
 
DOI: to be inserted by editorial office  Page 1  ©AUTHOR(S) 

 

A Platinum Open Access Journal 

for Organic Chemistry 
Review 

Free to Authors and Readers DOAJ Seal 
Arkivoc 2026, part __, 0-0 

to be inserted by editorial office 

 

Supported gold nanoparticles – synthesis, characterization and applications in 
the multistep synthesis of valuable chemicals  

 

Kristina Plevova* and Sylvain Antoniotti  

 

Université Côte d’Azur, CNRS, Institut de Chimie de Nice 

Parc Valrose, 06108 Nice cedex 2, FRANCE  

Email: kristina.plevova@univ-cotedazur.fr  

 
Received   mm-dd-yyyy Accepted   mm-dd-yyyy Published on line   mm-dd-yyyy 

Dates to be inserted by editorial office 

 

Abstract 

Supported gold nanoparticles have emerged as powerful catalysts for complex multistep transformations. This 

review discusses synthetic approaches for preparing supported gold nanoparticles, as well as key methods used 

to characterize the particle sizes and morphologies, the metal–support interactions and the degree of oxidation. 

The impact of these factors on catalytic activity is also discussed. Special attention is then given to their 

application in multistep synthesis. Current challenges and perspectives for their use in complex synthetic 

processes are also discussed.   
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1. Introduction  
 

Supported gold nanoparticles (Au NPs) have attracted attention in recent decades as a class of highly 

active heterogeneous catalysts for a wide range of chemical transformations, uniting the fields of nanoscience, 

catalysis, and the development of synthetic methods in organic synthesis. Historically, bulk gold was considered 

catalytically inert due to its noble metal character,1 but this interpretation dramatically changed after 

pioneering studies showed that nanogold particles with sizes below 5 nm could exhibit remarkable catalytical 

activity, mainly in oxidation and reduction reactions.2-6  

Supported Au NPs have been successfully applied in different chemical transformations such as selective 

oxidation,3, 7-11 hydrogenation,12-14 the water-gas shift reaction,15-17 acetylene hydrochlorination,18-19 C–C 

coupling reactions,20-22 reduction of NO to N2,23-24 direct synthesis of H2O2
6 and several others.25-28 More 

recently, they have also found applications in more sophisticated tandem processes. The high catalytic activity 

of supported Au NPs, often occurring under relatively mild reaction conditions, as compared with conventional 

heterogeneous processes, combined with a high recyclability potential, make them very attractive for 

sustainable and green chemistry applications. 

Although several review articles have previously discussed the synthesis, characterization, and catalytic 

properties of supported Au NPs, most of them focusing mainly on catalyst preparation, the role of the support, 

or individual catalytic transformations. Less attention has been paid to the use of supported Au NPs in one-pot 

and/or tandem multistep organic synthesis approaches to synthesize value-added chemicals. During the last 

decade, significant progress has been achieved in the rational design of supported Au NPs catalysts, advanced 

characterization methods, and the understanding of synergistic interactions between active sites, which has 

enabled increasingly efficient tandem and multicatalytic transformations. The present review, provides a 

comprehensive overview of the synthesis and characterization of supported Au NPs, discusses the different 

factors that can influence their catalytic activity and highlights their applications in one-pot and/or tandem 

multistep organic synthesis of valuable chemical molecules. It therefore fills an important gap in the current 

literature and identifies opportunities for the further development of Au-based heterogeneous catalysts.  

 

2. Synthesis of Supported Gold Nanoparticles 

 

Gold nanoparticles (Au NPs), can be synthesized using three main approaches could be used: 1) 

chemical,29 2) physical30 and 3) biological methods.31-32 To increase the thermal or chemical stability of Au NPs, 

different inorganic compounds have been used as effective supports. 

Many metal nanoparticles supported on various inorganic supports are commercially available, but can 

also be easily obtained by using reported preparation methods.33-34 Various inorganic compounds have been 

employed as effective supports for the preparation and stabilization of Au NPs, including titanium oxide, 

alumina, cerium oxide, magnesium oxide, silica, ferric oxide or zeolites. Resins and polymers can also be used 

as organic supports, although their physicochemical binding properties are different.  

Several preparation methods can be applied to synthesize Au NPs on these supports, and the most 

important approaches found in the literature are: 1. Impregnation, 2. Sol-Immobilization, 3. Co-Precipitation, 4. 

