUSION

5.1 Conclusion:

In conclusion, our project has successfully demonstrated the improvement of solar panel
efficiency through the incorporation of ZnO nanorods. Our detailed experiments with varying
resistor values and solar energy intensities have demonstrated that the solar panel enhanced with
nanorods exhibits significantly higher efficiency compared to traditional solar plates.
Specifically, the nanorod-integrated panel achieved an efficiency improvement of over 15.573%.
Furthermore, characterization imaging confirms the successful growth of nanorods on the solar
panel surface, which is likely a contributing factor to the observed increase in efficiency. This
enhancement in performance highlights the potential of nanorod technology in advancing solar

energy systems, paving the way for more efficient and effective renewable energy solutions

Addressing the urgent need for more effective renewable energy solutions. By meticulously
synthesizing and depositing ZnO nanorods onto a polycrystalline solar panel, we achieved a
notable increase in the solar-to-electrical energy conversion efficiency. Comparative
measurements with a multimeter revealed that the nanorod-enhanced panel significantly
outperformed a conventional panel under identical conditions. This marked improvement
underscores the potential of nanotechnology to considerably enhance the performance of

renewable energy systems.

This project is particularly significant given the escalating global demand for clean and
sustainable energy sources. As the world faces the dual challenges of climate change and the
depletion of fossil fuels, improving solar panel efficiency becomes imperative. Enhanced solar
panels make solar energy a more viable and cost-effective alternative to fossil fuels, contributing
to the reduction of greenhouse gas emissions and mitigating climate change. The successful
development of our power bank prototype, which efficiently captures and stores solar energy for
mobile device charging, illustrates a practical application that can benefit society by providing

portable, renewable power solutions. This power bank offers a reliable and environmentally
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friendly charging option, helping to reduce dependence on conventional electricity sources and

thereby decreasing the overall carbon footprint.

The societal impact of this project is substantial. It provides a pathway to more sustainable
energy consumption, promotes environmental conservation, and can drive technological
advancements in renewable energy. By making solar technology more efficient and accessible,
we can reduce reliance on non-renewable resources, lower energy costs, and support the global
transition to a greener economy. Enhanced solar panels have the potential to revolutionize the
renewable energy sector, making clean energy more affordable and widespread. This project not
only validates the potential of nanotechnology in advancing renewable energy systems but also
paves the way for further research and development in this field. Ultimately, our efforts
contribute to a more sustainable and energy-secure future, highlighting the critical importance of

advancing solar technology to meet the energy demands of the future.

5.2 Future Scope:

The potential for energy harvesting using zinc oxide (ZnO) nanomaterials appears highly
promising due to their notable piezoelectric and photovoltaic characteristics. These traits enable
the effective conversion of mechanical and solar energy into electrical power, presenting a
sustainable energy solution. The adaptability of ZnO nanomaterials allows for applications in
powering small electronic devices, wearable technology, and sensors using ambient energy

sources like mechanical vibrations, light, and thermal changes.

Advancements in the synthesis and analysis of ZnO nanomaterials can improve their stability
and quality, making them more suitable for long-term energy storage and harvesting. The
interaction between nanomaterials and photovoltaic systems shows promise for enhancing
energy conversion efficiency and reducing solar energy costs. Efficiently converting waste heat
into electricity is a vital component of sustainable energy harvesting. Nanomaterials, especially
as thermoelectric materials, demonstrate significant potential in this area. Enhanced
thermoelectric properties at the nanoscale improve heat-to-electricity conversion, offering a

promising solution for harnessing energy from waste heat.
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The outlook for energy harvesting with ZnO nanomaterials is positive, with ongoing research
and advancements likely to overcome current limitations and realize their full potential.
Interdisciplinary approaches and collaborative efforts among researchers will be essential in
driving innovation and expanding the capabilities of ZnO nanomaterials. As the field progresses,
we can anticipate notable improvements in the efficiency, scalability, and practicality of energy
harvesting using ZnO nanomaterials, contributing to a more sustainable and environmentally

friendly energy future.
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