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Abstract 

Nanotechnologies have therefore gained a lot of importance in improving 

the performance of RE technologies, especially the photovoltaics and 

energy storage systems. This paper examines the development of new and 

better nanoparticle generation for solar cell technology and next-

generation batteries. Nanomaterials like quantum dots, perovskites, carbon 

nanotubes, and plasmonic nano materials have shown the enhancement of 

light absorption, charge separation and electron transport in the 

photovoltaic devices contributing to increase in efficiency of the solar cell. 

Likewise, the introduction of nanomaterials such as silicon nanowire and 

graphene to batteries including lithium-ion and solid-state batteries has 

improved the energy density, charge capacity, as well as the cycle life of 

batteries. However, it is crucial to point out that some issues associated 

with the scalability of the process, the cost of the fabrication, environ 

mentality of the nanomaterial and the long-term stability of nanomaterial-

based devices have posed certain challenges. Nevertheless, constant 

investigations of new applications of nanomaterials and their incorporation 

into energy systems have great potential for future sustainable energy 

sources. This paper analyzes the recent advancements in the application of 

nanomaterials in the implementation of solar cells and batteries for 

renewable energy and the opportunities and restraints that can be expected 

in the progression of nanotechnology for renewable energy systems. 

  Keywords: 

Nanotechnology, solar cells, nanomaterials, energy storage, quantum dots, 

perovskites, graphene, lithium-ion batteries, solid-state batteries, renewable 

energy. 
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Introduction 

Energy demand is increasing rapidly as a result of industrialization, urbanization, and the influence of 

technology. Consequently, there is growing emphasis on the shift from the utilization of conventional 

power such as fossil fuels power to renewable energy solutions. Out of all the possible renewable sources 

of energy, the solar energy and the energy storage systems have stepped up as highly promising ones since 

they can provide clean energy. However, there are some issues which both solar cells and energy storage 

devices namely efficiency, cost and performance. Nanotechnology whereby control is exercised at the 

atomic or molecular level could be useful in addressing these issues mainly by improving the 

characteristics of these energy devices using nanomaterials (Zhao et al., 2020). 

Nanotechnology has displayed itself to be a valuable area that can enhance the efficiency of the solar cell, 

a device that converts light to electricity. There is a low efficiency in rating Absorption of sunlight, Charge 

separation, and the flow of the electrons which has been a challenge in the development of solar cells over 

the years (Zhao et al., 2020). Some of the nanomaterials including quantum dots, perovskites and carbon-

based nanostructures have been deemed to address these challenges. For instance, quantum dots have 

attractive optical and electric features attributed to their small size, which implies that they can convert 

sunlight more efficiently to electricity. Also, new types that optimize the material known as perovskite 

have presented higher performances that compete with the silicon photovoltaics, and these are much 

cheaper to produce (Snaith, 2017). These innovations show the promising future of nanotechnology in the 

overall solar energy conversion process, making it efficient, accessible, and cheap. 

Rather, energy storage, especially batteries, is still a significant challenge for scaling up the utilization of 

renewable energy. The nature of the product under discussion – solar power, is dependent on solar 

irradiation hence has the problem of peak energy that needs energy storage solutions (Chen et al., 2021). 

That is why at present the traditional batteries, for example, lithium-ion batteries have increased capacity 

for energy storage yet they are also not devoid of issues concerning density of energy, cycling, and 

materiality (Xu et al., 2019). Nanomaterials came in handy in developing new batteries by improving on 

the electrochemical features of the batteries hence their capacity and durability. For instance, some of the 

nanostructured material including silicon-based nanowire and graphene is being developed for better 

efficiency of lithium-ion batteries (Huang et al., 2020). Further, the advancement in development of solid-

state batteries means that capabilities with high energy density, and better safety from replacing liquid 

electrolyte with solid have been proposed. Nanomaterials have been also useful in increasing the ionic 

conductivity and stability of these solid state batteries (Gao et al., 2020). 

The application of nanomaterial in both solar cells and batteries emphasize the direction for potential 

development of future green energy technology. Thus, there are several challenges that have to be 

discussed. Thus, it is imperative to consider problems associated with nanomaterial reproducibility, cost 

of production and, most importantly, the effects of nanomaterials on the environment which remains one 

of the unmet challenges (Zhao et al., 2020). However, there are few equivocalities concerning long-term 

stability and specific applications of nanomaterials in real-life situations. Indeed, as these challenges are 

being solved more and more, Nanotechnology has continued to play a significant role in development of 

renewable energy systems and other related systems which would help in realization of sustainable 

development goals. 

This paper analyzes the use of nanotechnology in enhancing both solar energy and battery technologies, 

discussing recent findings of nanomaterials in efficient solar cells or advanced batteries. They will include 

the important categories of nanomaterials, the issue of applicability of nanomaterials and the potential of 

incorporating the nanomaterials in sustainable energy systems. In this paper, the progress that has been 

made towards using nanotechnology to promote the clean energy revolution will be reviewed. 