Deposition and Precipitation, 5. Liquid-Phase Reductive Deposition, 6. Photochemical Deposition, 7. Ion-

Exchange, 8. Ultrasonication.  

 

2.1 Impregnation, double impregnation, wet impregnation and incipient wetness impregnation techniques  



Arkivoc 2026, part _, 0-0    Plevova K. et al. 

 

 Page 4  ©AUTHOR(S) 

Impregnation methods are among the most commonly used methods for the synthesis of supported 

metal nanoparticles, mainly because of their versatility, simplicity and low cost. First, a solution of metal salt 

(HAuCl4, AuCl3, Au2Cl6) is prepared, followed by impregnation onto the solid inorganic support and then slow 

evaporation of the solvent. Another variant is incipient wetness impregnation.35 In this method, the metal-

containing solution (aqueous or organic) is added to a support with a well-defined pore size and then capillary 

forces drive metal nanoparticles into the pores. Unfortunately, because calcination does not produce a good 

dispersion, the gold salts interact only weakly with the support. In addition, the particles suffer from severe 

agglomeration and side reactions, due to the presence of chloride ions in the support. Gold and chloride ions 

combine to form bridges, which favors the growth of relatively large particles (>400 nm), making conventional 

impregnation methods not particularly suitable for catalysis, because the prepared Au NPs are likely inactive. 

Therefore, an alternative two-step impregnation method was developed for gold supported on Al2O3.36 The gold 

precursor is adsorbed on Al2O3 from an acidified solution and, after washing to remove the excess gold salt, the 

final solid is treated with a strong base. Following this treatment, no chloride remains in the solid material 

because it is all converted to an adsorbed hydroxide. Small gold nanoparticles (average diameter of 2.4 nm) 

prepared in this way showed better catalytical activity.  

The double impregnation method is another economically and environmentally friendly alternative for 

preparation of highly active supported gold nanoparticles. Bowker and co-authors,37-38 first used this method 

for preparation of Au NPs supported on TiO2. The method was later used by other authors, for preparation of 

Au NPs supported on metal oxides or carbon materials.34, 39-40  

 

2.2 Sol-Immobilization  

The sol-immobilization technique uses colloidal gold prepared by reduction of tetrachloroauric acid by 

NaBH4, citric acid or other reducing agents, and then deposited on a metal oxides or carbon support.41 To 

achieve a good dispersion of the colloidal gold, it can be prepared in solution in the presence of stabilizing ligands 

such as amines, thiols or a polymer such as polyvinylpyrrolidone.42-51 The presence of these ligands provides 

some degree of control over the shape and size of the newly formed nanoparticles. To effectively prepare the 

heterogenous catalyst and stabilize the formed nanoparticles, an excess of ligands is used. After deposition of 

colloids on the surface of the inorganic support, the ligands have to be removed, as they can block catalytically 

active sites of metal nanoparticles.52 Generally, they can be removed by decomposition at high temperatures 

(300 °C)51 or by using of UV light or ozone or by solvothermal treatment.53 Different types of heterogenous 

catalyst, for example 1% Au/C, have been prepared using this method.51  

 

2.3 Co-Precipitation  

Co-precipitation is one of the simplest and oldest methods3 used for the preparation of supported Au 

NPs and it remains widely used today.54 This method was first used in 1987 by Haruta's group,3 by mixing of 

HAuCl4, sodium carbonate and iron nitrate, leading to the formation of small size gold nanoparticles supported 

on Fe2O3. This prepared catalyst then surprisingly showed catalytic activity for the oxidation of carbon monoxide 

at a temperature below 0 °C, which had never been described before due to the low affinity of gold for CO 

absorption at temperatures below 200 °C.55,56  

 

2.4 Deposition-Precipitation  

This method was first used by the Haruta group in 1991.57 Firstly, a mixture of an insoluble oxide support 

and HAuCl4 was prepared, followed by the addition of an inorganic base (e.g. NaOH or Na2CO3) or urea, which 

leads to a rapid change in the pH of the solution. This change in the pH value allows the precipitation of target 
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active hydroxide species that are anchored to the surface of the support. The prepared sample is then submitted 

to a final treatment sequence of washing, filtration and final reduction of Au(III) ions into Au NPs under a flow 

of H2. This method led to the preparation of highly dispersed nanoparticles with small sizes (2-3 nm) mainly 

located at the support surface. Metal oxides may be used as the support, but zeolites and activated carbons are 

not well tolerated.58,59 Although if it is a relatively old method for the preparation of supported Au NPs, it is still 

widely used nowadays.60-62  

 

