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Abstract  
 

 
The accelerating depletion of fossil fuel reserves, increasing anthropogenic carbon emissions, and growing industrial 

demand for sustainable chemical manufacturing have intensified global efforts toward the development of highly efficient 

catalytic systems and renewable energy technologies. Conventional catalytic materials frequently suffer from poor atom 

utilization efficiency, limited active-site accessibility, catalyst deactivation, and inadequate long-term stability under harsh 

operational environments, thereby restricting their applicability in environmentally benign synthesis and advanced energy 

conversion systems. In this context, functional nanomaterials have emerged as transformative catalytic platforms owing to 

their tunable electronic structures, exceptionally high surface-to-volume ratios, quantum confinement effects, defect-rich 
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architectures, and synergistic interfacial properties. These unique physicochemical characteristics enable superior catalytic 

activity, enhanced selectivity, accelerated charge-transfer kinetics, and minimized energy consumption in diverse green 

synthetic processes and sustainable energy applications. Recent advances in nanostructured catalysts, including 

heteroatom-doped carbon frameworks, metal-organic frameworks, single-atom catalysts, plasmonic nanostructures, 

layered transition-metal dichalcogenides, perovskite-derived composites, and hybrid semiconductor interfaces, have 

significantly improved atom economy and reaction efficiency in photocatalytic, electrocatalytic, and thermocatalytic 

transformations. Furthermore, the integration of multifunctional nanocatalysts into hydrogen evolution systems, oxygen 

reduction reactions, carbon dioxide reduction technologies, fuel cells, metal-air batteries, supercapacitors, and next-

generation solar energy devices has opened new pathways toward carbon-neutral energy infrastructures (Faazal et al., 

2023). Emerging fabrication strategies involving defect engineering, surface functionalization, hierarchical 

nanoarchitectures, and machine-learning-assisted catalyst design are further accelerating the discovery of highly durable 

and scalable catalytic materials. This review highlights the novelty of integrating multifunctional nanocatalysts with 

sustainable energy technologies through atom-efficient reaction engineering and environmentally compatible synthesis 

pathways. Particular emphasis is placed on the structure–property–performance relationships governing catalytic efficiency 

and energy-device integration. This article aims to critically analyze recent progress, unresolved scientific challenges, and 

future opportunities associated with functional nanomaterials for sustainable catalytic chemistry and advanced clean-

energy systems. 

Keywords: Single-atom nanoarchitectures, Interfacial charge-transfer kinetics, Defect-engineered catalysts, Carbon-

neutral electrocatalysis, Quantum-confined nanostructures, Photothermal conversion platforms. 

Copyright © 2026 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International 

License (CC BY-NC 4.0) which permits unrestricted use, distribution, and reproduction in any medium for non-commercial use provided the original 
author and source are credited. 

 

1. INTRODUCTION 
Rapid industrialization, excessive fossil-fuel 

consumption, and unprecedented anthropogenic 

emissions have intensified the global energy crisis and 

environmental deterioration, necessitating the 

development of sustainable chemical technologies and 

low-carbon energy systems. Increasing atmospheric 

concentrations of greenhouse gases, particularly carbon 

dioxide and methane, have significantly accelerated 

climate change, ocean acidification, and ecological 

instability, thereby threatening both environmental and 

economic sustainability (Li et al., 2019). 

Simultaneously, the growing demand for energy-

intensive manufacturing and transportation sectors has 

imposed substantial pressure on conventional catalytic 

processes that rely heavily on nonrenewable feedstocks 

and energy-consuming reaction pathways. 

Consequently, the scientific community has increasingly 

focused on advanced catalytic materials capable of 

enabling atom-efficient synthesis, minimizing hazardous 

waste generation, and improving overall process 

sustainability in accordance with green chemistry 

principles (Tao et al., 2016). Catalysis plays a 

fundamental role in nearly all industrial chemical 

transformations, including petrochemical refining, 

pharmaceutical synthesis, polymer production, and 

environmental remediation. However, conventional 

heterogeneous and homogeneous catalysts often exhibit 

limited active-site accessibility, poor selectivity, catalyst 

poisoning, and insufficient operational durability under 

complex reaction conditions (Wang et al., 2016). 

Moreover, traditional catalytic systems commonly 

require elevated temperatures, high pressures, and toxic 

solvents, resulting in substantial energy consumption and 

environmental contamination (Zhang et al., 2019). These 

limitations have motivated extensive investigations into 

alternative catalytic platforms with improved electronic 

tunability, enhanced surface reactivity, and superior 

mass-transfer characteristics. In this regard, 

nanostructured functional materials have emerged as 

promising candidates because their physicochemical 

properties can be precisely engineered at atomic and 

molecular dimensions, thereby enabling unprecedented 

catalytic performance and reaction controllability (Xu et 

al., 2016). 

 

Functional nanomaterials possess distinctive 

characteristics, including high specific surface area, 

tunable morphology, defect-rich interfaces, quantum 

confinement effects, and unique electronic structures that 

significantly influence catalytic activity and selectivity 

(Jiao et al., 2015). Advanced nanostructures such as 

metal nanoparticles, single-atom catalysts, layered 

double hydroxides, metal-organic frameworks, 

transition-metal carbides, and heteroatom-doped carbon 

materials have demonstrated remarkable efficiency in 

photocatalytic, electrocatalytic, and thermocatalytic 

applications (Qiao et al., 2011). In particular, single-

atom catalysts maximize atomic utilization efficiency 

while providing uniform active centers that facilitate 

controlled reaction pathways and enhanced catalytic 

kinetics. Similarly, defect engineering and interface 

modulation strategies have been widely employed to 

optimize charge redistribution and adsorption energies, 

thereby improving catalytic reaction rates and energy 

conversion efficiency. The integration of functional 

nanomaterials into sustainable energy technologies has 

generated substantial interest due to their ability to 

enhance electrochemical and photochemical processes. 

Nanostructured catalysts have been extensively utilized 

in hydrogen evolution reactions, oxygen evolution 

reactions, oxygen reduction reactions, carbon dioxide 

electroreduction, and nitrogen fixation systems, 

contributing significantly to the advancement of 

renewable energy infrastructures (Chen et al., 2018). 

Furthermore, emerging nanoengineered materials have 

enabled remarkable progress in fuel cells, lithium-sulfur 

batteries, metal–air batteries, supercapacitors, and 

perovskite solar cells through improved conductivity, 
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rapid ion transport, and enhanced interfacial stability 

(Zhang et al., 2021). Recent developments in plasmonic 

photocatalysts, semiconductor heterojunctions, and 

hybrid nanoarchitectures have additionally facilitated 

efficient solar-energy harvesting and visible-light-driven 

catalytic transformations, thereby expanding the 

applicability of sustainable catalytic technologies (Sun et 

al., 2015). 

 

Despite significant advancements, several 

scientific and technological challenges continue to 

hinder the large-scale commercialization of 

nanocatalytic systems. Catalyst agglomeration, 

structural instability, limited recyclability, scalability 

constraints, and insufficient mechanistic understanding 

remain major obstacles in practical applications (Peng et 

al., 2019). Additionally, the environmental implications 

and long-term toxicity of certain engineered 

nanomaterials require comprehensive investigation 

before industrial implementation can be fully realized. 

Therefore, interdisciplinary research integrating 

materials science, computational chemistry, 

nanotechnology, and chemical engineering is essential 

for designing next-generation catalytic platforms with 

enhanced sustainability, durability, and industrial 

feasibility. This review presents a comprehensive and 

critical analysis of recent advances in functional 

nanomaterials for atom-efficient green synthesis and 

sustainable energy device technologies. Unlike previous 

reports that primarily focus on isolated catalytic systems, 

this article emphasizes the synergistic integration of 

multifunctional nanocatalysts across catalytic chemistry 

and renewable energy applications, while highlighting 

emerging structure-property relationships, mechanistic 

insights, and scalable fabrication strategies. The review 

further addresses existing research gaps associated with 

catalyst stability, environmental compatibility, and 

industrial translation. The primary objective of this 

article is to provide an in-depth scientific perspective on 

the future development of advanced nano-catalytic 

materials capable of accelerating the transition toward 

sustainable chemical manufacturing and carbon-neutral 

energy technologies. 

 

2. Engineering Fundamentals of Functional 

Nanomaterials for Advanced Catalysis 

2.1 Electronic Structure Modulation and Band 

Engineering 

Electronic structure modulation has emerged as 

a fundamental strategy for tailoring the catalytic 

behavior of functional nanomaterials toward highly 

efficient and atom-economical reaction systems. The 

catalytic performance of nanostructured materials is 

intrinsically governed by the distribution of electronic 

states, d-band center positioning, carrier mobility, and 

orbital hybridization characteristics, all of which directly 

influence adsorption energetics and reaction kinetics at 

catalytic interfaces. Precise manipulation of band 

structures through heteroatom doping, alloy engineering, 

strain induction, and heterojunction formation has 

enabled substantial enhancement in catalytic selectivity 

and charge-transfer efficiency across electrochemical 

and photocatalytic processes as shown in Figure 1 (Li et 

al., 2014). Transition-metal-based nanostructures, 

particularly those incorporating nickel, cobalt, 

molybdenum, and iron, exhibit tunable electronic 

configurations capable of regulating intermediate 

adsorption energies during hydrogen evolution, oxygen 

evolution, and carbon dioxide reduction reactions (Xia et 

al., 2020). Band-gap engineering also plays a critical role 

in extending light-harvesting capabilities and improving 

carrier separation efficiency in semiconductor 

photocatalysts. Narrowing or tailoring the band gap 

through defect incorporation and elemental substitution 

significantly enhances visible-light responsiveness and 

suppresses rapid electron-hole recombination 

phenomena. In layered nanostructures such as MXenes 

and transition-metal dichalcogenides, electronic 

coupling between adjacent atomic layers facilitates rapid 

charge transport and improved catalytic turnover 

frequencies (Tang et al., 2015). Moreover, the 

development of Schottky junctions and Z-scheme 

heterostructures has provided new opportunities for 

constructing directional electron-transfer pathways that 

maximize redox efficiency while minimizing energy 

losses. These advancements collectively demonstrate 

that rational electronic structure regulation represents a 

cornerstone for designing next-generation nanocatalysts 

with superior activity, selectivity, and operational 

stability. 

