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Abstract: Nanomaterials are redefining technological boundaries across energy, environment and healthcare due to their unique 

size-dependent physical, chemical and optical properties. Next-generation nanomaterials including 2D materials, quantum dots, 

metal-organic frameworks, perovskites and bio-nanocomposites offer unprecedented efficiency and multifunctionality. In 

energy, nanostructured electrodes and perovskite solar cells have pushed efficiencies beyond 26%. In environment, MOFs and 

nano-adsorbents enable selective removal of CO2, heavy metals and microplastics. In healthcare, theranostic nanoparticles and 

nano-biosensors provide targeted drug delivery and early disease diagnosis. This review synthesizes recent advances from 2020-

2025, compares performance metrics, and outlines challenges in scalability, toxicity and regulation. We also present a roadmap 

for 2026-2035 for commercial translation. Integrating AI-driven materials discovery with green synthesis will accelerate next-

generation nanomaterials from lab to market. These materials are key to achieving net-zero energy goals and SDG-3 and SDG-6 

targets. 
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I. INTRODUCTION 

The 21st century faces a triad of global challenges: sustainable energy, environmental pollution, and healthcare accessibility. 

Conventional bulk materials are reaching performance limits. Nanomaterials, with at least one dimension <100 nm, exhibit quantum 

confinement, high surface area, and tunable bandgaps that enable breakthrough performance.[1][2] 

The "next generation" refers to materials beyond simple nanoparticles. These include: 

• 2D materials: Graphene, MXenes, TMDs for conductivity and catalysis 

• Quantum Dots: Size-tunable optical properties for imaging and PV 

• Metal-Organic Frameworks: Ultra-porous structures for gas capture 

• Perovskite Nanocrystals: High-efficiency optoelectronics 

• Bio-nanocomposites: Biocompatible, biodegradable materials for medicine. [3][4][5][6][7] 

Market projection: Global nanomaterials market will reach $125.2 Billion by 2030, CAGR 13.8%. However, challenges of toxicity, 

cost and scale-up remain. [8] This review covers: 1) Energy applications, 2) Environmental remediation, 3) Healthcare. We compare 

performance, discuss mechanisms, and provide 2026 -2035 roadmap. 

 

II. ENERGY APPLICATIONS 

A. Next-Gen Batteries and Supercapacitors 

• Li-ion batteries suffer from low energy density and slow charging. Nanostructured anodes solve this.  

• Silicon Nanowires: 10x theoretical capacity of graphite. 1D structure accommodates 300% volume expansion. 

• MXene Ti3C2Tx: 2D conductivity >10,000 S/cm, used as anode and current collector. Achieved 380 mAh/g at 1C.  

• Graphene-Sulfur Cathodes: Nanoconfinement prevents polysulfide shuttle. 1200 mAh/g over 500 cycles. [9][10][11] 

 

Material Capacity Cycle Life Charge Rate TRL Application 

Graphite Anode 372 mAh/g 1000 1C 9 Commercial Li-ion 

Si Nanowires 3500 mAh/g 300 0.5C 6 
EV Batteries 

 

MXene Ti3C2Tx 380 mAh/g 5000 10C 5 Fast Charging 

Li-S Nanocomposite 1200 mAh/g 500 0.2C 5 Drones/UAV 

Table 1: Performance Comparison of Next-Gen Battery Materials 
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B. Solar Cells and Hydrogen 

• Perovskite Nanocrystals: CsPbI3 quantum dots achieved 25.8% PCE in tandem with Si. Stability improved via encapsulation to 

>1000h. 

• Plasmonic Au Nanoparticles: Enhance light absorption in dye-sensitized solar cells by 22%. 

• Nanocatalysts for H2: Pt single atoms on graphene for HER: over potential 28 mV @10 mA/cm². MoS2 nanosheets as cheap 

alternative: 150 mV. [6][12][13] 

 

 
Graph 1: Solar Cell Efficiency Progression 2015-2025 

 

III. ENVIRONMENTAL APPLICATIONS 

A. Water Purification and Pollutant Removal 

1.3 billion people lack clean water. Nanomaterials provide selective adsorption and photocatalysis. 

• MOFs: are porous naomaterials used for selective gas adsorption and carbon capture applications. UiO-66-NH2 has 1200 m²/g 

surface area. Removes 99.9% Pb²⁺ in 10 min. 

• Graphene Oxide Membranes: 1 nm channels reject 99% NaCl and 100% dyes. 

• TiO2 Nanotubes: Under UV, degrade 95% of pharmaceutical waste in 2h. 

• Magnetic Fe3O4@SiO2: Easy recovery, removes microplastics >10 μm. [5][14][15][16] 

 

B. Air Pollution and CO2 Capture 

• ZIF-8 MOF: CO2 uptake 2.1 mmol/g at 1 bar, 298K. 