2.5 Liquid-Phase Reductive Deposition  

This method, first reported by Sunagawa et al., involves mixing an aqueous solution of HAuCl4 as the gold 

precursor with NaOH.63 Later, this procedure also involved the preparation of colloidal gold by the well-

described methods of Turkevich-Frens and Brust-Schiffrin.64 The reductive deposition begins with the 

adsorption of gold ions onto the surface of the supports where reduction then occurs. The most critical step in 

this technique is the initial adsorption step. Key factors include precise control of the metal complex precursor 

through adjustment of the solution conditions. Other factors such as the storage of the suspension until 

equilibrium is reached and aging under controlled temperature conditions also play an important role. Reductive 

deposition has also subsequently been used for the preparation of gold nanoparticles supported on other 

inorganic supports.65  

 

2.6 Photochemical Deposition  

The deposition of metals on semiconductor materials generally occurs via a mechanism involving the 

reduction of metal ions by conduction band electrons. In some cases, the efficiency of this method can be 

improved by the use of electron donors such as formaldehyde, methanol, or 2-propanol, which act as continuous 

sources of electrons upon oxidation. Photodeposition takes place at the photoexcited sites, leading to an 

enhanced dispersion. Usually, the gold salt is dissolved in a mixture of water, the sacrificial electron donor and 

the chosen support. Then the mixture is sonicated and irradiated with a UV-lamp with a photodeposition 

wavelength of 365 nm.60  

 

2.7 Ion-Exchange  

The principle of this method relies on ion exchange between a support and gold ions. This approach is 

particularly effective for zeolites, but introducing the catalytically active species into the internal cavities of these 

materials presents certain difficulties. These difficulties mainly arise from the limited availability of suitable 

cations or cationic complexes capable of accessing the zeolite framework.66 Still, a wide variety of Au/zeolite 

systems have been successfully prepared by using this strategy.67  

Pitchon and co-workers developed a novel method for the synthesis of supported gold catalysts. The method is 

based on the direct anionic exchange (DAE) between gold species and hydroxyl groups present on the support 

surface68, 69 In this approach, an aqueous HAuCl₄ solution is added to the support and is heated to 70 °C. The 

resulting slurry is subsequently filtered, washed with warm water, dried overnight at 120 °C, and calcined under 

air at 300 °C for 4 h. To ensure complete removal of chloride ions, the dried catalyst is further washed with a 

concentrated ammonia solution. However, this treatment may pose safety concerns, as the reaction between 

gold oxide and ammonia can lead to the formation of fulminating gold, a highly explosive compound.70 

 

2.8 Ultrasonication  

This method is somehow analogous to photodeposition, but the sample is subjected to ultrasonic 

treatment instead of light irradiation.71 The procedure was discovered serendipitously during attempts to 
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prepare gold nanoparticles on ZnO via photodeposition. In this study, the ZnO support was synthesized by 

chemical vapor deposition following a previously reported procedure.72 The Au/ZnO suspension was left under 

sonication longer than required, and after this extended sonication period, the mixture exhibited a deep purple 

coloration, similar to that observed for samples prepared by other deposition methods. After isolation, the 

resulting material was analyzed by TEM imaging and tested in CO oxidation. It turned out to be the most active 

catalyst for CO oxidation. Ultrasonication was later used for preparation of Au-NPs supported on Fe2O3,73 MgO,74 

CuO, NiO, La2O3, and Y2O3.  

 

 

3. Parameters influencing the activity of gold nanoparticles 
 

Many different factors influence the catalytic activity of supported gold nanoparticles. These include the 

particle size and shape, the structure of the surface and presence of oxidized gold atoms, and the interaction 

between the gold and the support. These factors can be controlled by the type of preparation method and the 

conditions. The most significant factors are discussed below.  