 

2.2 Surface Defects, Vacancy Chemistry, and Active-

Site Optimization 

Defect engineering has become an 

indispensable approach for enhancing catalytic activity 

through the deliberate manipulation of atomic vacancies, 

lattice distortions, and unsaturated coordination 

environments. Surface defects alter local electronic 

density distributions and generate catalytically active 

centers capable of facilitating adsorption and activation 

of reactant molecules under mild reaction conditions 

(Zhang et al., 2016). Oxygen vacancies, sulfur 

deficiencies, and metal-site vacancies have demonstrated 

remarkable effectiveness in promoting charge 

redistribution and lowering reaction-energy barriers in 

various catalytic systems. In metal oxides, oxygen-

deficient regions create localized electronic states that 

improve conductivity and accelerate interfacial electron-

transfer kinetics during electrocatalytic reactions. 

Vacancy chemistry further contributes to catalytic 

enhancement by regulating adsorption strength and 

stabilizing reaction intermediates. For instance, defect-

rich ceria and titanium dioxide nanostructures exhibit 

superior photocatalytic performance due to enhanced 

surface oxygen mobility and increased reactive radical 

generation (Liu et al., 2012). Similarly, heteroatom-

doped carbon frameworks containing nitrogen, sulfur, or 

phosphorus defects possess redistributed spin density 

and modified electronic polarization, thereby improving 

catalytic selectivity and atom-utilization efficiency. 
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Active-site optimization through atomic dispersion and 

coordination-environment tailoring has additionally 

enabled the development of single-atom catalysts with 

maximized exposure of catalytically accessible sites. 

Such atomically dispersed architectures not only 

minimize noble-metal consumption but also provide 

highly uniform reaction centers with exceptional 

catalytic precision and durability under harsh operational 

conditions. 

 

2.3 Quantum Confinement Effects and Atomic-Level 

Reactivity 

Quantum confinement phenomena significantly 

influence the physicochemical behavior of nanomaterials 

when structural dimensions approach the excitonic Bohr 

radius. Under these conditions, discrete electronic states 

emerge, resulting in substantial modifications in optical 

absorption, redox potential, and charge-carrier 

dynamics. These nanoscale effects have profound 

implications for catalytic processes because quantum-

confined materials often exhibit enhanced surface 

reactivity and altered adsorption thermodynamics 

compared with their bulk counterparts. Reduced particle 

dimensions facilitate greater exposure of low-

coordination surface atoms, thereby increasing catalytic 

turnover frequencies and promoting rapid electron-

transfer pathways. Atomic-level reactivity is particularly 

prominent in ultrasmall nanoparticles, quantum dots, and 

atomically thin two-dimensional materials. In these 

systems, altered electronic density distributions and 

surface polarization effects enable highly efficient 

catalytic interactions with adsorbed species (Zhao et al., 

2021). Semiconductor quantum dots, for example, 

possess tunable band-edge positions that can be 

optimized for photocatalytic water splitting and carbon 

dioxide reduction applications. Furthermore, atomically 

dispersed catalytic centers exhibit unique orbital 

interactions capable of selectively stabilizing reaction 

intermediates and suppressing competing side reactions 

(Qasim et al., 2025; Wang et al., 2026). Quantum 

confinement also contributes to enhanced 

photogenerated charge separation by reducing diffusion 

distances and increasing carrier mobility within 

nanoscale domains. Recent investigations have 

demonstrated that coupling quantum-confined 

nanostructures with conductive substrates or plasmonic 

components further amplifies catalytic efficiency 

through localized electromagnetic field enhancement 

and accelerated interfacial charge transfer. 

Consequently, quantum-engineered catalytic systems 

have become increasingly important in sustainable 

energy conversion technologies, where efficient 

utilization of photons, electrons, and active surface 

atoms remains critically essential. 

 

2.4 Morphology-Controlled Catalytic Performance 

Morphological engineering profoundly affects 

catalytic efficiency by regulating surface-area 

accessibility, active-site exposure, pore architecture, and 

diffusion pathways within nanostructured materials. 

Variations in shape, dimensionality, and structural 

hierarchy can substantially alter electronic behavior and 

adsorption characteristics, thereby influencing overall 

catalytic activity and selectivity (Chen et al., 2022). 

Nanostructures with anisotropic morphologies, including 

nanorods, nanosheets, nanotubes, hollow spheres, and 

hierarchical flower-like architectures, often exhibit 

enhanced catalytic performance because of their 

increased density of exposed reactive facets and 

shortened ion-transport pathways. The catalytic behavior 

of crystal facets is especially significant in morphology-

dependent systems. High-index facets generally possess 

larger densities of low-coordination atoms and 

unsaturated surface sites, which facilitate stronger 

reactant adsorption and accelerated reaction kinetics. 

Hierarchically porous nanoarchitectures additionally 

improve mass-transfer efficiency by providing 

interconnected diffusion channels and enhanced reactant 

accessibility. Such structural characteristics are highly 

advantageous in electrochemical systems requiring rapid 

ion transport and efficient electrolyte penetration. 

Morphology-controlled engineering also contributes to 

improved structural durability and resistance to catalyst 

agglomeration during prolonged operational cycles. 

Hollow and yolk-shell nanostructures effectively 

accommodate volume expansion and reduce mechanical 

stress accumulation in electrochemical energy-storage 

applications (Desai & Kulkarni, 2023). Furthermore, 

multidimensional nanoassemblies can generate 

synergistic interactions between interconnected 

domains, thereby facilitating enhanced conductivity and 

catalytic cooperativity. Through rational morphological 

optimization, nanomaterials can therefore achieve 

superior catalytic efficiency while simultaneously 

improving long-term stability and scalability for 

practical industrial implementation. 

 

2.5 Interfacial Charge Transfer and Surface Energy 

Dynamics 

Interfacial charge-transfer phenomena critically 

determine the efficiency of catalytic reactions occurring 

at nanoscale surfaces and heterogeneous junctions. In 

multifunctional nanomaterials, catalytic activity is 

strongly dependent on the migration and separation of 

electrons and holes across interfaces, where localized 

electric fields and energy-level alignment govern 

reaction kinetics and charge redistribution behavior (Lai 

et al., 2023; Qasim et al., 2026). Rational interface 

engineering enables directional electron transport, 

minimizes recombination losses, and enhances 

adsorption of reactive intermediates, thereby 

substantially improving catalytic efficiency in 

electrochemical and photocatalytic systems. Surface 

energy dynamics further regulate nucleation behavior, 

atomic arrangement, and catalytic stability in 

nanostructured materials. High-surface-energy facets 

generally exhibit elevated chemical reactivity due to 

increased densities of dangling bonds and 

undercoordinated atoms (Xiao et al., 2020). 

Manipulation of surface-energy distributions through 
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ligand modification, strain engineering, and 

heterostructure construction allows precise tuning of 

catalytic interfaces for optimized performance. In 

semiconductor heterojunctions, interfacial electric fields 

promote spatial separation of charge carriers, enabling 

enhanced redox capability and prolonged carrier 

lifetimes. The formation of hybrid interfaces between 

metals, semiconductors, and carbonaceous supports has 

also demonstrated remarkable effectiveness in 

facilitating rapid electron mobility and improving 

catalytic turnover frequencies. For instance, conductive 

graphene interfaces significantly accelerate charge 

migration while stabilizing catalytically active 

nanoparticles against aggregation (Jayaramulu et al., 

2022). Similarly, plasmonic metal-semiconductor 

interfaces enhance photocatalytic efficiency through 

localized surface plasmon resonance and hot-electron 

injection mechanisms. These interfacial interactions 

collectively underscore the importance of surface-energy 

modulation and charge-transfer engineering in the 

development of advanced nanocatalysts for sustainable 

chemical synthesis and renewable energy technologies. 

 

 
Figure 1: Electronic Structure Engineering, Defect Chemistry, and Interfacial Charge Dynamics in Functional 

Nano-catalysts 

 

3. Emerging Nanoarchitectures and Structure-

Activity Relationships 

3.1 Single-Atom and Dual-Atom Catalytic Systems 

Single-atom catalysts (SACs) have emerged as 

one of the most transformative developments in 

heterogeneous catalysis due to their exceptional atomic 

utilization efficiency, well-defined coordination 

environments, and tunable electronic structures. Unlike 

conventional nanoparticle-based systems, SACs contain 

isolated metal atoms stabilized on conductive supports 

such as graphene, carbon nitride, metal oxides, or defect-

rich porous matrices, thereby maximizing catalytic 

exposure while minimizing noble metal consumption 

(Yang et al., 2013). The discrete atomic dispersion 

significantly modifies the local density of electronic 

states, facilitating optimized adsorption energies and 

accelerated charge-transfer kinetics during catalytic 

transformations. Furthermore, atomically dispersed 

active centers exhibit unique quantum confinement 

characteristics that enhance catalytic selectivity in 

electrochemical and photocatalytic reactions. 