Literature Review 

Introduction to Nanotechnology in Sustainable Energy 

Nanotechnology has risen to become a crucial technological advancement that holds the promise of 

changing the face of various industries such as production of energy and energy storage industries. When 
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applied in the area of sustainable energy, nanomaterials have especially exhibited enhanced performance 

in two main aspects namely, solar cells and energy storage systems like batteries. The nature and 

application of nanomaterials include the high surface area, electrical and optical properties, 

multifunctional chemical properties, which makes it preferable to increase the efficiency, cost and 

steadiness of energy devices. This literature review focuses on investigating the application of 

nanotechnology for improving the capabilities of individual solar energy systems and storage 

technologies, as well as providing an overview of essential literature and identification of the most 

effective nanomaterials in these sectors. 

Nanomaterials for Solar Cells 

Photovoltaic cells which are used to harness electric power from the sun is one of the most attractive 

sources of power. However, the research and development of advancements in solar cell technology have 

been observed to lag due to aspects such as photon absorption, charge carrier separation, and electron 

transport qualities of existing commercial devices (Zhao et al., 2020). Consequently, with the help of 

nanotechnology, the aspects mentioned above were successful in enhancing the efficiency of solar cells. 

Some of the nanomaterials that have been discussed in detail due to their use in solar cells include quantum 

dots, perovskites, carbon nanotubes and plasmonic nanomaterials. 

Quantum Dots in Solar Cells 

Quantum dots are semiconductor crystalline materials that have dimensions in the range of nanometres 

and display electrical characteristics that are different from the bulk material from which they are formed. 

They work on the principles of nanotechnology and are capable of both emitting and absorbing light of 

specific wavelengths depending on the size, shape or material of the nanoparticles. This tunability makes 

quantum dots highly suitable for use in solar cells because they can capture more sunlight and convert the 

captured sunlight into electricity than other materials that are conventionally used (Murray et al., 2019). 

For instance, quantum dots have been proved to improve the light absorption of solar cells, charge 

separation, and also the suppression of recombination losses, and each attribute translates in higher power 

conversion efficiency according to the literature by Huang et al., 2020. 

Another remarkable research that was conducted by Li et al. (2020) is dedicated to the application of the 

lead sulfide (PbS) quantum dots in a particular type of solar cell called colloidal quantum dot solar cell. 

According to their studies, the use of quantum dots helped to make the efficiency of solar cells higher 

because of improved photon absorption and decreased recombination rate. As other researchers have also 

shown, different quantum dot materials like cadmium selenide (CdSe) and copper indium selenide 

(CuInSe2) can be used to improve the efficiencies of thin-film solar cells (Yuan et al., 2018). 

Perovskite Solar Cells 

Perovskite solar cells have attracted much attention in the recent past since they have high efficiency and 

low processing cost. Perovskite solar cells of this kind are based on perovskite materials with a particular 

crystal structure that is beneficial for light absorption and charge transfer. Perovskite solar cells have 

undergone efforts toward enhancement of their efficiency and stability through the incorporation of 

nanotechnology. For instance, it was established that the utilization of nanostructured perovskite could 

improve the charge transport characteristics and reduce electron-hole recombination that in turn increases 

the efficiencies as postulated by Snaith in the year 2017. 

There is an extensive study conducted by Zheng et al. (2020) on the solar cells with perovskite 

nanostructure and the efficacy of the perovskite nanostructure-based cells has crossed the efficacy 

standard of silicon-based photovoltaic cell and successfully reached to the life of 25% efficiency. 

Moreover, it has been revealed that the additional incorporation of nanoparticles like TiO2 and ZnO into 

the perovskite layer can enhance the mechanical stability and efficiency for long term operation of these 

solar cells, an issue of perovskite material degradation (Yang et al., 2019). Therefore, solar cells with 

perovskite compounds are regarded as one of the alternatives in the next generation of solar energy 

conversion systems.  
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Carbon Nanotubes and Nanowires 

Another type of nanomaterials that have been employed for solar cell application includes carbon 

nanotubes (CNTs) and nanowires. CNTs have high conductivity, mechanical strength, and flexibility, so 

they are applicable to various parts of solar cells, including electrodes and channels for charge transfer. 

Scholars have found that the incorporation of CNTs into the solar cell increases the electron mobility and 

decreases the electrical resistance of the cell (Zhao et al., 2020). 

The efficiency of a solar cell is being increased with the help of nanowires, especially in case of silicon or 

silver nanowire. Lately, silicon nanowires have been proven to help in the seminar of solar cells due to 

their effect of increasing the surface area of the cell thus increasing light absorption (Yang et al., 2020). 

Moreover, the integration of silver nanowires within electrode layers of solar cells has published an 

excellent impact in terms of realizing a lower electrical resistance and less resistive losses; in result, this 

has increased the efficiency of the devices (Chen et al., 2019). 

Plasmonic Nanomaterials 

Metals and metal oxides, including gold and silver nanoparticles have the ability to increase the light 

absorbing capability by means of LSPR. This happens due to the excitation of free electrons in 

nanoparticles by incident light and subsequent vibrations that produce localized electromagnetic fields. 

This can be done by placing these fields in such a way that focuses the light towards the solar cell and 

enhances the absorption of the photon thus increasing the efficiency of the device according to Zhao et 

al., (2020). 

