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 Nanocatalysts have emerged as vital tools in modern heterogeneous catalysis due to their 

large surface area-to-volume ratio, tunable physicochemical properties, and high catalytic 

efficiencies. This paper reviews the critical structure–activity relationships (SARs) in 

nanocatalysts and their influence on catalytic performance across various reactions, 

including hydrogenation, oxidation, CO₂ reduction, and cross-coupling. Emphasis is 

placed on morphological features such as particle size, shape, crystallographic facets, and 

defect structures. The role of supports, metal-support interactions, and bimetallic or doped 

systems are also addressed. Understanding SARs provides a rational framework for 

designing highly efficient and selective nanocatalysts for sustainable chemical 

transformations. 
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INTRODUCTION 

Heterogeneous catalysis remains central to industrial chemical processes, including fuel synthesis, 

environmental remediation, and fine chemical production. Nanocatalysts—catalytic materials at the 

nanoscale—offer significant advantages over their bulk counterparts, such as high surface-to-volume 

ratios, tunable morphology, and electronic structures conducive to enhanced catalytic activity and 

selectivity [1][2]. The performance of nanocatalysts is governed not only by their composition but 

also by structural attributes including size, shape, surface energy, and crystalline defects, all of which 

influence active site density and reactivity [3][4]. 
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Structure–activity relationships (SARs) provide a powerful lens through which these morphologica l 

factors can be analyzed and correlated with catalytic efficiency. Recent advances in characteriza t ion 

techniques and computational modeling have enabled deeper insights into how specific 

nanostructures impact catalytic pathways [5][6]. This paper systematically explores SARs in 

heterogeneous nanocatalysis and their implications for rational catalyst design. 

1. Structural Attributes Governing Catalytic Activity 

The catalytic performance of nanomaterials in heterogeneous reactions is intimately linked to their 

structural characteristics. One of the most defining attributes is nanoparticle size, which determines 

the surface-to-volume ratio and, consequently, the number of accessible active sites. As nanopartic le 

dimensions decrease, a greater proportion of atoms are exposed on the surface, particularly on edges 

and corners, which serve as catalytically active centers. Haruta’s seminal work on gold nanopartic les 

demonstrated that Au becomes catalytically active for CO oxidation only when particle sizes fall 

below ~5 nm—highlighting a non-linear dependence of activity on particle size [7]. 

Nanoparticle shape significantly influences the exposure of specific crystallographic facets, which 

vary in atomic arrangement, coordination number, and surface energy. For instance, platinum 

nanocubes predominantly expose {100} facets, whereas nanospheres may present a mix of {111}, 

{110}, and {100} planes. Each of these facets exhibits different reactivities toward adsorption and 

bond activation of reactants. Studies have shown that Pd nanorods with dominant {111} facets 

outperform isotropic nanoparticles in hydrogenation reactions due to more favorable surface 

interactions [8]. 

Structural defects such as vacancies, grain boundaries, and dislocations play a crucial role in 

enhancing catalytic activity. These defect sites exhibit unsaturated coordination environments and 

localized electronic states, which can stabilize reaction intermediates or lower activation energy 

barriers. Similarly, atoms situated at edges and corners often possess low coordination numbers, 

making them highly reactive. Liu et al. reported that the catalytic efficiency of ceria nanopartic les 

increased dramatically with a higher density of oxygen vacancies and defect-rich surfaces, owing to 

enhanced redox properties and oxygen mobility [9]. 

Controlling the structural parameters of nanocatalysts—size, shape, and defect concentration—

enables precise tuning of their catalytic behavior. These features collectively dictate the distribution, 

nature, and density of active sites, forming the foundation of structure–activity relationships in 

heterogeneous nanocatalysis. 

2. Metal–Support Interactions 

Metal–support interactions (MSIs) are a defining feature of heterogeneous nanocatalys is , 

significantly influencing the physicochemical behavior, structural integrity, and catalytic activity of 

supported metal nanoparticles. The choice of support material, such as metal oxides (e.g., TiO₂, 

Al₂O₃, SiO₂), plays a pivotal role in determining catalyst dispersion, stability, and reactivity. These 
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oxides not only serve as physical scaffolds but also contribute to the overall catalytic mechanism 

through synergistic effects [10]. 