 

3.1 Size, shape and surface structure of Au NPs 

In general, the catalytic activity of Au NPs increases as their size decreases. The reason is twofold: firstly 

the specific surface area increases as the size decreases. Secondly, and particularly in the case of spherical NPs, 

the rugosity of the surface increases with decreasing diameter, with terraces, edges and corners, and 

singularized atoms exhibiting discrete catalytic activity.75 The influence of all these factors of catalytical activity 

was investigated in detail by Toshima76 and was also clearly demonstrated in Haruta’s work on low temperature 

oxidation of CO to CO2.3 The influence of gold nanoparticle size on the catalytic dehydrogenation of benzyl 

alcohol was also studied in oxidative (with O₂) and non-oxidative (without O₂) dehydrogenation reactions.77 Gold 

nanoparticles supported on hydrotalcite (Au/HT) with sizes ranging from approximately 2 to 20 nm were 

synthesized and evaluated. The results obtained demonstrated a strong, size-dependent catalytic activity, with 

smaller Au nanoparticles exhibiting significantly higher activity, particularly in the non-oxidative reaction. The 

study showed that low-coordination surface atoms, such as edge and corner atoms, are the most active sites 

for benzyl alcohol dehydrogenation. In oxidative conditions, oxygen facilitates the reaction, allowing a larger 

fraction of surface atoms to participate, whereas in non-oxidative conditions the reaction is mainly restricted to 

edge and corner sites. 

Gold and other noble metals tend to form spherical particles, due to the high symmetry of this 

arrangement of the metal atoms and to minimize the surface area energy. Nanoparticles most commonly exhibit 

morphologies ranging from quasi-spherical to highly faceted shapes, typically cubic or octahedral. However, 

small nanoparticles with sizes below 20 nm do not always adopt their equilibrium shape. In this case, multi-

twinned nanoparticles (MTPs) with five-fold symmetry are also observed.78 It is important to note that 

controlling the morphology of the synthetized Au NPs is not simple. The morphology depends on various factors 

such as the type of support, presence of defects or impurities.79  

 

3.2 Oxidation state of Au NPs 

The degree of oxidation of catalytically active gold is even today not well understood. Different types of 

catalytically active species have been proposed, such as small metallic clusters of Au(0), cationic gold species 

(Au(I) and/or Au(III)) and anionic gold species.80-83 The oxidation degree of Au NPs is influenced by many factors, 

mainly the type of support. The work of Kowalski 84 and his team showed that the oxidation degree of Au NPs 
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changes depending on how the gold is adsorbed on the support. For example, gold atoms adsorbed at a bridge 

site between the surface oxygen and first-layer titanium ions do not change the oxidation state of titanium (Ti4+). 

If gold is adsorbed on top of oxygen atoms, charge transfer from metal to surface occurs, leading to the reduction 

of second-layer titanium ions (Ti3+) and thus to the formation of a positive charge on the gold (Auδ+). In 

conclusion, the site at which the gold atoms are adsorbed and the nature of the supports are very important for 

the oxidation degree of Au NPs.85 

 

3.3 Interaction with the support 

The influence of the support on the catalytic activity of gold nanoparticles is widely described.33, 86-90 It is 

known that the support directly affects the electronic structure, stability, and thus catalytic properties of the 

supported gold nanoparticles. Rather than serving as an inert carrier, the support actively participates in the 

catalytic process by enabling charge transfer with the gold particles and stabilizing specific oxidation states.91 

Additionally, the nature of the support impacts particle dispersion and resistance to sintering. Strong interactions 

between the gold and the support also modify the electronic properties of the supported metal. The catalytic 

active sites are often located at the interface between gold and the support. Reducible oxide supports can supply 

oxygen and facilitate key reaction steps. In the literature, the influence on the support is mainly discussed for 

important reactions such as CO oxidation, alcohol oxidation, or the water–gas shift reaction.91 The literature also 

shows that the preparation method significantly affects the final performance of the prepared catalyst. On the 

other hand, dynamic changes under reaction conditions complicate our understanding of the mechanisms. 

Multiple reaction pathways may coexist depending on the system. Overall, the synergy between the gold 

nanoparticles and their supports determines catalytic efficiency and selectivity. 