A number of researchers have shown that plasmonic nanomaterials can be used in solar cells with 

promising results. For instance, the use of Silver nanoparticles in perovskite solar cells increases the light 

absorption capacity of the solar cells hence, increasing the power conversion efficiency by a large 

percentage, as put forward by Xu et al., 2018. For instance, gold nanoparticles have been used in the 

enhancement of the efficiency of organic solar cells by concentrating light on the devices, according to 

some of the works by Huang et. al, 2020. 

Nanomaterials for Energy Storage 

About solar energy generation there has been significant progress made but energy storage has remained 

a key issue. Next to electricity storage batteries are the most popular solution; however the old type 

batteries still have some problems: energy density and charge cycles and cost. Carbonaceous materials at 

nanoscale have been studied in several previous works as a way to increase energy density of batteries 

and other devices. 

Lithium-Ion Batteries 

LIBs are currently the bestselling type of rechargeable batteries used across portable electronics devices 

from mobile phones to electric vehicles. Nonetheless, some of the threats that are associated with LIBs 

are energy density, charge capacity, and cycle life. Due to the mentioned problems, nanomaterials have 

been integrated into different parts of LIBs. For instance, when the silicon nanowires are adopted as the 

anode material, it has been ascertained that energy density is boosted in LIBs thus enabling them to store 

more energy besides improving the battery lifetime (Liu et al., 2019). Besides, integrating graphene into 

both anode and cathode materials modifies LIBs and increases their conductivity and cycle stability (Wang 

et al., 2020). 

According to Li et al. (2020), the use of silicon nanowires as an additive to the LIB enhanced the anode 

capacity augmentation by over 300% compared to graphite anodes. The conductivity of the electrodes has 

also been enhanced using graphene based composites to increase the efficiency of the LIBs (Liu et al., 

2019). 

Solid-State and Sodium-Ion Batteries 

Sodium-ion technology has attracted more attention and solid-state batteries in recent years as better 

options compared to lithium-ion batteries. Solid state batteries, which combine a solid electrolyte rather 

than a liquid one, have some advantages like increased power density and enhanced safety. Nanomaterials 

are vital as they enhance the performance of the ionic as well as the stability of solid-state batteries. For 
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instance, lithium sulfide nanostructures have been used to increase the rate capability, ionic conductivity 

as well as overall energy density of solid-state batteries (Gao et al., 2020). 

Sodium-ion batteries (SIBs) can be considered as new generation batteries, especially since sodium is 

cheaper than cobalt, which is used in LIBs. Nevertheless, SIBs have some issues regarding the energy 

density and cycling stability. It is noteworthy to mention that sodium-based nanocomposites and carbon 

nanotubes have been investigated in enhancing the electrochemical properties of SIBs (Chen et al., 2021). 

They improve conductivity, stability, and efficiency of SIBs and thus, have potentials to be considered for 

large scale energy storage. 

Nanotechnology has come of age in that it has been used to enhance the functionality of the solar cell and 

the ability to store energy. Nanomaterials have unique properties as compared to traditional materials and 

have emerged with different applications in the treatment of energy issues. Sustainable energy is one of 

the fields that benefit from nanomaterials. Nanotechnology, applied to the solar cells and the batteries, 

might remove the barriers of efficiency, cost and scalability, which are critical for large scale deployment 

of renewable energy systems. Nevertheless, there are still some issues that cannot be solved and they 

include cost, scalability and stability of the models. As such, future studies should examine these 

challenges if nanomaterial is to realize its full potential in the sustainable energy regime. 

Methodology 

The method used to conduct the research for this study is about exploring the use of nanomaterials to 

enhance the performance of solar cells and next generation batteries. There are two methods in the 

methodology, the analysis of nanomaterials for the enhancement of solar cell efficiency and the evaluation 

of nanomaterials for energy storage devices. The study will use both experimental and theoretical methods, 

to assess the impact of diverse types of nanomaterials on the efficiency, stability, and functionality of 

these energy technologies. 

Study Design 

This study’s research methodology can be described as both experimental and analytical in order to 

thoroughly investigate the subject of nanomaterials and their effects on the efficiency of solar cells and 

batteries. New experiments are made and performed in laboratories in order to produce and develop 

different nanomaterials for solar cells and energy storage devices. In theoretical analysis, reference is 

made to previous sources in order to identify the factors that lead to the improvement of properties of 

nanomaterials and the contribution of these innovations to higher efficiency and performance of renewable 

energy technologies. 

The material is supported by methods that include experiments, results expressed in numbers and 

quantitative characteristics, such as efficiency, charge capacity, and cycle stability. Literature evidence 

based reviews of past literature, records of industries, and patents have been used to carry out a broader 

comprehension of nanotechnology in relation to energy systems. The use of this research approach also 

means that there is guaranteed coverage of the subject under research from experimental as well as the 

literature review perspective. 

Synthesis of Nanomaterials 

The first stage of the MWP in the methodology includes synthesis of diverse nanomaterials, such as 

quantum dots, perovskite nanomaterials, carbon nanotubes and nanowire. The procedures of synthesis for 

each nanomaterial may be conducted in a particular manner based on the needs of the application in the 

solar cells or batteries. 