The dispersion of metal nanoparticles on the support surface is governed by the surface chemistry of 

the oxide, including hydroxyl group density, surface area, and porosity. For example, high-surface-

area Al₂O₃ promotes uniform distribution and prevents nanoparticle agglomeration, thereby 

maintaining high active site density. In contrast, inert supports like SiO₂ offer minimal interaction, 

which can be advantageous in reactions requiring minimal interference from the support [10]. 

A more nuanced aspect of MSI is charge transfer at the metal–support interface, which alters the 

electronic properties of the active metal sites. This phenomenon, known as electronic metal–support 

interaction (EMSI), can lead to modified d-band centers, electron density shifts, and changes in 

adsorption strength of reactants. For instance, when Pt is supported on TiO₂, strong EMSIs can lead 

to partial oxidation of Pt atoms, increasing their oxophilicity and altering reaction kinetics in 

oxidation and hydrogenation reactions [11]. These electronic interactions also affect selectivity by 

stabilizing specific reaction intermediates. 

Supports can actively participate in catalytic cycles by modifying reaction pathways, particularly in 

redox reactions. Reducible oxides like TiO₂ and CeO₂ can supply lattice oxygen or facilitate oxygen 

vacancy formation, thereby participating in Mars–van Krevelen-type mechanisms. These support-

induced modifications can lower activation barriers or open alternative pathways, resulting in 

enhanced catalytic activity. Choudhary et al. demonstrated that the catalytic activity of Pd supported 

on TiO₂ was superior to that on SiO₂ due to the involvement of TiO₂ in hydrogen spillover and oxygen 

storage during oxidation reactions [12]. 

Thus, MSIs are not merely structural aids but play an active and often dominant role in determining 

the catalytic efficiency and selectivity of nanocatalysts. Rational selection and surface modifica t ion 

of supports represent a powerful strategy for tailoring catalyst performance in heterogeneous systems.  

3. Composition Control and Bimetallic Systems 

The composition of nanocatalysts significantly impacts their activity, selectivity, and durability in 

heterogeneous reactions. Among the most effective strategies for optimizing catalytic behavior is the 

design of bimetallic systems, which combine two metals to create synergistic effects not attainable 

with monometallic catalysts. These effects stem from modifications in surface energy, electronic 

structure, and atomic arrangements, all of which can be finely tuned through alloying [13]. 

Alloying alters the surface energy landscape of the catalyst by modifying the d-band center, thus 

influencing the adsorption energy of reactants and intermediates. In many cases, the combination of 

a catalytically active metal with a second, often less active, metal leads to geometric and electronic 

alterations that improve turnover frequency, reduce activation energy, or suppress undesirable side 

reactions. For instance, alloying Pt with Pd enhances hydrogenation activity due to optimized 

hydrogen adsorption energies and modified electronic density at the surface [13]. 
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Bimetallic nanocatalysts can adopt various structural configurations including core–shell, random 

alloy (mixed), and gradient structures, each imparting unique catalytic properties. Core–shell 

architectures, where one metal coats the other, can protect the core material while leveraging surface 

electronic effects. Gradient structures, in which composition changes radially or across the 

nanoparticle, allow for graded reactivity and thermal stability. These designs are instrumental in 

tuning reactivity and resistance to deactivation or sintering during high-temperature reactions [14]. 

Practical examples of bimetallic nanocatalysts include Pt–Pd alloys for hydrogenation of unsaturated 

hydrocarbons, Au–Cu systems in CO oxidation and alcohol reforming, and Ni–Co alloys for 

oxidative dehydrogenation and biomass conversion. The Pt–Pd combination enhances catalytic life 

and selectivity due to charge redistribution at the metal–metal interface. Au–Cu catalysts demonstrate 

lower activation barriers for CO oxidation due to improved O₂ activation on the Cu-modified Au 

surface. Similarly, Ni–Co alloys are effective in hydrogen evolution and oxidation processes due to 

enhanced electron conductivity and synergistic redox behavior [15]. 

Overall, the rational design of bimetallic nanostructures offers a powerful route to engineer catalytic 

properties via compositional control. Through careful selection of metal pairs, architecture, and 

synthesis method, researchers can create catalysts tailored to specific reaction mechanisms and 

industrial requirements. 

4. Role of Facets and Crystallography 

Crystallographic facets exposed on the surface of nanocatalysts play a pivotal role in determining 

catalytic performance, especially in reactions governed by surface adsorption and electron transfer. 

