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Abstract 

Nanomaterials have emerged as key enablers in advancing sustainable engineering, offering unique 

properties that enhance efficiency and address environmental challenges. This review explores their critical 

roles across various domains, including renewable energy, water treatment, construction, and biomedicine. 

In renewable energy, nanomaterials like carbon nanotubes and graphene improve the performance of 

photovoltaic cells, supercapacitors, and hydrogen storage systems by enhancing energy conversion and 

storage capabilities. In water treatment, they facilitate pollutant removal and purification through adsorption, 

photocatalysis, and membrane filtration. The integration of nanomaterials in construction materials is 

discussed for their contributions to improving mechanical strength, durability, and thermal insulation, 

supporting green building initiatives. In biomedicine, nanomaterials enhance drug delivery and biosensing, 

enabling targeted and efficient therapeutic interventions. Despite these benefits, the review also addresses 

challenges such as large-scale production, environmental impact, and toxicity, emphasizing the need for 

rigorous life cycle assessments and regulatory frameworks. In this review by highlighting future research 

directions, we aim to explore the study on silicon nanomaterials with wide range of applications in advancing 

the sustainable engineering and technology development. 
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1. Introduction

Nanomaterials, defined by their nanoscale 

dimensions (1-100 nm), exhibit unique properties 

distinct from their bulk counterparts due to their high 

surface area-to-volume ratio and quantum effects. 

These materials are pivotal in sustainable 

engineering, offering advancements in renewable 

energy, water purification [1], and construction [2]. 

Historically, sustainable engineering aimed to reduce 

environmental impact [3] but lacked efficiency and 

scalability. Today, nanomaterials revolutionize this 

field, and future research is focused on energy 

storage, smart sensors, and biodegradable 

composites. Nanomaterials’ ability to enhance 

performance and sustainability underscores their 

critical role in addressing global challenges like 

climate change and pollution. To meet the demands 

of present requirements research is exploring their 

use in energy storage systems, smart environmental 

sensors, and biodegradable nanocomposites. These 

advancements in nanomaterials help for the tasks 

such as climate change, resource scarcity, and 

pollution, by providing efficient and sustainable 

solutions. In this review based on the challenging 

requirements in various fields to improve the 

efficiency and to lower the manufacture cost we are 

interested to explore the studies and applications of 

silicon nanomaterials due to the easy availability of 

its raw materials in our country. revealed in their 

studies that Nanotechnology, especially 

nanoparticles, holds great promise for advancing. 

2. Literature Review of nanomaterials in various 

applications 
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R.K. Mishra et al studied about the controlling 

defects in carbon nanotubes and graphene is crucial 

for optimizing their mechanical and electrical 

properties for various applications. By studying and 

manipulating these defects, researchers can tailor 

nanomaterials for specific uses while addressing 

potential environmental and health impacts [4]. 

N. Rodoshi Khan and A. Bin Rashid et al revealed 

that the use of carbon-based nanomaterials as 

efficient, metal-free electrocatalysts is transforming 

biofuel production by enhancing yield and stability, 

offering a greener alternative to fossil fuels. This 

review highlights the potential and challenges of 

using these nanomaterials in biofuel synthesis, 

emphasizing their broad applicability and impact on 

sustainable energy [5]. O. Gohar et al explained that 

nanomaterials are crucial for next-generation energy 

technologies due to their unique properties, but 

challenges remain in scaling and fully understanding 

their mechanisms. Inorganic multifunctional 

nanomaterials, with their high performance and low 

cost, are being developed for diverse energy 

applications, with AI playing a significant role in 

discovering new materials and optimizing their 

properties [6]. M. Yang et al.studied about Low-

Carbon, High-Performance Cement-Based 

Composites (LCHPCC) combines normal and ultra-

high-performance concrete's strengths, offering 

superior mechanical properties and durability at a 

lower cost and environmental impact. Utilizing 

coarse aggregates and various low-carbon materials, 

LCHPCC enhances performance, sustainability, and 

versatility, making it a feasible and effective 

alternative for diverse structural applications [7]. N. 