Recent investigations have demonstrated that 

SACs exhibit remarkable performance in hydrogen 

evolution, oxygen reduction, carbon dioxide 

electroreduction, and nitrogen fixation owing to their 

precisely engineered coordination geometry and 

unsaturated surface orbitals (Jiang et al., 2018). For 

example, Fe-N-C and Co-N-C single-atom systems have 

shown superior oxygen reduction activity due to the 

modulation of spin density and optimized oxygen 

adsorption-desorption energetics. Moreover, the 

emergence of dual-atom catalysts (DACs) has introduced 

an additional dimension in catalytic engineering by 

enabling synergistic electronic interactions between 

adjacent atomic sites. In DAC systems, heteronuclear or 

homonuclear atom pairs create asymmetric charge 

distributions capable of stabilizing reaction 

intermediates and lowering activation-energy barriers 

more effectively than isolated atomic centers (Zhang et 

al., 2018). Such cooperative catalytic effects 

substantially improve reaction kinetics and catalytic 

durability under harsh electrochemical environments. 

The incorporation of neighboring atomic species also 
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allows fine-tuning of d-band electronic structures, 

thereby enhancing catalytic specificity for multistep 

redox reactions. Consequently, SACs and DACs have 

become critical platforms for the rational design of atom-

efficient catalytic architectures with unprecedented 

activity and selectivity. 

 

3.2 Metal-Organic Frameworks and Covalent 

Organic Frameworks 

Metal-organic frameworks (MOFs) and 

covalent organic frameworks (COFs) have attracted 

considerable attention as highly ordered porous 

nanostructures with exceptional surface area, tunable 

pore geometry, and modular chemical functionality. 

These crystalline materials provide versatile catalytic 

platforms because their framework topology, metal 

coordination environment, and organic linkers can be 

precisely tailored at the molecular level (Furukawa et al., 

2013). In catalytic systems, MOFs function not only as 

active catalytic matrices but also as sacrificial templates 

for the synthesis of porous carbon derivatives and 

atomically dispersed metal centers. The interconnected 

porous channels within MOFs facilitate rapid molecular 

diffusion and improve accessibility to catalytically active 

sites, thereby enhancing reaction efficiency in energy 

conversion and green synthetic processes. Particularly, 

conductive MOFs containing transition-metal nodes 

have demonstrated substantial potential in 

electrocatalytic applications due to their enhanced charge 

mobility and redox-active frameworks (Haidri et al., 

2026). Post-synthetic modification strategies, including 

heteroatom doping, ligand functionalization, and defect 

engineering, further improve catalytic performance by 

regulating electron distribution and adsorption 

energetics. Similarly, COFs have emerged as lightweight 

crystalline polymeric networks with extended π-

conjugation and exceptional structural stability. Their 

ordered porosity and tunable electronic pathways enable 

efficient exciton separation and charge migration in 

photocatalytic systems (Diercks & Yaghi, 2017). The 

integration of catalytically active moieties within COF 

architectures significantly enhances photocatalytic 

carbon dioxide reduction, hydrogen evolution, and 

selective organic transformations. Furthermore, hybrid 

MOF/COF heterostructures exhibit synergistic 

interfacial interactions that improve catalytic turnover 

frequency and long-term operational stability. Owing to 

their structural adaptability and molecular-level 

precision, MOFs and COFs have become indispensable 

components in advanced catalytic nanoarchitectures for 

sustainable chemical technologies as illustrated in Table 

1. 

 

Table 1: Comparative Structural and Catalytic Characteristics of Emerging Functional Nanomaterials 

Nanomaterial 

Type 

Structural 

Characteristics 

Catalytic Mechanism Synthetic 

Application 

Advantages 

Single-Atom 

Catalysts (SACs) 

Isolated metal atoms 

anchored on carbon, 

oxide, or heteroatom-

doped supports with 

atomically dispersed 

active centers 

Maximized atomic 

utilization, optimized 

electronic configuration, 

and unsaturated 

coordination sites enhance 

adsorption/desorption 

kinetics 

HER, OER, ORR, 

CO₂ reduction, 

green organic 

synthesis 

Near-100% atom 

efficiency, high 

selectivity, tunable 

coordination 

environment 

Dual-Atom 

Catalysts (DACs) 

Two adjacent metal 

atoms stabilized on 

conductive supports 

with synergistic 

atomic interfaces 

Dual-site cooperative 

catalysis enables improved 

charge redistribution and 

multi-step reaction 

pathways 

Nitrogen reduction, 

CO₂ conversion, 

bifunctional 

electrocatalysis 

Enhanced reaction 

kinetics, 

synergistic 

electronic 

coupling, superior 

catalytic selectivity 

Metal-Organic 

Frameworks 

(MOFs) 

Crystalline porous 

frameworks formed 

by metal nodes and 

organic ligands with 

tunable pore 

structures 

High surface accessibility 

and adjustable coordination 

chemistry facilitate 

substrate diffusion and 

active-site exposure 

Gas storage, 

photocatalysis, 

electrocatalysis, 

biomass conversion 

Ultra-high surface 

area, tunable 

porosity, structural 

versatility 

Conductive 

MOFs 

Electrically 

conductive 

framework 

architectures with 

conjugated ligands 

and interconnected 

metal centers 

Facilitated electron 

transport accelerates 

electrochemical redox 

processes 

Supercapacitors, 

batteries, and 

electrochemical 

CO₂ reduction 

Combined porosity 

and conductivity, 

enhanced 

electrochemical 

performance 

Covalent Organic 

Frameworks 

(COFs) 

Crystalline porous 

polymers linked by 

covalent bonds with 

π-conjugated networks 

promote charge transport 

and active-site accessibility 

Photocatalytic 

hydrogen 

production, 

pollutant 

Lightweight 

framework, 

structural stability, 
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Nanomaterial 

Type 

Structural 

Characteristics 

Catalytic Mechanism Synthetic 

Application 

Advantages 

ordered 2D or 3D 

architectures 

degradation, 

organic synthesis 

tunable 

functionality 

Two-

Dimensional 

COFs 

Ultrathin layered 

covalent frameworks 

with exposed surface-

active sites 

Reduced diffusion barriers 

and enhanced interlayer 

charge mobility improve 

catalytic efficiency 

Solar fuel 

generation, 

photocatalytic 

reactions 

Large exposed 

surface, excellent 

mass transport 

properties 

MXenes Two-dimensional 

transition-metal 

carbides/nitrides with 

hydrophilic-

terminated surfaces 

Surface terminations 

enhance ion transport, 

conductivity, and 

adsorption of intermediates 

Electrocatalysis, 

supercapacitors, 

hydrogen evolution 

Metallic 

conductivity, high 

surface chemistry 

tunability 

Titanium Carbide 

MXenes 

Layered Ti-based 

carbide nanosheets 

with abundant 

terminal groups 

Rapid electron transfer and 

strong metal-support 

interactions enhance 

catalytic turnover 

Water splitting, Li-

ion batteries 

High conductivity, 

excellent 

electrochemical 

stability 

Graphene 

Derivatives 

Defect-rich graphene 

oxide, reduced 

graphene oxide, and 

doped graphene 

structures 

Defects and heteroatom 

doping modulate electronic 

density and catalytic 

adsorption behavior 

ORR, 

photocatalysis, 

conductive catalyst 

supports 

Exceptional 

conductivity, 

mechanical 

flexibility, large 

surface area 

Nitrogen-Doped 

Graphene 

Graphene lattice 

containing pyridinic, 

pyrrolic, and 

graphitic nitrogen 

species 

Nitrogen dopants create 

electron-rich catalytic 

centers for oxygen 

activation 

Fuel cells, metal-

free catalysis 

Improved 

conductivity, 

enhanced catalytic 

selectivity 

Metal Oxide 

Nanomaterials 

Nanostructured 

oxides with variable 

oxidation states and 

defect-rich surfaces 

Redox cycling and oxygen 

vacancy formation facilitate 

electron transfer reactions 

Water oxidation, 

pollutant 

remediation, 

chemical synthesis 

Thermal stability, 

abundant active 

oxygen species 

Spinel Metal 

Oxides 

Cubic spinel 

structures with 

mixed-valence metal 

cations 

Synergistic cation redox 

activity improves catalytic 

turnover frequency 

OER, rechargeable 

metal-air batteries 

Cost-effectiveness, 

structural 

robustness 

Transition-Metal 

Dichalcogenides 

(TMDs) 