Each surface facet, defined by its Miller index ({111}, {100}, {110}, etc.), exhibits a distinct atomic 

arrangement, coordination number, and surface energy—factors that directly influence reactivity, 

selectivity, and stability during heterogeneous catalysis [16]. 

The {111} facets, for instance, are generally more densely packed and thermodynamically stable, 

which often results in lower surface energy and slower catalytic rates for reactions requiring strong 

adsorption or activation of molecules. In contrast, {100} and {110} facets expose atoms with lower 

coordination numbers and more open geometries, making them more reactive but potentially less 

stable. For example, Pt{100} has shown higher turnover frequencies than Pt{111} in certain 

hydrogenation reactions due to its greater adsorption affinity for reactants [16]. 

Control over crystallographic orientation is achieved through facet-specific synthesis techniques such 

as seed-mediated growth, selective capping agents, and controlled nucleation rates. The use of halide 

ions, surfactants, or ligands during nanoparticle synthesis can preferentially stabilize certain planes 

by selectively adsorbing to them. For example, the presence of bromide ions has been used to favor 

the growth of Pd nanocubes dominated by {100} facets, whereas polyvinylpyrrolidone (PVP) assists 

in stabilizing {111} surfaces during silver nanowire growth [17]. 

The impact of facet exposure is especially significant in industrially relevant processes. In Fischer–

Tropsch synthesis (FTS), Co nanoparticles exposing the {111} facet favor chain growth and olefin 
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production, while different planes may lead to methane selectivity. In CO oxidation, the activity of 

Au nanoparticles is facet-dependent, with enhanced oxygen activation observed on {110} planes. 

Similarly, in the water-gas shift (WGS) reaction, Cu and Pt catalysts show different reaction rates 

and pathways depending on the exposed facets and their ability to stabilize intermediate species such 

as formates and carbonates [18]. 

Facet engineering enables the design of nanocatalysts with tailored surface chemistry and enhanced 

functional properties. By controlling surface crystallography, researchers can significantly improve 

the efficiency and selectivity of catalytic systems across a wide range of reactions. 

5. Support Functionalization and Catalyst Stability 

In heterogeneous nanocatalysis, the functionalization of catalyst supports is a crucial strategy to 

enhance both catalytic performance and operational stability. Supports such as carbon (graphene, 

carbon nanotubes), silica (SiO₂), and alumina (Al₂O₃) are commonly used for their structural rigid ity 

and high surface areas. However, the chemical and physical characteristics of these materials can be 

substantially improved through surface modification with functional groups, thereby promoting 

strong metal anchoring, dispersion, and catalytic synergy [19]. 

For carbon-based supports, oxygen-containing groups (e.g., –OH, –COOH, –C=O) introduced via 

acid or plasma treatment increase hydrophilicity and provide anchoring sites for metal nanopartic les. 

These groups facilitate uniform distribution of active sites and prevent agglomeration during 

synthesis and reaction cycles. On silica supports, silanol (Si–OH) groups allow for further 

functionalization with amines, thiols, or phosphonic acids, enabling specific interactions with 

catalytic metals. Alumina supports, with their Lewis acidic sites, can also be modified to enhance 

metal–support binding and catalytic compatibility in acid-catalyzed transformations. 

Thermal and chemical stability under reaction conditions is another major determinant of catalytic 

lifetime. Supports must withstand high temperatures, redox environments, and potential poisoning by 

reactants or intermediates. Functionalized mesoporous silica and doped alumina have shown 

enhanced thermal resistance due to controlled porosity and stable surface chemistry. Moreover, 

surface modifications can create barrier layers that inhibit sintering, a process where nanopartic les 

agglomerate and lose surface area—commonly observed under prolonged high-tempera ture 

operations. 

An essential characteristic of practical catalysts is reusability, which depends heavily on both the 

chemical integrity of the support and its ability to retain active metal particles. Reusability tests 

typically involve repeated catalytic cycles, and functionalized supports often exhibit superior 

sintering resistance due to strong metal–support interactions and surface confinement effects. For 

instance, amine-functionalized mesoporous silica supports have shown over 90% activity retention 

after five hydrogenation cycles with Pd nanoparticles, attributed to stable anchoring and minimal 

leaching [19]. 
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The engineering of support materials through chemical functionalization not only enhances catalytic 

activity but also improves resistance to thermal degradation, chemical attack, and deactivation—

critical factors for industrial-scale deployment. 