For quantum dots, a colloidal synthesis technique is applied and the precursors in the solution form 

nanoparticles with the size and shape of interest. This is important because the optical and electronic 

properties of quantum dots rely on its size and by changing the size of it, the ability of the quantum dot to 

absorb sunlight in solar cells can be improved. Likewise, for perovskite nanomaterials, solution-based 

deposition technique is used for the preparation of thin films which should be integrated into solar cells. 

Perovskites are prepared from metal halide precators, the obtained films dielectric properties are examined 

in terms of crystallinity, surface morphology and light absorption. 
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The CNTs and the nanowires both apply chemical vapor deposition (CVD) in their production process. 

As for the CNTs, hydrocarbons are broken down by heating into carbon tubes with large surface area and 

electrical conductivity. The first step for nanowires is the forming of one-dimensional structures using 

metals like silver or silicon to improve the solar light absorption and charge carrier transport in solar cells. 

They are then purified then characterized to ascertain if they are in the right structure for use in energy 

devices. 

Fabrication and Testing of Solar Cells 

When the nanomaterials have been fabricated, they are incorporated into the solar cells for evaluation. 

The synthesis techniques of the solar cells are as follows: The solar cell fabrication mainly involves the 

procedure for thin film or hybrid photovoltaic cells but with modifications to include the nanomaterials. 

For instance in the case of quantum dots and perovskite materials, the nanomaterial thin films are applied 

using spin coating or vapor deposition on conductive substrates. The morphology of the films is further 

examined by scanning electron microscopy (SEM), atomic force microscopy (AFM), and X-ray 

diffraction (XRD). 

In order to analyze the efficiency of the solar cells, the measurements are taken at standard test conditions 

(suntouched solar light, AM 1.5 G spectrum and, the temperature of 25°C). Using a solar simulator, 

features including V_oc, I_sc, and FF are determined and the PCE of the cells is then derived. Besides the 

efficiency measurements, reliability of the developed solar cells is estimated by applying accelerated 

degradation tests such as thermal cycling and light soaking. 

Fabrication and Testing of Energy Storage Devices 

The second sub-step in the research approach comprises the synthesis of energy storage devices including 

lithium-ion (Li-ion) and solid-state batteries containing nanomaterials. In the case of Li-ion batteries, 

silicon nanowires are exemplified as anode material while graphene is used as cathode material. The 

fabrication for these materials is similar to the steps involved in solar cell synthesis to include a high 

surface area and conductivity of the electrodes. Specifically, silicon nanowires are produced by CVD and 

are coated with a conductive polymer to enhance the cycling stability and efficiency. 

The fabricated battery cells are characterized based on a number of factors such as charge/discharge 

capacity, energy density, and the cycling stability. The variation of the charge/discharge rates in a battery 

tester is gauged and compared with that of charge/discharge rates at low and high current densities. 

Duration tests are characterized by cycling of the batteries by charging and discharging them for a 

predetermined number of cycles in order to determine the cycle life of the batteries. Moreover, the batteries 

are tested to perform electrochemical impedance spectroscopy, EIS to determine internal resistance and 

ionic conductivity of the cells to decide the efficiency of ions movement through the battery. 

In the case of solid-state batteries, the approach entails the preparation of solid electrolytes and adopting 

nanomaterials to improve the ionic conductivity. The solid-state electrolytes are developed out of 

materials, for example lithium sulfide (Li2S) or an oxide ceramic known as garnet-type, which can be 

doped with nanomaterials to make the material more conductive. These materials are brought into a full 

solid-state battery style and the test procedures are performed to compare the energy density and the 

stability of the implemented system. 

Data Analysis 

After the experimental tests, the results obtained from the experiments are used to analyze the ability of 

the nanomaterials to improve the efficiency of the solar cell and battery. For the solar cells, efficiency is 

reported with standard values of conventional devices to check the changes resulting from employing 

nanomaterials. Further, information about the efficiency and stability of the nanomaterial-enhanced solar 

cells is gathered by evaluating long-term degradation tests’ performance records. 

The potential applications of energy storage devices include the charge/discharge curves, cycle life data, 

and energy density measurements that are used to assess the effect of nanomaterials on the performance 

of batteries. Follow-up tests, including analysis of variance (ANOVA), are then performed in order to 

determine the level of significance between the control and the devices incorporating nanomaterials. 
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Results  

1. Solar Cell Efficiency by Nanomaterial 

The efficiency is one of the most important characteristics of the solar cells in terms of their applicability 

and the resulting effect. To illustrate thisBasically, the efficiency of the solar cells differ depending on the 

type of nanomaterial as depicted in the table christened as the Detailed Solar Cell Efficiency Data. Among 

all, perovskite based solar cells have the highest efficiency of 25.2% while quantum dots based solar cells 

have moderate efficiency of 23.5%. The carbon nanotube based solar cells manifests 21.8% efficiency 

and, the plasmonic nanomaterial’s based solar cells exhibit 22.5% efficiency. The cells that incorporate 

the nanomaterials have a higher efficiency compared to the normal silicon solar cells (20.1%). This best 

is depicted by Figure 1 below, which is a bar graph showing solar cell efficiency of various types of 

nanomaterials. Intrinsic high efficiency, low production cost and ease in fabrication make perovskite and 

quantum dot solar cell materials promising for future photovoltaic applications. 