Layered MX₂ 
structures with 

tunable interlayer 

spacing and exposed 

edge sites 

Edge-active sulfur or 

selenium sites catalyze 

proton/electron transfer 

reactions 

HER, 

photodetectors, 

energy storage 

Layer-dependent 

electronic 

properties, high 

catalytic edge 

density 

MoS₂ Nanosheets Ultrathin 

molybdenum 

disulfide layers with 

abundant sulfur-edge 

terminations 

Edge defects enhance 

hydrogen adsorption and 

proton reduction kinetics 

Hydrogen 

evolution reaction 

Low-cost 

alternative to noble 

metals, high 

catalytic activity 

Perovskite 

Nanomaterials 

ABX₃ crystal 

structures with 

flexible 

compositional 

engineering and 

defect tuning 

Efficient charge separation 

and ionic mobility support 

catalytic redox processes 

Solar cells, 

photocatalysis, 

CO₂ reduction 

Tunable bandgap, 

strong light 

absorption 

capability 

Halide 

Perovskites 

Hybrid organic-

inorganic perovskite 

lattices with high 

optical absorption 

coefficients 

Photoinduced carrier 

generation accelerates 

photocatalytic 

transformations 

Solar energy 

harvesting, 

photochemical 

synthesis 

Exceptional 

optoelectronic 

properties, low-

temperature 

synthesis 

Plasmonic 

Nanomaterials 

Noble-metal 

nanostructures 

exhibiting localized 

Hot-electron generation and 

electromagnetic field 

enhancement improve 

photocatalytic efficiency 

Solar-driven 

catalysis, selective 

oxidation reactions 

Enhanced light 

harvesting, rapid 

electron excitation 
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Nanomaterial 

Type 

Structural 

Characteristics 

Catalytic Mechanism Synthetic 

Application 

Advantages 

surface plasmon 

resonance 

Gold 

Nanoparticle 

Catalysts 

Nanoscale Au 

particles dispersed on 

oxide supports 

Surface plasmon resonance 

induces photoexcited 

electron transfer pathways 

CO oxidation, 

photocatalytic 

transformations 

Excellent stability, 

strong visible-light 

response 

Semiconductor 

Heterostructures 

Interfaces formed 

between two 

semiconductors with 

aligned band 

structures 

Built-in electric fields 

facilitate charge separation 

and suppress recombination 

Photocatalytic 

water splitting, 

pollutant 

degradation 

Enhanced carrier 

lifetime, 

synergistic 

interfacial effects 

Z-Scheme 

Heterostructures 

Coupled 

semiconductor 

systems maintaining 

strong redox 

potentials 

Directional electron transfer 

preserves high oxidation 

and reduction capability 

Artificial 

photosynthesis, 

photocatalytic CO₂ 
reduction 

Improved redox 

efficiency, reduced 

electron-hole 

recombination 

Porous 

Nanomaterials 

Hierarchically porous 

architectures with 

micro-, meso-, and 

macroporous 

channels 

Enhanced mass diffusion 

and reactant accessibility 

improve catalytic turnover 

Biomass 

valorization, 

electrocatalysis 

High surface area, 

superior reactant 

transport 

Mesoporous 

Silica Catalysts 

Ordered silica pore 

networks 

functionalized with 

active catalytic 

species 

Confinement effects 

enhance reactant adsorption 

and catalytic selectivity 

Fine chemical 

synthesis, enzyme 

immobilization 

Controlled pore 

size, excellent 

chemical stability 

Core-Shell 

Catalysts 

Nanostructures 

composed of active 

cores encapsulated 

within protective 

shells 

Shell layers regulate 

electron transfer and protect 

catalytic cores from 

degradation 

Fuel cells, tandem 

catalysis 

Improved 

durability, tunable 

surface reactivity 

Magnetic Core-

Shell 

Nanocatalysts 

Magnetic cores 

coated with catalytic 

shell materials 

Magnetically recoverable 

active interfaces support 

reusable catalytic cycles 

Green synthesis, 

wastewater 

treatment 

Easy separation, 

enhanced 

recyclability 

Yolk-Shell 

Systems 

Hollow shell 

architectures 

containing movable 

internal catalytic 

cores 

Void spaces buffer volume 

changes and improve 

reactant diffusion pathways 

Batteries, 

photocatalysis, gas 

conversion 

Structural stability, 

enhanced mass 

transport 

Hollow 

Nanoreactors 

Hollow porous 

nanostructures with 

confined catalytic 

interiors 

Nanoconfinement enhances 

local reactant concentration 

and catalytic efficiency 

Cascade catalysis, 

energy conversion 

Reduced diffusion 

limitations, high 

catalytic efficiency 

Strain-

Engineered 

Catalysts 

Lattice-distorted 

nanostructures with 

modified bond 

lengths and electronic 

states 

Strain tuning alters 

adsorption energies and 

reaction intermediate 

stabilization 

HER, ORR, 

ammonia synthesis 

Optimized 

electronic 

structure, 

accelerated 

reaction kinetics 

Defect-

Engineered 

Nanocatalysts 

Vacancy-rich or 

disordered 

nanostructures with 

abundant unsaturated 

sites 

Surface defects act as 

highly active catalytic 

centers for adsorption and 

activation 

Electrocatalysis, 

photocatalysis 

Increased active-

site density, 

enhanced catalytic 

activity 

Hybrid Carbon-

Metal 

Nanocomposites 

Integrated conductive 

carbon matrices 

supporting metallic 

nanoparticles 

Strong interfacial charge 

transfer improves catalytic 

conductivity and stability 

Supercapacitors, 

electrochemical 

synthesis 

Synergistic 

conductivity, 

improved 

mechanical 

integrity 
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Nanomaterial 

Type 

Structural 

Characteristics 

Catalytic Mechanism Synthetic 

Application 

Advantages 

Biomass-Derived 

Nanomaterials 

Carbonaceous 

nanostructures 

synthesized from 

renewable biomass 

precursors 

Surface functional groups 

and porous morphology 

facilitate catalytic 

adsorption 

Sustainable 

catalysis, biofuel 

production 

Eco-friendly 

synthesis, low-cost 

feedstocks 

 

3.3 MXenes, Two-Dimensional Materials, and 

Layered Nanoheterostructures 

Two-dimensional (2D) nanomaterials possess 

ultrathin layered structures, high carrier mobility, and 

abundant exposed surface atoms, making them highly 

attractive for catalytic and electrochemical applications. 

Among emerging 2D systems, MXenes have gained 

significant scientific interest because of their metallic 

conductivity, hydrophilic surface chemistry, and 

versatile compositional tunability (Naguib et al., 2023). 

Derived from layered MAX phases through selective 

etching processes, MXenes contain abundant terminal 

functional groups such as -OH, -O, and -F, which 

facilitate ion transport and interfacial charge transfer 

during catalytic reactions. Their unique electronic 

configuration and large interlayer spacing promote rapid 

diffusion kinetics and enhanced adsorption capacity for 

reactive intermediates. 

 

In addition to MXenes, graphene derivatives, 

transition-metal dichalcogenides, graphitic carbon 

nitride, and black phosphorus have demonstrated 

outstanding catalytic properties owing to their 

anisotropic electronic structures and high density of 

catalytically accessible sites (Chhowalla et al., 2013). 

Layered nano-hetero-structures generated through 

vertical stacking or interfacial coupling of multiple 2D 

materials exhibit remarkable synergistic effects resulting 

from built-in electric fields and interlayer electron 

redistribution. These heterointerfaces accelerate charge 

separation, suppress electron–hole recombination, and 

improve catalytic kinetics in photocatalytic and 

electrocatalytic systems. Moreover, the combination of 

metallic and semiconducting layers within hybrid 

heterostructures provides multifunctional catalytic 

behavior suitable for integrated energy-conversion 

technologies. Surface functionalization, vacancy 

engineering, and interlayer modulation strategies further 

enhance the catalytic activity of 2D materials by altering 

local electronic environments and adsorption energies. 

Consequently, layered nanoheterostructures represent 

highly promising catalytic platforms for next-generation 

sustainable energy systems and environmentally benign 

synthetic methodologies. 

 

3.4 Core-Shell, Yolk-Shell, and Hierarchical Porous 

Nanostructures 

Advanced nanoarchitectures such as core-shell, 

yolk-shell, and hierarchical porous structures have 

revolutionized catalytic engineering by enabling 

simultaneous optimization of surface reactivity, mass 

transport, and structural durability. Core-shell 

nanostructures consist of distinct inner cores surrounded 

by functional outer shells, allowing precise control over 

interfacial electronic interactions and catalytic surface 

properties. Such architectures can effectively protect 

catalytically active centers from agglomeration, 

corrosion, and structural degradation under operational 

conditions. Furthermore, shell composition and 

thickness can be systematically engineered to regulate 

reactant diffusion and catalytic selectivity. Yolk-shell 

structures provide additional structural flexibility due to 

the presence of internal void spaces between the core and 

outer shell. This unique morphology accommodates 

volumetric expansion, facilitates rapid ion diffusion, and 

improves catalyst stability during repetitive 

electrochemical cycling. The internal cavity additionally 

acts as a confined nanoreactor that enhances reactant 

concentration and catalytic turnover efficiency (Lou et 

al., 2008). Hierarchical porous nanostructures containing 

interconnected micro-, meso-, and macroporous 

frameworks further improve catalytic performance by 

enabling efficient molecular transport and maximizing 

active-site accessibility. The multiscale porosity 

significantly reduces diffusion resistance while 

increasing surface area and reactant adsorption capacity. 