6. Future Trends and Green Applications 

As the global community shifts toward sustainable chemical manufacturing and environmenta l 

remediation, nanocatalysis is poised to play a central role in driving green transformations. Future 

directions in heterogeneous catalysis are increasingly focused on the development of nanocatalysts 

for CO₂ reduction and N₂ fixation, leveraging renewable energy inputs such as sunlight or electric ity. 

These catalytic processes aim to convert greenhouse gases and inert atmospheric nitrogen into 

valuable fuels and chemicals, contributing to a circular carbon economy and sustainable fertilizer 

production. 

CO₂ reduction reactions (CO₂RR) catalyzed by nanostructured metals (e.g., Cu, Ag, Au) or metal–

organic frameworks (MOFs) can selectively yield products like methanol, ethylene, and carbon 

monoxide. Similarly, photocatalytic nitrogen fixation offers a clean route to ammonia synthesis under 

ambient conditions, potentially replacing the energy-intensive Haber–Bosch process. Nanocatalysts 

with plasmonic or semiconductor properties (e.g., TiO₂, g-C₃N₄, doped ZnO) are being optimized for 

these solar-driven applications through bandgap tuning, facet engineering, and defect modulation. 

A key strategy for next-generation applications involves the integration of nanocatalysts with 

photocatalysis and electrocatalysis platforms, enabling synergistic enhancements in catalytic 

performance. In photocatalysis, the absorption of solar photons generates charge carriers that can be 

directed toward catalytic sites for redox reactions. Coupling nanocatalysts with photoactive supports 

(e.g., CdS, BiVO₄) or co-catalysts (e.g., Pt, Ru) facilitates charge separation and improves quantum 

efficiency. In electrocatalysis, structure-engineered electrodes using bimetallic or core–shell 

nanoparticles provide low overpotentials and high turnover frequencies for fuel-forming reactions 

like hydrogen evolution, oxygen evolution, and CO₂RR. 

Another transformative trend is the use of in-situ and operando characterization techniques to monitor 

catalyst behavior under real reaction conditions. Methods such as X-ray absorption spectroscopy 

(XAS), environmental TEM, and operando FTIR allow researchers to directly observe structural 

changes, intermediate formation, and degradation pathways in real time. These insights inform 

rational design and improve understanding of dynamic surface chemistry. 

AI-driven catalyst design is emerging as a revolutionary approach to accelerate discovery and 

optimization. Machine learning algorithms trained on computational and experimental datasets can 

predict optimal catalyst compositions, structures, and reaction conditions with unprecedented speed. 

This data-driven paradigm complements traditional trial-and-error methods and aligns with the 

growing demand for efficient, low-cost, and environmentally benign catalysts [20]. 
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Figures and Charts 

 

• Figure 1: Line Graph – Catalytic Activity vs. Nanoparticle Size  

• Shows inverse relationship between particle size and TOF (turnover frequency) 

 

• Figure 2: Bar Chart – Conversion Efficiency of Monometallic vs. Bimetallic Catalysts 

• Pt, Pd, Ni-Co, and Au-Cu systems compared in CO oxidation 

 

• Figure 3: Surface Model Diagrams – Atomic Arrangement on {111} vs. {100} Planes  

• Shows facet-dependent atom density 
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• Figure 4: Pie Chart – Distribution of Common Supports in Nanocatalyst Research 

(2024) 

• TiO₂, Al₂O₃, CeO₂, SiO₂, Carbon 

 

• Figure 5: Heatmap – Reactivity vs. Support Type and Functionalization 

• Reactivity trends for hydrogenation and oxidation reactions on different supports 

Summary 

The field of nanocatalysis has advanced rapidly due to growing understanding of the structure –

activity relationships (SARs) that govern catalytic behavior. Key determinants such as particle size, 

morphology, crystallographic orientation, and metal-support interactions critically influence the 

performance of nanocatalysts in heterogeneous systems. Bimetallic systems and facet-engineered 

nanostructures further enable tunable reactivity and enhanced selectivity. As catalytic applications 

expand to sustainable processes like CO₂ utilization and green hydrogen production, the design of 

nanocatalysts using SAR principles will become increasingly pivotal. The integration of advanced 

synthesis methods, computational modeling, and AI tools holds the promise for accelerating the 

development of next-generation catalysts. 
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