• Carbon Nanotube Filters: PM2.5 removal efficiency 99.97% with low pressure drop. 

• Nano-photocatalysts: g-C3N4 nanosheets convert CO2 to CH4 with 12% quantum efficiency. [5][17][18] 

 

Pollutant Nanomaterial Mechanism Removal % Cost $/kg 

Heavy Metals Pb²⁺ UiO-66-NH2 MOF Adsorption 99.9 45 

Dyes GO Membrane Size Exclusion 99.0 60 

CO2 ZIF-8 MOF Physisorption 2.1 mmol/g 30 

PM2.5 CNT Filter Mechanical + 

Electrostatic 

99.97 25 

Pesticides TiO2 Nanotubes Photocatalysis 95.0 15 

Table 2: Nanomaterials for Environmental Remediation 
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IV. HEALTHCARE APPLICATIONS 

A. Theranostics and Drug Delivery 

1) Next-gen nanomedicine combines diagnosis + therapy. 

2) Gold Nanorods: NIR absorption for photothermal cancer therapy. Tumor reduction 80% in mice. 

3) Lipid Nanoparticles: Used in mRNA COVID vaccines. Enables organ-specific delivery. 

4) Quantum Dots: CdSe/ZnS QDs for tumor imaging with NIR-II emission, penetration 2 cm. 

5) Nanorobots: DNA origami nanobots deliver thrombin to tumors, cutting blood supply. [19][20][4][21] 

 

B. Biosensors and Diagnostics 

1) Graphene FET Biosensors: Detect COVID antigen at 1 fg/mL in 10 min. 

2) MXene Sensors: Wearable patch monitors glucose and lactate in sweat. 

3) Nanozymes: Fe3O4 nanoparticles mimic peroxidase for colorimetric assays. [22][10][23] 

 

Graph 2: Detection Limit Comparison of Biosensors 

 

C. Regenerative Medicine 

1) Hydroxyapatite Nanoparticles: Scaffold for bone regeneration, 90% cell viability. 

2) Nanofiber Patches: PCL/Gelatin for wound healing, promotes angiogenesis. [7][24] 

 

Nanomaterial Application Target Clinical Phase Key Advantage 

LNP-mRNA Vaccine COVID, Cancer Approved Targeted delivery 

Au Nanorods 
Photothermal 

Therapy 
Breast Cancer Phase II NIR activation 

Iron Oxide NP MRI Contrast Liver Tumor Approved T2 contrast 

Graphene Sensor Point-of-care COVID, Cancer Phase I 10 min detection 

HA Nanoparticles Bone Scaffold Orthopedics Phase III Osteoconductive 

Table 3: Clinical Status of Healthcare Nanomaterials 
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V. CHALLENGES AND 2026-2035 ROADMAPS 

A. Challenges 

Despite rapid progress in nanotechnology, several key challenges hinder its widespread adoption.  

1) Toxicity: remains a major concern due to ROS generation and bioaccumulation of nanoparticles in living organisms, which 

poses risks to human health and ecosystems.  

2) Scale-up: is difficult and expensive. For example, CVD graphene still costs around $100/m², making it unfeasible for mass 

production. Lab-scale synthesis methods often fail to maintain quality and reproducibility at industrial levels.  

3) Regulation is lacking as there are no unified nano-safety guidelines globally, which creates uncertainty for industries and 

investors. Additionally, issues like material stability, high energy consumption during manufacturing, and public acceptance 

also slow down commercialization. Addressing these challenges requires interdisciplinary research, stricter safety protocols, 

and cost-effective green synthesis methods. [25][26] 

 
Figure 1: Development Pipeline for Next-Gen Nanomaterials 

 

B. Roadmap 

 

Year Milestone 

2026-2028 AI predicts 10,000 new MOFs. Solid-state batteries with Si-NW reach market. 

2029-2032 Perovskite tandems 30% efficient. MOF water filters in 1M homes. 

2033-2035 
Nanorobots in clinical trials. Satellite-based nanosensor network for pollution. 

Self - healing nanomaterials in construction. 

Table 4: Technology Roadmap and key Milestones (2026-2035) 

Source: Author’s compilation based on literature review [25] [26] 
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Figure 2- Technology Roadmap for Next-Generation Nanomaterials (2026-2035) 

 

If these challenges are solved, nanotechnology can transform energy, healthcare, and environment sectors by 2035. 

 

VI. CONCLUSION 

Next-generation nanomaterials are no longer lab curiosities. With efficiencies >25% in solar, 99.9% pollutant removal, and fg-level 

biosensing, they address energy, environment and healthcare simultaneously. Success depends on green synthesis, AI-driven design, 

and strict safety frameworks. By 2035, these materials will be central to net-zero and precision medicine goals. Interdisciplinary 

collaboration is essential to translate nano-innovation into global impact. 
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