Moreover, hierarchical architectures improve thermal 

stability and mechanical robustness, making them 

suitable for industrial catalytic processes and energy-

storage technologies. The rational integration of porous 

nanoarchitectures with conductive matrices has therefore 

become a highly effective strategy for developing 

multifunctional catalysts with enhanced activity, 

selectivity, and operational longevity. 

 

3.5 Strain Engineering and Heterointerface 

Synergism in Nanocatalysis 

Strain engineering has emerged as a powerful 

strategy for modulating the electronic structure and 

catalytic properties of nanomaterials through controlled 

lattice distortion and atomic rearrangement. The 

introduction of tensile or compressive strain alters 

interatomic spacing and modifies the d-band center of 

catalytic surfaces, thereby influencing adsorption 

strength, charge redistribution, and reaction kinetics (X. 

Li et al., 2020). Strain-induced electronic perturbations 

can significantly lower activation-energy barriers and 

enhance catalytic turnover rates in electrochemical and 

thermos-catalytic processes. Furthermore, lattice strain 

facilitates the generation of defect-rich active sites that 

promote accelerated charge transfer and improved 

catalytic selectivity as illustrated in Figure 2. Equally 

important, heterointerface engineering has enabled the 

construction of multifunctional catalytic systems with 
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synergistically coupled physicochemical properties. 

Interfaces formed between dissimilar materials create 

internal electric fields and charge polarization effects 

that substantially enhance interfacial electron mobility 

and catalytic efficiency (Xia et al., 2020). Such 

synergistic hetero interactions regulate adsorption 

energetics and facilitate directional charge migration 

across catalytic interfaces. Semiconductor-metal, metal-

oxide, and carbon–semiconductor heterostructures have 

shown exceptional performance in photocatalytic water 

splitting, carbon dioxide conversion, and oxygen 

reduction reactions because of their optimized interfacial 

charge-separation dynamics. Additionally, the 

integration of strained interfaces with hierarchical 

nanoarchitectures further amplifies catalytic activity by 

generating highly active metastable surface states. 

Advanced interfacial engineering approaches involving 

epitaxial growth, atomic-layer deposition, and defect-

mediated coupling continue to accelerate the 

development of next-generation nanocatalysts with 

superior efficiency, stability, and multifunctionality for 

sustainable energy technologies. 

 

 
Figure 2: Advanced Nanoarchitectures and Structure-Activity Relationships in Multifunctional Catalysis 

 

4. Functional Nanocatalysts for Atom-Efficient 

Green Synthetic Transformations 

4.1 Photocatalytic and Electrocatalytic Organic 

Synthesis 

The growing emphasis on sustainable chemical 

manufacturing has accelerated the development of 

photocatalytic and electrocatalytic synthetic 

methodologies capable of minimizing energy 

consumption, hazardous reagents, and undesirable 

byproducts. In contrast to conventional thermochemical 

approaches that frequently require elevated 

temperatures, toxic solvents, and stoichiometric 

oxidants, nanostructured photocatalysts and 

electrocatalysts enable highly selective transformations 

under environmentally benign conditions through 

photon-driven or electricity-assisted activation 

pathways. Functional nanomaterials possessing tunable 

band structures, abundant catalytic active sites, and rapid 

interfacial charge-transfer kinetics have therefore 

emerged as indispensable platforms for atom-efficient 

organic synthesis (Kibsgaard & Jaramillo, 2014). 

Semiconductor-based nanocatalysts, particularly TiO2, 

g-C3N4, ZnO, BiVO4, and metal chalcogenide 

heterostructures, have demonstrated remarkable activity 

in visible-light-mediated oxidation and reduction 

reactions due to their ability to generate highly reactive 

electron–hole pairs under solar irradiation (Wang et al., 

2019). Recent investigations have shown that 

heterojunction engineering significantly improves 

charge-separation efficiency and suppresses carrier 

recombination, thereby enhancing photocatalytic 

selectivity in C-H functionalization, alcohol oxidation, 

and cross-coupling transformations (Low et al., 2017). 

Moreover, plasmonic noble-metal nanoparticles 

integrated into semiconductor matrices exhibit localized 

surface plasmon resonance, which intensifies light 

harvesting and promotes hot-electron injection into 

catalytic interfaces, thereby accelerating reaction 

kinetics under low-energy illumination (Zhang et al., 

2012). Electrocatalytic organic synthesis has similarly 

attracted considerable scientific attention because 

electrical energy derived from renewable sources can 

directly replace fossil-fuel-dependent thermal activation. 

Nanostructured transition-metal phosphides, carbides, 

nitrides, and single-atom catalysts have shown 

exceptional performance in electrooxidation and 

electroreduction processes due to their optimized 

adsorption energies and enhanced electronic 
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conductivity (Yan et al., 2017). These catalysts facilitate 

highly selective electrochemical transformations, 

including amine coupling, olefin epoxidation, and 

reductive dehalogenation, while simultaneously 

reducing solvent usage and improving atom economy. 

Furthermore, conductive carbon nanostructures doped 

with heteroatoms such as nitrogen, sulfur, and 

phosphorus have demonstrated superior catalytic 

stability and electron-transfer efficiency in paired 

electro-synthetic systems (Dai et al., 2015). The 

synergistic integration of photocatalysis and 

electrocatalysis into photoelectrochemical platforms has 

additionally created new opportunities for tandem 

organic transformations with significantly reduced 

energy input and improved reaction sustainability. 

 

4.2 Biomass Conversion and Biorefinery Catalysis 

The transition from fossil-derived feedstocks 

toward renewable carbon resources has intensified 

research efforts focused on catalytic biomass 

valorization and integrated biorefinery technologies. 

Lignocellulosic biomass, agricultural residues, algal 

feedstocks, and industrial bio-wastes are abundant 

renewable resources that can be upgraded to produce 

fuels, platform chemicals, and high-value intermediates 

via catalytic pathways. Nevertheless, the intrinsic 

structural complexity and oxygen-rich composition of 

biomass-derived molecules often result in poor 

selectivity and inefficient conversion using conventional 

catalytic systems (Climent et al., 2014). Consequently, 

functional nanocatalysts with tunable surface chemistry 

and multifunctional catalytic sites have become 

increasingly important for selective biomass 

transformation processes. Metal-organic-framework-

derived catalysts, hierarchical porous carbons, and 

bimetallic nanoalloys have demonstrated significant 

efficiency in cellulose hydrolysis, lignin 

depolymerization, and furfural upgrading owing to their 

high surface accessibility and controllable acid-base 

functionalities (Zhou et al., 2011). In particular, 

nanoscale catalysts containing isolated metallic centers 

facilitate selective cleavage of β-O-4 ether bonds in 

lignin, thereby improving aromatic monomer production 

while minimizing undesirable coke formation. 

Additionally, defect-rich metal oxides and hetero-

structured catalysts have shown remarkable activity in 

hydrodeoxygenation reactions essential for improving 

the energy density and stability of biomass-derived 

biofuels. Photocatalytic biomass reforming has also 

emerged as a promising strategy for simultaneous waste 

valorization and clean hydrogen generation. 

Semiconductor nanostructures with engineered oxygen 

vacancies exhibit enhanced adsorption and activation of 

biomass-derived intermediates under visible-light 

irradiation, enabling efficient conversion into syngas and 

low-carbon fuels (Navarro et al., 2007). Furthermore, 

electrocatalytic biomass upgrading using nickel- and 

cobalt-based nanomaterials has demonstrated substantial 

advantages in terms of lower reaction overpotentials, 

reduced greenhouse-gas emissions, and improved 

process selectivity compared with conventional 

thermochemical refining approaches. The incorporation 

of multifunctional nanocatalysts into integrated 

biorefinery systems therefore provides an effective 

pathway toward circular carbon utilization and 

sustainable chemical manufacturing. 

 

4.3 Carbon Dioxide Reduction and Carbon-Neutral 

Chemical Production 

The unprecedented increase in atmospheric 

carbon dioxide concentrations has stimulated intensive 

scientific interest in catalytic CO2 conversion 

technologies capable of simultaneously mitigating 

greenhouse-gas emissions and generating value-added 

chemicals. However, the thermodynamic stability of the 

CO2 molecule and the complexity of multielectron 

transfer reactions remain major obstacles limiting 

catalytic efficiency and product selectivity. Functional 

nanomaterials possessing tailored electronic structures 

and optimized adsorption interfaces have therefore 

become central to the advancement of carbon-neutral 

catalytic systems (Nitopi et al., 2019). Single-atom 

catalysts and defect-engineered nanostructures have 

demonstrated exceptional activity in electrochemical 

CO2 reduction due to their precisely defined active 

centers and tunable coordination environments. 

Atomically dispersed transition metals anchored on 

nitrogen-doped carbon frameworks effectively stabilize 

key reaction intermediates, thereby lowering activation 

barriers and improving selectivity toward carbon 

monoxide, methane, methanol, and multi-carbon 

products (F. Li et al., 2020). Moreover, copper-based 

nanoarchitectures with controlled surface facets and 

grain boundaries have shown superior capability for C-C 

coupling reactions during CO2 electroreduction, enabling 

efficient generation of ethylene and ethanol under 

moderate operating conditions (De Luna et al., 2019). 

 

Photocatalytic CO2 reduction systems have 

similarly gained substantial attention because solar-

driven conversion pathways offer direct utilization of 

renewable energy for carbon-neutral fuel synthesis. 