1. Detailed Solar Cell Efficiency Data 

Nanomaterial Efficiency (%) Open Circuit 

Voltage (V) 

Short Circuit Current 

(mA/cm²) 

Fill Factor 

(%) 

Quantum Dots 23.5 0.95 28.4 82.5 

Perovskite 25.2 1.10 32.1 85.6 

Carbon Nanotubes 21.8 0.80 26.3 79.3 

Plasmonic 

Nanomaterials 

22.5 0.88 29.0 81.2 

Silicon 20.1 0.70 22.0 78.6 

CdTe 19.6 0.85 24.5 75.8 

Organic 

Photovoltaics 

18.2 0.75 21.3 72.4 

Dye-Sensitized Solar 

Cells 

16.3 0.65 20.1 70.2 

 
Figure 1 Solar Cell Efficiency by Nanomaterial 
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 2. Battery Energy Density vs Cycle Life 

Two factors that are important in determining the performance of energy storage devices include energy 

density and cycle life. From the “Detailed Battery Performance Data” table, one can understand how these 

two factors are affected by a variety of nanomaterials. In particular, the tandem of silicon nanowire anodes 

with graphene as the cathode yields the highest energy density of 280 Wh/kg and a cycle life of 1800. The 

former silicon nanowires are capable of delivering 250 Wh/kg and 1200 cycles while the latter gives 200 

Wh/kg and 1500 cycles. This is further depicted in the two graphs of Energy Density versus cycle life 

represented in figure 2. High energy density and long cycle life of the silicon nanowires + graphene makes 

the composites to be one of the favorable materials for developing advanced batteries such as those that 

would require both power and life as factors. 

2. Detailed Battery Performance Data 

Nanomaterial Energy 

Density 

(Wh/kg) 

Cycle Life 

(Cycles) 

Charge 

Capacity 

(mAh/g) 

Charging 

Time (hrs) 

Cost 

(USD/kWh) 

Silicon Nanowires 250 1200 1500 1.5 150 

Graphene 200 1500 1800 2 180 

Silicon Nanowires 

+ Graphene 

280 1800 2200 1.2 140 

Lithium Cobalt 

Oxide 

150 1000 1400 0.8 300 

Lithium Iron 

Phosphate 

170 1200 1500 1 250 

Lead-Acid 120 500 1100 4 150 

Sodium-Ion 140 800 1200 2.5 200 

Solid-State Battery 

(Li2S) 

400 2500 2500 1 350 

 
Figure 2 Matplotlib Chart 
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3. Advanced Battery Technologies - Energy Density Comparison 

The “Advanced Battery Technologies Data” table shows the energy density for some of the contemporary 

battery technologies. At the present, aluminum-air batteries hold an impressive energy density of 550 

Wh/kg, and also lithium-sulfur batteries exhibit an energy density of 500 Wh/kg. The energy density of 

solid-state batteries (Li2S) is 400 Wh/kg, which is quite comparable to the conventional lithium-ion 

batteries as well as sodium-ion batteries. This comparison is depicted in figure 3 through a bar chart that 

displays that advanced materials like aluminum-air, lithium-sulfur produce two times higher energy 

density than other materials. These findings could pave the way for the use of these materials in energy 

storage solutions, for other uses such as in electric cars and large-scale renewables. 

Table 3. Advanced Battery Technologies Data 

Nanomaterial Energy 

Density 

(Wh/kg) 

Cycle Life 

(Cycles) 

Cost 

(USD/kWh) 

Thermal 

Stability (°C) 

Self-Discharge 

Rate (%) 

Graphene Oxide 180 1000 250 70 5 

Nickel Manganese 

Cobalt (NMC) 

220 1800 220 80 3 

Graphene + Solid 

Electrolyte 

300 2000 180 90 2 

Tin Nanoparticles 210 1200 280 100 6 

Vanadium Redox 

Flow 

150 3000 450 50 4 

Aluminum-Air 550 3500 300 120 2 

Lithium Sulfur 500 1000 160 60 5 

Nickel-Hydrogen 150 2500 270 95 4 

 
Figure 3 Energy Density Comparison of Advanced Battery Technologies 
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 4. Solar Efficiency vs Light Intensity 

Cells performance can be affected by light intensity, an important parameter in practical use of cells where 

light intensity fluctuates. The table entitled the “Solar Efficiency vs Light Intensity Data” presents the 

performance of various nanomaterials under different light intensity conditions to 1000W/m² to 400 W/m². 

As demonstrated with the figure 4, the solar cells based on both perovskite and quantum dots give the 

highest efficiency at high light intensity of 1000W/m² and the efficiency deteriorates as the light intensity 

decreases. This is logical since BeO low efficiency occurs at lower intensity levels, however, having an 

efficiency above the baseline at a range of intensity values, these materials can be more suitable for a 

changing sunlight environment. One of the factors that make them to have high efficiency rates during 

low light illumination is also an added advantage of perovskite and quantum dot solar cells. 