 

4. Characterization of supported gold nanoparticles 

 

The catalytical activity of the supported Au NPs can be influenced by many parameters. Discussions in 

the literature mainly focus on the effect of the size and shape of the gold particles, the gold oxidation state and 

interactions with the support.64 Therefore, methods for in-depth characterization of supported Au NPs are 

required. A large range of characterization techniques is available to examine and classify these catalysts.92 

Various techniques can be used, depending on which types of characteristics are relevant. For example, 

techniques such as energy-dispersive X-ray spectroscopy (EDX), X-ray fluorescence (XRF) spectrometry and 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) are used to determine the elemental 

composition of the gold catalyst. This is important because other metals, even impurities, can play a role in the 

catalytic activity. In addition, in the case of bimetallic NPs, synergies in the catalytic activity of the nanoparticles 

result in high catalytic activity and efficiency.93 Structural characteristics can be obtained using ultraviolet-visible 

spectroscopy (UV-Vis), vibrational spectroscopy or neutron diffraction. The shape and the size of gold catalysts 

can be obtained using scanning electron microscopy (SEM), transmission electron microscopy (TEM), dynamic 

light scattering (DLS) or variable-angle high-angle annular dark-field (HAADF) imaging down to a certain size. 

And finally, surface and textural properties of gold catalysts can be provided by techniques based on gas 

absorption, such as X-ray photoelectron spectroscopy (XPS) or BET surface area analysis. All these techniques 

can be used separately or in combination to fully characterize the gold catalysts. We present here the most 

commonly used techniques and examples of the properties they characterize. 

 

4.1 The shape and the size of the gold catalyst 
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4.1.1 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) are microscopic techniques which are used for 

high-resolution imaging.94 Both provide information about the shape and size of gold nanoparticles, as well as 

information about the support (e.g., structure, including pores and their size). The SEM and TEM techniques are 

based on the interaction between an electron beam with a constant density electron flow and the sample under 

vacuum. When the electron beam reaches the sample, some of the electrons are transmitted and some are 

scattered. How electrons interact with sample depends on many factors such as the density and size of the 

sample or its elemental composition. 

The difference between the two techniques is based on the range of the electron energies in the beam. In the 

case of TEM, the range 80 - 300 keV is used and in the case of SEM, a lower range is used, typically 1-30 keV. 

The method selected is related to the target application. TEM is mainly used for deeper analysis of a sample, 

because it provides information not only about the size and shape of the nanoparticles, but also an accurate 

estimation of the nanoparticle homogeneity.92 The SEM, on the other hand, is used to examine the surface. In 

this case, electrons from the electron beam interact with sample and produce back-scattered electrons, 

secondary electrons and characteristic X-rays.94 All these signals are collected and provide a final image of the 

sample with resolution between 1-20 nm. 

4.1.2 Dynamic light scattering (DLS). This technique is widely used for characterization of supported Au NPs. It 

is mainly used for the determination of the size of the nanoparticles, but it is also suitable for the evaluation of 

the shape and surface modifications.92, 95 The method is based on the measurement of the hydrodynamic size 

of particles and therefore it is performed only for particles in colloidal suspension. This measurement also 

includes the physical size of the nanoparticle core, the surface coating and the solvent layer associated with the 

particle. The suspension is illuminated with a laser beam, and the light is scattered by the particles. Due to the 

Brownian motion of the particles, the intensity of the scattered light fluctuates over time. Analysis of these 

intensity fluctuations provides information about diffusion processes, allowing the calculation of the particle 

size using the Stokes–Einstein equation. Dynamic light scattering has many advantages, but one of the main 

limitations of this method is that large particles scatter much more light than small particles and even a small 

number of large particles can mask the contribution of smaller particles. 

 

4.1.3 X-Ray diffraction (XRD). This non-destructive technique provides information about the crystalline 

structure of the gold nanoparticles,92, 95 the grain size, the lattice parameters and possibly also information 

about the support. It is based on Bragg’s law and exploits the wave nature of X-rays and their interaction with a 

sample surface. The size of the gold nanoparticles can be obtained from the Scherrer equation,96 using the Full 

Width at Half Maximum (FWHM) of the most intense peak in the diffraction pattern. Values for the nanoparticle 

size thus obtained are generally in very good agreement with values obtained by TEM technique. Unfortunately, 

due to the low intensity of the diffraction peaks during XRD measurements, this technique cannot be used for 

nanoparticle sizes below 2 nm or where the metal loading is below 0.5 wt%.  