Advanced semiconductor heterojunctions, including 

perovskite-based photocatalysts and Z-scheme 

nanoarchitectures, exhibit enhanced visible-light 

absorption and prolonged carrier lifetimes that facilitate 

efficient CO2 activation and proton reduction processes 

(Liu et al., 2024). In addition, plasmonic nanostructures 

integrated with catalytic semiconductors significantly 

improve interfacial electron density and reaction kinetics 

through localized electromagnetic field enhancement. 

Emerging tandem catalytic systems combining 

photocatalytic and electrocatalytic functionalities have 

further expanded opportunities for integrated solar-to-

chemical conversion technologies. Despite substantial 

progress, challenges associated with catalyst durability, 

low faradaic efficiency, and product separation continue 

to restrict industrial implementation of CO2 conversion 

technologies. Future research directions are increasingly 

focused on atomic-level catalyst engineering, operando 



 
 

Amama Maheer Muzaffar et al; Saudi J Eng Technol, Jun, 2026; 11(6): 560-579 

© 2026 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates                                            571 

 

mechanistic investigations, and scalable reactor design to 

improve catalytic stability and process efficiency. The 

integration of renewable electricity, advanced 

nanocatalysts, and carbon-capture technologies is 

therefore expected to play a transformative role in 

establishing sustainable carbon-neutral chemical 

industries. 

 

5. Integration of Functional Nanomaterials into 

Sustainable Energy Device Technologies 

The rapid evolution of sustainable energy 

technologies has intensified the demand for highly 

efficient catalytic materials capable of overcoming the 

intrinsic kinetic and thermodynamic limitations 

associated with electrochemical and photochemical 

energy conversion processes. Functional nanomaterials 

have emerged as transformative components in next-

generation energy devices owing to their tunable 

electronic configurations, abundant catalytically active 

interfaces, accelerated charge-transfer characteristics, 

and exceptional structural adaptability under dynamic 

operational conditions. The incorporation of nanoscale 

catalytic architectures into hydrogen production systems, 

fuel cells, supercapacitors, and solar-energy conversion 

platforms has substantially improved energy efficiency, 

operational durability, and reaction selectivity while 

simultaneously reducing dependence on noble-metal-

based catalytic systems. Furthermore, the synergistic 

integration of nanotechnology with renewable-energy 

infrastructures has enabled the development of 

multifunctional devices exhibiting enhanced 

electrochemical stability, rapid ion diffusion kinetics, 

and optimized interfacial charge separation, thereby 

contributing significantly to the advancement of carbon-

neutral energy ecosystems (Roger et al., 2017; Seh et al., 

2017). 

 

5.1 Hydrogen Evolution and Oxygen Evolution 

Reaction Systems 

Hydrogen production through electrochemical 

water splitting represents one of the most promising 

approaches for establishing a sustainable hydrogen 

economy because it enables clean fuel generation 

without direct carbon emissions. Nevertheless, the 

sluggish reaction kinetics associated with the hydrogen 

evolution reaction (HER) and oxygen evolution reaction 

(OER) remain major challenges limiting large-scale 

implementation. Functional nanomaterials possessing 

engineered active sites, tailored electronic structures, and 

defect-mediated catalytic surfaces have demonstrated 

remarkable efficiency in reducing activation energy 

barriers and accelerating electrochemical reaction 

pathways. Transition-metal phosphides, sulfides, 

nitrides, carbides, and layered hydroxides have attracted 

significant attention as efficient alternatives to precious-

metal catalysts due to their favorable conductivity and 

optimized hydrogen adsorption energetics (Jiao et al., 

2016). 

 

Single-atom catalysts and hetero-structured 

nanointerfaces have further revolutionized HER and 

OER electrocatalysis by maximizing atomic utilization 

efficiency and facilitating rapid electron redistribution 

across catalytic surfaces. In particular, defect-engineered 

nickel-iron layered double hydroxides exhibit enhanced 

oxygen evolution activity because lattice distortions and 

oxygen vacancies effectively modulate intermediate 

adsorption energies and promote favorable reaction 

kinetics (Song et al., 2018). Similarly, molybdenum-

based dichalcogenides and cobalt phosphide 

nanostructures possess abundant edge-active sites that 

significantly improve hydrogen adsorption-desorption 

dynamics under alkaline and acidic electrolytic 

environments (Voiry et al., 2018). Recent investigations 

have additionally demonstrated that hierarchical 

nanoarchitectures incorporating conductive carbon 

frameworks improve electrolyte accessibility and 

electron mobility, thereby enhancing long-term catalytic 

stability and reducing overpotential requirements in 

industrial water electrolysis systems (Ullah et al., 2025). 

 

5.2 Nanocatalysts for Fuel Cells and Metal-Air 

Batteries 

Fuel cells and metal-air batteries are considered 

highly promising energy-conversion technologies 

because of their superior energy densities and 

environmentally sustainable operational mechanisms. 

However, the commercialization of these devices is 

frequently hindered by sluggish oxygen reduction 

reaction (ORR) and oxygen evolution reaction kinetics, 

catalyst degradation, and high material costs associated 

with platinum-group metals. To address these 

limitations, extensive research has focused on designing 

nanostructured electrocatalysts with enhanced catalytic 

efficiency, improved corrosion resistance, and optimized 

electronic conductivity. Heteroatom-doped carbon 

nanomaterials integrated with transition-metal active 

centers have demonstrated exceptional ORR 

performance due to synergistic interactions between 

conductive carbon matrices and catalytically active 

metal-nitrogen coordination environments (Jaouen et al., 

2011). Furthermore, atomically dispersed iron and cobalt 

catalytic sites embedded within porous graphene 

frameworks exhibit remarkable bifunctional catalytic 

activity in rechargeable zinc-air batteries by facilitating 

rapid oxygen adsorption and electron-transfer kinetics. 

Perovskite-derived nanocomposites and spinel oxide 

nanoarchitectures have also emerged as highly efficient 

catalysts for solid oxide fuel cells and metal-air battery 

systems because their tunable crystal structures enable 

enhanced ionic conductivity and improved catalytic 

durability under elevated operational temperatures. 

Recent developments in interface engineering have 

revealed that constructing hybrid nano-hetero-structures 

with optimized phase boundaries substantially enhances 

electrocatalytic performance through interfacial charge 

redistribution and improved oxygen intermediate 

stabilization. Additionally, conductive nanocarbon 

scaffolds and three-dimensional porous current 
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collectors have enabled efficient electrolyte penetration 

and minimized mass-transport limitations in practical 

energy-storage systems. Such advances demonstrate the 

critical role of functional nanomaterials in improving 

electrochemical efficiency and extending the operational 

lifespan of advanced fuel-cell and battery technologies. 

 

5.3 Nanoengineered Supercapacitors and Advanced 

Energy Storage Devices 

The increasing global demand for rapid energy 

storage and high-power delivery systems has stimulated 

substantial interest in nanoengineered supercapacitors 

and hybrid electrochemical storage devices as more 

discussed in Table 2. Functional nanomaterials have 

become central to supercapacitor technology because 

nanoscale structural engineering significantly enhances 

electroactive surface area, ion accessibility, and charge-

storage capability. Carbon nanotubes, graphene 

derivatives, transition-metal oxides, and conductive 

polymer nanocomposites have exhibited exceptional 

electrochemical performance owing to their rapid 

electron transport properties and hierarchical porous 

architectures (Chaudhary et al., 2025; Simon & Gogotsi, 

2020). Two-dimensional nanomaterials such as MXenes 

and graphene-based heterostructures have demonstrated 

remarkable capacitance behavior due to their ultrathin 

layered morphologies and highly conductive surfaces. In 

particular, titanium carbide MXenes possess tunable 

interlayer spacing and hydrophilic surface terminations 

that facilitate rapid ion diffusion and improved 

pseudocapacitive charge storage (Naguib et al., 2023). 

Additionally, hybrid nanostructures combining 

transition-metal sulfides with conductive carbon 

networks exhibit enhanced cycling stability and superior 

rate capability because synergistic interfacial 

interactions improve structural integrity during repeated 

charge-discharge cycles. Emerging flexible and wearable 

energy-storage devices have further accelerated the 

development of multifunctional nanomaterials capable 

of maintaining electrochemical stability under 

mechanical deformation. Fiber-shaped supercapacitors, 

self-healing conductive polymers, and nanostructured 

gel electrolytes have enabled the fabrication of 

lightweight and mechanically resilient energy-storage 

platforms for next-generation portable electronics. 

Moreover, nanoarchitectural optimization strategies 

involving hierarchical porosity engineering and defect 

modulation have substantially improved electrolyte 

diffusion pathways and minimized internal resistance, 

thereby enabling high-performance electrochemical 

storage systems with long operational lifetimes. 