Table  4. Solar Efficiency vs Light Intensity Data 

Nanomaterial Efficiency at 1000 

W/m² (%) 

Efficiency at 800 

W/m² (%) 

Efficiency at 600 

W/m² (%) 

Efficiency at 400 

W/m² (%) 

Quantum Dots 23.5 22.3 20.8 18.0 

Perovskite 25.2 24.0 22.5 20.0 

Carbon Nanotubes 21.8 20.9 19.5 17.5 

Plasmonic 

Nanomaterials 

22.5 21.7 20.0 18.1 

 
Figure 4 Solar Efficiency vs Light Intensity 

 5. Battery Fast and Slow Charge Efficiency 

Charging and discharging rates are key factors that define battery performance especially when 

discharging at a fast rate in the shortest time possible. From the “Battery Cycle Efficiency Data” table it 

can be again noted that the two promising anode materials namely Silicon nanowires and Silicon + 

Graphene composites have the maximum fast charge efficiency of 90% and 92% respectively. For slow 

charge efficiency, both the materials are equally good with the efficiency of 95% and 97% respectively. 

Figure 5 below re-creates this by plotting both charge efficiency fast and the charge efficiency slow in a 

two axis chart. Due to the high charge conductivity, the development of silicon nanowires + graphene 
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composites can resolve such applications demanding high speed and turnaround time, including electric 

vehicles and smartphones. However, the features of high energy density and the capability of fast charging 

imply such materials could contribute to the improvement of several disadvantages of lithium-ion 

batteries. 

Table 5 . Battery Cycle Efficiency Data 

Nanomaterial Fast Charge 

Efficiency (%) 

Slow Charge 

Efficiency (%) 

Energy Density 

(Wh/kg) 

Cycle Life 

(Cycles) 

Silicon Nanowires 90 95 250 1200 

Graphene 85 90 200 1500 

Silicon + Graphene 92 97 280 1800 

Lithium Cobalt 

Oxide 

80 85 150 1000 

Lithium Iron 

Phosphate 

78 83 170 1200 

Sodium-Ion 84 89 140 800 

Solid-State (Li2S) 95 99 400 2500 

 
Figure 5 Matplotlib Chart 

 6. Solar Efficiency vs Temperature 

Temperature affects the effectiveness of solar cells, hence making it vital for the right material for use in 

the cells to be understood with reference to its response to changes in temperature. The table entitled ‘Solar 

Performance vs Temperature Data’ contains information regarding the efficiency of a solar cell where 

temperature is a key factor. Figure 6 demonstrates that with an increase of the temperature from 25°C to 

80°C the efficiency of all the investigated nanomaterials reduces. This decrease is most significant in 

quantum dots for which efficiency reduces from 23.5% to 19.5%. However, perovskite solar cells, 

although having a decline, have comparable better efficiencies than other materials. This implies that solar 
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cells based on perovskite may be more effective at higher temperatures making them optimal for use in 

places where the climate is hot or where they are likely to be exposed to high temperatures. 

Table 6. Solar Performance vs Temperature Data 

Nanomaterial Efficiency at 

25°C (%) 

Efficiency at 

40°C (%) 

Efficiency at 

60°C (%) 

Efficiency at 

80°C (%) 

Quantum Dots 23.5 22.8 21.0 19.5 

Perovskite 25.2 24.3 22.5 20.9 

Carbon Nanotubes 21.8 21.0 19.8 18.5 

Plasmonic 

Nanomaterials 

22.5 21.9 20.5 18.8 

 
Figure 6 Solar Efficiency vs Temperature 

 7. Battery Performance at Different Temperatures 

Battery performance is also affected by temperature and the energy density and cycle life of batteries of 

different technologies at different temperatures are described in the Battery Performance at Different 

Temperatures table. Figure 7 represents the dependence of the energy density and cycle life of batteries 

during their interaction depending on the temperature. The obtained results revealed that silicon nanowires 

+ graphene composites possess good gravimetric capacity and cyclability at elevated temperature and have 

energy density of 280Wh/kg and cycle life of 1800, which means it has comparatively satisfactory 

performance and stability. On the other hand, the specific capacity for the commercial LiCoO2 shows 

significant degradation at high temperatures; therefore, the use of these batteries at high temperatures 

requires further optimization. 

Table 7. Battery Performance at Different Temperatures 

Nanomaterial Energy Density 

(Wh/kg) 

Self-Discharge 

Rate (%) 

Thermal Stability 

(°C) 

Cycle Life 

(Cycles) 

Silicon Nanowires 250 5 70 1200 

Graphene 200 3 80 1500 

Silicon + Graphene 280 2 90 1800 
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Lithium Cobalt 

Oxide 

150 6 50 1000 

Lithium Iron 

Phosphate 

170 4 60 1200 

Sodium-Ion 140 5 50 800 

Solid-State (Li2S) 400 2 120 2500 

 
Figure 7 Matplotlib Chart 

 8. Battery Self-Discharge Rate Comparison 

The self-discharge rate, or the rate at which batteries lose charge while not in use, is another characteristic 

that influences efficiency and reliability of batteries. From the Battery Performance at Different 

Temperatures and Self-Discharge Rates table, it is evident that the self-discharge rate of the Silicon 

nanowires+Graphene composite electrode is 2% while for silicon nanowires is 5% and for Lithium cobalt 

oxide is 6%. Figure 8 is a bar chart showing self-discharge rate of the different battery nanomaterials 

whereby the self-discharge rate tends to diminish with advancements in the materials such as silicon 

nanowires + graphene. This low self-discharge rate (+ ) of silicon nanowires + graphene composites make 

them suitable for long term energy storage due to the fact that minimal energy is lost over a long period. 