Li et al studied the fusion of 2D nanomaterials with 

3D bioprinting has led to significant advancements in 

bone tissue engineering, creating multifunctional and 

adaptive structures for bone defect repair. This 

convergence offers enhanced structural support and 

nano-level control for material-tissue interactions, 

promising improved bone regeneration strategies and 

patient outcomes [8]. Rozina et al. have explored how 

integrating nanotechnology with biotechnology can 

advance carbon sequestration and biofuel production, 

focusing on biohydrogen and biobutanol. It 

highlights the potential of nanoparticles to reduce 

production costs and environmental impact but notes 

that commercial viability depends on developing eco-

friendly synthesis methods and addressing existing 

challenges [9]. K. de Almeida Barcelos et al studied 

about CNT-based nanomaterials are making 

significant strides in medical and pharmaceutical 

fields, with applications ranging from enhanced 

skincare products and Alzheimer's therapies to 

vaccine carriers and implant reinforcement. Their 

potential in drug delivery, gene therapy, and 

preventive medical devices highlights ongoing 

advancements in nanomedicine aimed at improving 

health outcomes [10]. M. Sundrarajan and S. Gowri 

et al have studied about the synthesis of stable 

titanium dioxide nanoparticles using Nyctanthes leaf 

extract is a cost-effective, eco-friendly method that 

produces high-purity, cubic, spherical nanoparticles 

with sizes ranging from 100-150 nm, offering 

potential for various applications [11]. Sayan 

Bhattacharya1 and Indranil Saha et al revealed in 

their studies that Nanotechnology, especially 

nanoparticles, holds great promise for advancing 

water treatment technologies, though most studies are 

still at the laboratory stage and face economic and 

environmental challenges. Despite these hurdles, 

nanotechnology could play a crucial role in 

groundwater remediation, warranting further 

research and development [12].  Hamid Reza 

Ghorbani* et al have given their studies on 

Aluminum nanoparticles are crucial in various 

industries, including pyrotechnics and rocket fuels, 

but their susceptibility to rapid oxidation requires 

surface passivation to improve shelf life and 

performance. [13] Mukherjee A and Darlington T 

have studied about silica nano particles and revealed 

that Silica nanoparticles are strong, abrasive, and 

absorptive materials with a wide range of 

applications, including polishing silicon wafers, 

reducing friction, aiding in papermaking, serving as a 

binding agent in manufacturing, and having 

significant potential in biomedicine due to their 

stability and non-toxicity [14]  Jiaying Lu and 

Yanqing Guo et al studied about silicon nano 

particles and explained that synthesized mesoporous 

silica micro/nano particles using a CASIJR reactor, 

with CFD modeling showing that turbulence-induced 
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shear significantly affects particle morphology, size, 

and distribution. Increasing the Reynolds number and 

ultrasound irradiation power produced smaller, 

uniformly spherical particles with narrow size 

distribution, demonstrating a strong correlation 

between local turbulence-induced shear and the 

properties of the SiO2 nanoparticles [15]. 

Mohammad Azadi∗, Mohammad Sadegh Aghareb 

Parast et al have studied and analyzed high-cycle 

fatigue properties of aluminum-silicon alloys for 

engine pistons, revealing that stress, wear, corrosion, 

and nanoparticles negatively impact fatigue life; 

while heat-treating and lubrication have positive 

effects. Stress and fretting force were found to be the 

most significant factors affecting fatigue lifetime 

[16]. F. Ruffino and M.G. Grimaldi et al studied 

different nano-shaped particles were obtained on 4H-

SiC surfaces by depositing a nanoscale-thick Au film 

and inducing solid-state or liquid-state dewetting 

through annealing. Solid-state dewetting at lower 

temperatures resulted in two-dimensional islands 

with an average aspect ratio of 4.1, while liquid-state 

dewetting at higher temperatures produced three-

dimensional spherical particles with an average 

aspect ratio of 1. The particles showed sharply 

defined facets, inclusions of C and Si due to Au, and 

varying wetting properties depending on the 

annealing temperature [17]. 

Conclusion  

Silicon, the second most abundant element on Earth 

after oxygen, is both readily available and cost-

effective. Silicon nanomaterials, such as 

nanoparticles, nanowires, quantum dots, and porous 

silicon, are distinguished by their unique properties 

like quantum confinement effects and high surface 

area, making them highly valuable across electronics, 

energy storage, medicine, photonics, and sensor 

technologies. These materials offer significant 

advantages over carbon nanomaterials, including 

superior compatibility with existing silicon-based 

technologies, the ability to form stable oxide layers, 

excellent biocompatibility, and customizable thermal 

properties. However, challenges related to 

scalability, stability, and system integration need to 

be addressed to fully exploit their potential. While 

research into nanomaterials covers a broad range of 

applications—such as construction, environmental 

management, green fuels, biomedical technologies, 

storage devices, and water purification—the high 

costs of preparation, raw materials, and large-scale 

production remain significant hurdles. Despite 

considerable progress, further research into silicon 

nanomaterials is essential, as their abundance and 

potential benefits could unlock new applications and 

enhance performance across various fields. 
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