 

Table 2: Functional Nanomaterials in Sustainable Energy Devices and Catalytic Technologies 

Nanocatalyst 

System 

Device/Application Performance Enhancement 

Mechanism 

Sustainability 

Contribution 

Industrial 

Limitation 

Pt-Ni alloy 

nanoparticles on 

graphene 

HER electrolyzers Optimized hydrogen 

adsorption energy and 

accelerated electron transfer 

Reduces energy 

demand for green 

hydrogen 

production 

High platinum cost 

and catalyst 

poisoning 

MoS₂ edge-rich 

nanosheets 

HER water-splitting 

systems 

Exposure of active sulfur 

edge sites increases proton 

reduction kinetics 

Enables noble-

metal-free 

hydrogen 

evolution 

Poor long-term 

structural stability 

NiFe layered 

double hydroxides 

(LDHs) 

OER alkaline 

electrolyzers 

Synergistic redox coupling 

between Ni and Fe improves 

oxygen evolution kinetics 

Supports efficient 

renewable 

hydrogen 

generation 

Limited 

conductivity at 

industrial current 

densities 

Co₃O₄ spinel 

nanocubes 

OER 

electrocatalytic 

devices 

Oxygen vacancy engineering 

enhances surface adsorption 

intermediates 

Lower dependence 

on critical rare 

metals 

Surface 

reconstruction 

during prolonged 

operation 

Fe-N-C single-

atom catalysts 

ORR fuel-cell 

cathodes 

Atomically dispersed Fe 

sites maximize oxygen 

reduction selectivity 

Replaces 

expensive Pt-based 

catalysts 

Demetallation 

under acidic 

environments 

Pt/C core-shell 

nanoparticles 

PEM fuel cells High electrochemically 

active surface area improves 

ORR kinetics 

Enhances fuel-cell 

energy efficiency 

Carbon corrosion 

during cycling 

MnO₂ nanoflowers Zn-air batteries Hierarchical porosity 

improves oxygen diffusion 

pathways 

Enables 

rechargeable 

metal-air battery 

technologies 

Low cycling 

durability 

Co-N-C porous 

carbon frameworks 

Metal-air batteries Enhanced bifunctional 

ORR/OER activity through 

nitrogen coordination 

Promotes high-

energy-density 

storage systems 

Moisture 

sensitivity in 

ambient conditions 
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Nanocatalyst 

System 

Device/Application Performance Enhancement 

Mechanism 

Sustainability 

Contribution 

Industrial 

Limitation 

Cu nanodendrites CO₂ 
electroreduction 

reactors 

Localized electric fields 

favor multi-carbon product 

formation 

Converts 

greenhouse gases 

into valuable 

chemicals 

Poor product 

selectivity at scale 

Ag nanoparticle 

catalysts 

CO₂-to-CO 

electrolyzers 

Tuned electronic structure 

lowers CO₂ activation 

barriers 

Facilitates carbon-

neutral syngas 

generation 

Catalyst 

agglomeration 

under high 

potentials 

Au/TiO₂ 
plasmonic 

nanocomposites 

Photocatalytic CO₂ 
reduction 

Surface plasmon resonance 

enhances visible-light 

harvesting 

Solar-driven 

carbon recycling 

pathway 

Low quantum 

conversion 

efficiency 

TiO₂/g-C₃N₄ 
heterojunctions 

Solar photocatalysis Efficient charge separation 

suppresses electron–hole 

recombination 

Supports pollutant 

degradation using 

sunlight 

Weak visible-light 

response under 

cloudy conditions 

CdS/ZnS 

semiconductor 

heterostructures 

Photocatalytic 

hydrogen 

generation 

Band alignment accelerates 

interfacial charge transfer 

Improves solar-to-

hydrogen 

conversion 

Photocorrosion 

under continuous 

irradiation 

BiVO₄ 
photoanodes with 

cocatalysts 

PEC water splitting Surface cocatalysts reduce 

interfacial recombination 

losses 

Enables 

sustainable solar 

fuel production 

Low carrier 

mobility 

Au-Pd bimetallic 

plasmonic catalysts 

Selective organic 

synthesis 

Hot-electron injection 

enhances catalytic activation 

Reduces thermal 

energy 

consumption 

Complex 

fabrication 

procedures 

Ru nanoparticles 

on carbon 

nanotubes 

Supercapacitors Rapid ion diffusion and 

pseudocapacitive redox 

activity 

Improves fast-

charging energy-

storage 

technologies 

Ruthenium scarcity 

and cost 

MXene-conducting 

polymer hybrids 

Flexible 

supercapacitors 

High electrical conductivity 

and mechanical flexibility 

Enables wearable 

low-energy 

electronics 

Oxidation 

instability in humid 

environments 

NiCo₂O₄ nanowire 

arrays 

Asymmetric 

supercapacitors 

Large electroactive surface 

area boosts capacitance 

Supports high-

power renewable 

storage 

Limited cycling 

lifespan 

Zeolite-supported 

acidic catalysts 

Biomass-to-biofuel 

conversion 

Shape-selective catalysis 

improves hydrocarbon yield 

Promotes 

renewable fuel 

synthesis from 

waste biomass 

Catalyst 

deactivation by 

coke deposition 

Hf-based metal-

organic 

frameworks 

(MOFs) 

Biomass 

valorization 

reactors 

Tunable pore architecture 

enhances substrate 

accessibility 

Improves 

conversion of 

lignocellulosic 

feedstocks 

Moisture-sensitive 

framework 

stability 

Cu-based 

electrosynthetic 

catalysts 

Electrochemical 

ammonia synthesis 

Nitrogen adsorption 

modulation enhances NH₃ 
production 

Enables low-

carbon fertilizer 

production 

Low Faradaic 

efficiency 

Boron-doped 

diamond electrodes 

Electrosynthetic 

oxidation systems 

A wide electrochemical 

window improves radical 

generation 

Supports green 

wastewater 

treatment 

Expensive 

electrode 

fabrication 

Graphene aerogel-

supported enzymes 

Bioelectrocatalytic 

systems 

Enhanced electron mediation 

improves catalytic turnover 

Facilitates 

sustainable 

biosensing and 

bioenergy devices 

Enzyme 

denaturation over 

time 

Flexible CNT-

LiFePO₄ 
composites 

Flexible lithium-ion 

batteries 

Conductive nanotube 

network improves electron 

transport 

Enables 

lightweight 

portable energy 

storage 

Mechanical fatigue 

during repeated 

bending 
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Nanocatalyst 

System 

Device/Application Performance Enhancement 

Mechanism 

Sustainability 

Contribution 

Industrial 

Limitation 

Silicon-graphene 

nanocomposites 

High-capacity 

battery anodes 

Graphene buffers silicon 

volume expansion 

Extends battery 

lifetime and 

energy density 

Complex large-

scale synthesis 

AI-assisted high-

entropy alloy 

catalysts 

Autonomous 

catalyst discovery 

platforms 

Machine-learning prediction 

accelerates compositional 

optimization 

Reduces 

experimental 

waste and 

development time 

Requires large 

validated datasets 

DFT-designed 

single-atom 

catalysts 

Atomic-scale 

electrocatalytic 

systems 

Electronic structure tuning 

optimizes adsorption 

energies 

Accelerates 

rational 

development of 

sustainable 

catalysts 

Computational 

predictions may 

diverge 

experimentally 

Perovskite oxide 

nanocatalysts 

Solid oxide fuel 

cells 

Mixed ionic-electronic 

conductivity enhances 

electrode reactions 

Improves fuel 

flexibility and 

energy conversion 

Thermal 

degradation at high 

operating 

temperatures 

 

5.4 Semiconductor Photocatalysts for Solar Energy 

Conversion 

Semiconductor photocatalysis has emerged as a 

promising strategy for direct solar-to-chemical energy 

conversion because it enables the utilization of abundant 

solar irradiation for hydrogen production, carbon dioxide 

reduction, and environmental remediation. Nevertheless, 

the practical efficiency of photocatalytic systems is often 

restricted by rapid electron-hole recombination, 

insufficient visible-light absorption, and limited charge-

carrier mobility. Functional nanomaterials with 

engineered band structures and heterointerface 

architectures have demonstrated substantial potential in 

overcoming these limitations through improved 

photogenerated charge separation and enhanced surface 

catalytic activity. Titanium dioxide-based nanomaterials 

remain among the most extensively investigated 

photocatalysts because of their excellent chemical 

stability and favorable electronic properties. However, 

their wide bandgap restricts visible-light utilization, 

thereby necessitating advanced modification strategies 

such as heteroatom doping, plasmonic nanoparticle 

integration, and semiconductor coupling (Fujishima et 

al., 2008). In this regard, graphitic carbon nitride, 

transition-metal chalcogenides, and perovskite 

nanostructures have attracted significant attention 

because their tunable band-edge positions facilitate 

efficient solar-light harvesting and accelerated interfacial 

electron transfer. The construction of Z-scheme and S-

scheme heterojunction photocatalysts has further 

enhanced photocatalytic performance by enabling 

directional charge migration while preserving strong 

redox capability. Furthermore, plasmonic metal 

nanoparticles such as gold and silver significantly 

improve visible-light absorption through localized 

surface plasmon resonance effects, thereby increasing 

photocatalytic quantum efficiency and reaction kinetics 

(Hisatomi et al., 2014). Recent progress in defect 

engineering and surface functionalization has 

additionally enabled precise modulation of charge-

carrier dynamics and catalytic reaction pathways, 

contributing to improved stability and solar-energy 

conversion efficiency in photocatalytic systems. 

Collectively, these developments highlight the 

transformative role of semiconductor nanomaterials in 

advancing sustainable solar-energy technologies and 

artificial photosynthetic platforms. 