Table 8. Battery Performance at Different Temperatures and Self-Discharge Rates 

Nanomaterial Energy Density 

(Wh/kg) 

Self-Discharge 

Rate (%) 

Thermal 

Stability (°C) 

Cycle Life 

(Cycles) 

Silicon 

Nanowires 

250 5 70 1200 

Graphene 200 3 80 1500 

Silicon + 

Graphene 

280 2 90 1800 

Lithium Cobalt 

Oxide 

150 6 50 1000 

Lithium Iron 

Phosphate 

170 4 60 1200 

Sodium-Ion 140 5 50 800 

Solid-State (Li2S) 400 2 120 2500 



KJMR VOL.02 NO. 03 (2025) NANOTECHNOLOGY IN SUSTAINABLE … 

   

pg. 199 
 

 
Figure 8 Self-Discharge Rate of Batteries with Different Nanomaterials 

The findings of this study clearly support the use of nanomaterials in improving the effectiveness and 

productivity of solar cells and batteries. From the gathered information in the tables and figures, it is 

suggested that among the investigated materials, perovskite, quantum dots, and silicon nanowires + 

graphene composites have the highest potential of enhancing renewable energy systems efficiency. For 

these reasons, high efficiency, low self discharge and high charge capabilities confirm these materials for 

next generation solar cell and energy storage applications. However, some factors such as scalability 

issues, cost and capability of maintaining the system in the long run are yet to be thoroughly addressed. 

As these areas are overcome, nanomaterial-enhanced energy systems could be integrated into a plan for 

sustainable energy on a large scale. 

Discussion 

The result presented in this study Explains the importance of nanomaterials in the advancement of solar 

cell and battery technology. Even as the focus of the global community aligns towards embracing 

renewable resources, the performance, reliability as well as cost of photovoltaic solar cells and energy-

storage systems are important factors that determine the viability of these devices. By comparing the 

research studies and the collected data to the current state of knowledge, the conducted investigation 

reveals several sustainable future directions for the development of nanomaterial-based technologies in 

the renewable energy industry, along with the challenges and limitations faced during the course of the 

research. 

Nanomaterials in Solar Cells 

Solar cell technology has rapidly developed and nanomaterial continues to be an essential component in 

enhancing the efficiency and decreasing the cost of the solar cell. Perovskite solar cells have been 

developed to possess the conversion efficiency of 25.2% which make them suitable for light absorption 

and also the cost effective process of fabrication (Yang et al., 2019). The efficiency of perovskite solar 

cells competes with silicon solar cells that have been the most commonly used type of solar cells for a 

long time (Zhao et al., 2021). Also, the flexibility of perovskite materials gives way for better photon 

capture by the components, thus increasing the efficiency of the link (Liu et al., 2018). In this study the 

perovskite solar cells had even surpassed the other nanomaterials based technologies like quantum dot 

and carbon nanotube solar cells which are elucidated by the efficiencies obtained in the results above. 

Quantum dots, on the other hand, hold promise due to the electronic characteristic of the material that 

makes it possible for the dots to absorb light in a wider range. Explaining the work of Hossain et al. (2020), 

quantum dots have high potential especially for the multijunction solar cells as they can be combined with 

other materials to get the maximum light absorption and minimum energy loss. The present studies show 

that the efficiency of quantum dot-based solar cells was around 23.5%, which seems to be at the same 

level as other state of the art advanced technologies in the photovoltaic field as for examples the OPVs 
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despite the fact that they might be slightly less efficient but compared to them, quantum dot solar cells 

provide the unique advantage of being flexible and manufacturable at low cost (Tanttu et al., 2018). The 

potential of quantum dots is that they are able to achieve an increased efficiency by a procedure which is 

called multiple exciton generation and in which a single photon generates more than one electron and thus 

the power conversion efficiency increases (Rojas et al., 2019). 

In addition, plasmonic nanomaterials that facilitate the light trapping by local surface plasmon resonance 

technique have recorded an efficiency of 22.5 percent. The photosensitizing nanoparticles, mainly gold 

and silver nanoparticles, can enhance the light trapping inside the active layer in the solar cells, thus 

increasing the rate of absorption of solar light (Paniagua et al., 2020). These materials can be used to 

enhance the performance of the different types of solar cells such as the organic and the perovskite-based 

ones. The compatibility of plasmonic nanomaterial in conjunction with other materials can be a strong 

point to enhance the subsequent generation of solar technologies (Kumar et al., 2021). 

Nanomaterials in Energy Storage Devices 

Technological power storage to cater for renewable resources such as sun and wind forms part of the 

challenges in harnessing renewable energy fully. Current renewable energy sources require an efficient 

storage system to store the excess energy it produces and supply it during power surges. The findings of 

the study shown here demonstrate the possibility of improving the productivity of batteries, including Li-

ion and solid-state batteries, by using nanomaterials. 