 

6. Computational Design, Scalability, and Future 

Smart Catalytic Technologies 

6.1 Density Functional Theory and Multiscale 

Computational Modeling 

The rapid evolution of functional nanomaterials 

for catalytic and energy-related applications has 

increasingly relied on computational methodologies 

capable of elucidating atomic-scale reaction 

mechanisms, predicting electronic interactions, and 

accelerating catalyst optimization. Among these 

approaches, density functional theory (DFT) has 

emerged as one of the most influential quantum 

mechanical frameworks for investigating the structural, 

thermodynamic, and electronic properties of 

nanocatalytic systems. DFT-based simulations provide 

critical insights into adsorption energies, charge 

redistribution, orbital hybridization, reaction 

intermediate stabilization, and activation barriers, 

thereby enabling rational catalyst engineering with 

improved atom utilization efficiency and enhanced 

catalytic selectivity (Nørskov et al., 2009). The 

capability of DFT to establish quantitative relationships 

between surface electronic configurations and catalytic 

activity has significantly advanced the understanding of 

electrocatalytic and photocatalytic processes across 

diverse nanoscale materials. Recent computational 

studies have demonstrated that atomic coordination 

environments and electronic density states strongly 

govern catalytic performance in single-atom and defect-

engineered nanostructures. By analyzing d-band center 

modulation and local electron-density distributions, DFT 

calculations have revealed how isolated transition-metal 

atoms embedded within conductive supports can 

optimize adsorption energies for key intermediates 
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during hydrogen evolution and oxygen reduction 

reactions. Similarly, theoretical investigations on 

heterostructured semiconductors have shown that 

interfacial electron migration and built-in electric fields 

substantially enhance charge separation efficiency and 

suppress recombination losses in photocatalytic systems 

(Tang et al., 2008). These findings have provided a 

mechanistic foundation for designing multifunctional 

nanocatalysts with precisely tunable catalytic behavior 

under realistic operational environments. Beyond 

conventional electronic structure calculations, multiscale 

computational modeling has gained considerable 

attention due to its ability to bridge atomic-scale 

phenomena with mesoscale and macroscopic catalytic 

performance. Integrated computational frameworks 

combining DFT, molecular dynamics simulations, 

Monte Carlo methods, and continuum-scale modeling 

have enabled more comprehensive analysis of catalyst 

stability, mass transport, thermal diffusion, and reaction 

kinetics under practical operating conditions. Molecular 

dynamics simulations are particularly valuable for 

investigating surface reconstruction, solvent–catalyst 

interactions, and dynamic structural transformations that 

cannot be fully captured through static quantum 

calculations alone. Moreover, kinetic Monte Carlo 

approaches facilitate the prediction of long-term catalytic 

evolution and reaction-network complexity in 

heterogeneous catalytic systems involving multiple 

elementary steps. Advanced computational strategies 

have also accelerated the exploration of emerging 

nanoarchitectures such as MXenes, high-entropy alloys, 

Janus nanostructures, and two-dimensional hybrid 

interfaces. Theoretical screening studies have identified 

highly active catalytic configurations through high-

throughput computational databases and descriptor-

based catalytic models, thereby substantially reducing 

experimental trial-and-error procedures (Tran & Ulissi, 

2018). Furthermore, the integration of ab initio 

thermodynamics with operando simulation techniques 

has enabled more realistic prediction of catalytic surface 

states under electrochemical and photocatalytic 

environments. Such predictive capabilities are 

particularly important for designing scalable 

nanomaterials with improved structural durability, 

corrosion resistance, and energy-conversion efficiency. 

 

The growing convergence between 

computational chemistry, materials informatics, and 

nanotechnology is expected to redefine the future 

landscape of catalytic materials research. Nevertheless, 

significant challenges remain associated with 

computational cost, model accuracy, and the reliable 

simulation of highly complex catalytic interfaces 

containing dynamic defects, solvent environments, and 

nonequilibrium reaction conditions. Future 

developments in exascale computing, quantum 

simulation platforms, and data-centric computational 

methodologies are anticipated to overcome these 

limitations while enabling the precise atomic-level 

design of next-generation sustainable catalytic systems. 

 

 
Figure 3: Nanocatalyst-Integrated Sustainable Energy Conversion and Storage Technologies 

 

6.2 Machine Learning-Assisted Catalyst Discovery 

and Optimization 

The increasing complexity of catalytic 

nanomaterials and the enormous compositional design 

space associated with multifunctional catalysts have 

stimulated the incorporation of machine learning (ML) 

methodologies into catalytic materials discovery and 

optimization. Conventional experimental screening and 
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first-principles simulations often require substantial 

computational resources and extended development 

timelines, particularly for multicomponent 

nanostructures with highly dynamic surface chemistries. 

Machine learning algorithms provide an efficient 

alternative by identifying hidden structure-property 

relationships, predicting catalytic performance, and 

accelerating the discovery of high-efficiency catalytic 

systems through data-driven analysis (Butler et al., 

2018). The integration of artificial intelligence with 

nanocatalysis has therefore emerged as a transformative 

strategy for sustainable catalyst development and next-

generation energy technologies. Modern ML-assisted 

catalytic design commonly utilizes supervised learning, 

unsupervised clustering, neural networks, and deep-

learning architectures to analyze large experimental and 

computational datasets. These algorithms can correlate 

physicochemical descriptors such as adsorption energies, 

coordination environments, electronic density 

distributions, crystal symmetry, and surface defects with 

catalytic activity and selectivity (Schmidt et al., 2019). 

In electrocatalytic systems, machine learning models 

have successfully predicted optimal compositions for 

oxygen evolution and hydrogen evolution catalysts by 

rapidly screening thousands of candidate materials with 

significantly reduced computational expense. 

Descriptor-based learning frameworks further enable the 

identification of critical parameters governing catalytic 

performance, thereby guiding the rational synthesis of 

highly active and stable nanoarchitectures. The 

application of ML techniques in photocatalytic and 

energy-storage systems has also expanded substantially 

in recent years. Deep-learning algorithms have been 

employed to predict bandgap energies, carrier mobility, 

exciton dynamics, and charge-transfer efficiencies in 

semiconductor nanomaterials, facilitating the design of 

highly efficient solar-energy conversion platforms. 

Similarly, graph neural networks and generative learning 

models have demonstrated remarkable capability in 

discovering previously unexplored catalyst compositions 

and structural motifs with enhanced catalytic 

functionality. These approaches not only reduce the 

experimental burden associated with materials screening 

but also improve predictive reliability across large 

multidimensional datasets. Another important 

advancement involves the development of autonomous 

and self-optimizing catalytic systems integrating 

robotics, high-throughput experimentation, and artificial 

intelligence. Closed-loop experimental platforms 

capable of continuously updating predictive models 

based on real-time experimental feedback have enabled 

accelerated optimization of catalytic reaction conditions 

and nanomaterial synthesis parameters (Burger et al., 

2020). Such intelligent systems significantly enhance 

reproducibility, minimize material waste, and improve 

reaction efficiency, thereby aligning closely with the 

principles of green chemistry and sustainable 

manufacturing. Moreover, digital twin technologies 

combining computational simulations with experimental 

monitoring have opened new opportunities for predictive 

catalyst maintenance and industrial process 

optimization. Despite remarkable progress, several 

limitations continue to restrict the widespread 

implementation of machine learning in catalytic 

nanotechnology. Data scarcity, inconsistent 

experimental protocols, limited interpretability of deep-

learning models, and insufficient transferability across 

diverse catalytic systems remain major scientific 

obstacles. Additionally, the reliability of ML predictions 

strongly depends on dataset quality and descriptor 

selection, highlighting the need for standardized catalytic 

databases and interoperable data infrastructures. Future 

research directions are therefore expected to focus on 

explainable artificial intelligence, federated learning 

systems, autonomous laboratories, and hybrid quantum–

machine learning frameworks capable of enabling highly 

adaptive and environmentally sustainable catalytic 

technologies for advanced energy applications. 

 

CONCLUSION 
Functional nanomaterials have emerged as 

transformative catalytic platforms capable of bridging 

atom-efficient green synthesis with advanced sustainable 

energy technologies. Their tunable electronic structures, 

defect-engineered active sites, quantum confinement 

effects, and multifunctional interfacial properties have 

significantly enhanced catalytic efficiency, selectivity, 

and operational durability across photocatalytic, 

electrocatalytic, and thermocatalytic systems. Advanced 

nanoarchitectures including single-atom catalysts, 

metal–organic frameworks, MXenes, layered 

heterostructures, and hierarchical porous nanomaterials 

have demonstrated exceptional performance in carbon 

dioxide reduction, hydrogen evolution, oxygen 

reduction, biomass valorization, and renewable energy 

conversion applications. Moreover, the integration of 

functional nanocatalysts into fuel cells, metal–air 

batteries, supercapacitors, and semiconductor 

photocatalytic systems has accelerated the development 

of carbon-neutral and energy-efficient technologies. 

Emerging strategies involving strain engineering, defect 

modulation, machine-learning-assisted catalyst 

discovery, and multiscale computational modeling are 

further revolutionizing catalyst optimization and scalable 

industrial implementation. Despite substantial progress, 

challenges related to long-term stability, recyclability, 

toxicity evaluation, and large-scale manufacturability 

remain critical barriers to commercialization. Future 

interdisciplinary research integrating nanotechnology, 

computational chemistry, artificial intelligence, and 

sustainable engineering is expected to enable the rational 

development of next-generation catalytic systems for 

environmentally compatible chemical manufacturing 

and advanced clean-energy infrastructures. 
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