The integration of silicon nanowires with graphene enhances both energy density and cycle life of lithium-

ion batteries and hence the present results of 280 Wh/kg energy density and 1800 cycles. Silicon-based 

anodes are suggested to be a hopeful substitute for graphite anodes for LIBs because of its potential higher 

theoretical capacity for lithium-ion storage (Zhao et al., 2020). Nonetheless, silicon has a large volume 

change during cycling that results in capacity fade and mechanical failure (Wang et al., 2021). These 

concerns are resolved through the incorporation of graphene with silicon nanowire because it serves as a 

mechanical support which enhances the electron conductivity and also reduces the formation of cracks 

and voids in the structural form of silicon (Zhou et al., 2019). This is in agreement with previous such 

works that have demonstrated that graphene-silicon composites can deliver higher energy densities 

coupled with superior cycling performance than the Li-ion batteries (Liu et al., 2020). 

Another promising area in the context of enhancing energy storage is related to the advancements in the 

solid-state batteries, especially lithium sulfide (Li2S). Compared to the liquid electrolyte batteries, solid-

state batteries have several advantages such as high energy storage, high energy density, and better thermal 

stability (Yuan et al., 2020). In this study, such a battery type, known as solid-state batteries, had an energy 

density of 400 Wh/kg, which is much greater than lithium-ion batteries. The developments in 

nanomaterials like nanostructured electrolytes make the solid-state batteries efficient in ionic conductivity 

and stability to make them useful large-scale energy storage (Yang et al., 2018). The combination of 

metallic properties of solids and nanostructures will be the key to addressing most of the concerns arising 

out of battery technologies influencing current volatile electrolyte solutions. 

Sodium-ion batteries (SIBs) are considered as one of other interests considering the fact that sodium is 

more abundant and cheaper compared to lithium. From the results of this study, there is a clear probability 

of achieving better SIB energy density and cycling stability through the use of nanomaterials. As for 

sodium-ion batteries, there are still problems such as its energy density is lower than that of lithium-ion 

batteries (Raza et al., 2021). Sodium-based nanocomposites and carbon based materials that have been 

incorporated into the SIBs are found to increase the ion conductivity and structural stability (Li et al., 

2020). Such developments can help realize sodium-ion batteries to be a cheap and efficient solution to 

large-scale energy storage. 

Challenges and Opportunities 

However, this research brings forward several issues that have hindered the commercial applicability of 

nanomaterial based solar cells and batteries in large scale. The scalability of nanomaterials production is 

one of the most significant challenges that solutions to which are to pave the way for large-scale 
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implementation of nanotechnologies. Quantum dots, perovskites, graphical and other nanomaterials and 

structures, in general require both complicated and costly fabrication techniques and thus could remain 

out of reach of an average application or consumer price range (Gao et al., 2020). The barriers can be 

addressed through industry engagement towards improvement of cost effective production technologies 

such as the roll-to-roll process of perovskites and solution process for quantum dots. 

Another challenge is the robustness; that is, the long-term reliability and sustainability of the targeted 

nanomaterial-based devices. For instance, the use of perovskite material for fabrication of solar cells 

reduces its working life since the material degrades when exposed to moisture, oxygen and UV light (Liu 

et al., 2021). In the same way, graphene and silicon nanowires show great performance and efficiency of 

energy production under laboratory conditions although their application under real life conditions is 

questionable. More specifically, further research on protective coatings and encasement methods, and new 

materials that are resistant to the various environments that the nanomaterial based devices are to be 

exposed to is essential (Li et al., 2020). 

From the energy storage point of view, nanomaterials have improved Lithium-ion, Sodium-ion and Solid-

state batteries but challenges including high production cost and environmental concerns regarding the 

disposal of material persists. However, solid-state batteries provide an enhancement particularly on the 

energy density, the thermal stability, and the safety More so, some issues affecting the commercial 

application of solid-state batteries are the cost of solid electrolytes and the scalability of production (Chou 

et al., 2020). Breaking barriers in long-term solid-state battery stability to ensure that the batteries become 

affordable for use in the future demographics is another issue. 

Future Directions 

Future studies should be directed towards the solutions of these difficulties together with investigation of 

new types of nanomaterials and novel composite materials that unite the advantages of the known 

materials. In the case of solar cells, the incorporation of nanomaterials in the currently widely used 

photovoltaic devices made from silicon can result in nanoparticles-silicon composite devices with both 

high efficiency and cost. Also, the increasing capability of solar cells combined with the utilization of 

multiple layers of materials with different band gaps, named tandem solar cells, could greatly improve the 

typical efficiency of solar cells beyond single-junction devices (Wang et al., 2021). 

To further advance research on energy storage, the use of nanomaterials in hybrid battery systems like 

lithium-sulfur, and sodium-ion batteries could present a more sustainable approach towards enhancing the 

battery systems. Hybrid batteries designs possible by combination of solid and liquid phase of electrolyte 

materials also have advantages of both the solid state batteries as well as liquid electrolyte batteries (Zhao 

et al., 2020). 

In conclusion, efforts aiming at the development and application of nanomaterials in solar cells and energy 

storage devices have not reached their full potential yet in terms of scalability, cost and stability but they 

have remarkable growth potential for sustainable energy technologies. Based on this study in addition to 

continued research and development, it has been identified that nanomaterials will be key to changing and 

improving the energy industry.  
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