 

4.2 The surface and textural properties of the gold catalyst 

4.2.1 X-ray photoelectron spectroscopy (XPS). One of the most widely used techniques for characterization of 

nanoparticles is X-ray photoelectron spectroscopy (XPS). This technique provides a detailed characterization of 

the electronic structure, elemental composition, and oxidation state of the elements present on the surface of 

the analyzed sample. The technique is based on the photoelectric effect, a physical phenomenon arising from 

the interaction between radiation and matter and characterized by the emission of electrons from the surface 

of the metal with a characteristic wavelength.  
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For nanoparticles with a core-shell structure, a slightly different approach is required. In this case, the major 

problem is interpreting the XPS data, which requires knowledge of the chemical core and the size of the 

nanoparticles. A key challenge is converting the relative XPS intensities, which are usually expressed as a ratio 

of the intensity of photoelectrons from the shell to the intensity of photoelectrons from the core, into shell 

thicknesses. Shard published an empirical method to convert XPS intensities into shell thicknesses for spherical 

core-shell metal nanoparticles.97 X-Ray photoelectron spectroscopy can be also used to detect the oxidation 

state of Au NPs supported on CeO2, TiO2 and SiO2 synthetized by the deposition precipitation method.98,99 After 

measurement, XPS curves are obtained, showing the specific binding energy, which corresponds to the different 

contribution of the gold species. For example, a band at about 84 eV is typically attributed to Au(0), the peak 

around 85 eV is attributed to Au(I) species and the peak around 86 eV corresponds to the Au(III) species.99  

4.2.2 BET surface area analysis. The BET surface area analysis is a useful calculation method to determine the 

surface area based on N2 adsorption.100 This method is similar to the Langmuir theory of absorption, which 

explains adsorption by assuming an adsorbate behaves as an ideal gas at isothermal conditions. According to 

the model, adsorption and desorption are reversible processes. BET surface area analysis also considers 

multilayered gas molecule adsorption, which does not require completion of one layer before the formation of 

the next layer begins.101 Unfortunately, the BET method does not make it possible to differentiate between the 

catalytically active species and the support. Consequently, the metal dispersion, specific surface area of the 

active phase, and the particle size of the supported metal nanoparticles are typically evaluated by chemisorption 

techniques employing H₂, CO, or O₂ as probe molecules.102-104 Therefore, this method is highly limited by the 

properties of the support and cannot be used generally.  

 

4.3 The elemental composition of the gold catalyst 

4.3.1 X-ray spectroscopy (EDX). This is a spectroscopic technique used for elemental analysis of solid samples. 

It detects the characteristic X-rays emitted by atoms when they are stimulated by an electron beam, typically in 

a scanning electron microscope (SEM) or transmission electron microscope (TEM). It is mainly used to identify 

which elements are present in the sample, determine their relative amounts and map the spatial distribution of 

atoms, in this case gold atoms, within the material using elemental maps in STEM-EDX.  

Modern TEM-STEM machines are combined with large solid-angle EDX detectors that can even identify 

individual metal atoms or single-atom catalysts, though this requires advanced instrumentation and careful 

interpretation.89, 105 This technique provides essential data on composition, but these are unfortunately rarely 

sufficient on their own for a complete characterization of the catalyst. This method therefore has to be 

combined with other spectroscopic methods. 

4.3.2 X-ray fluorescence (XRF) spectrometry. The X-ray fluorescence spectrometry (XRF) is, like EDX, a non-

destructive analytical technique. It is widely used in materials science, geology, environmental analysis, and 

catalyst characterization, mainly to determine the elemental composition of a sample. For the analysis of metal-

based solid catalysts, it is primarily used for elemental identification, e.g., the presence of a metal, but it cannot 

be used to determine the oxidation state. It is very useful method for determining the total metal content on 

supported catalysts (e.g., Au/TiO₂, Au/Al₂O₃) before and after the catalytic reaction. However, like the previous 

method, XRF is often used in combination with TEM/SEM, XPS, ICP-OES or ICP-MS techniques. 89, 105  

4.3.3 Inductively coupled plasma atomic emission spectroscopy (ICP-AES). This is a sophisticated analytical 

method used to measure and identify the elemental composition of materials. ICP-AES is well-known for its 

excellent accuracy, sensitivity and capacity for instant analysis of multiple elements in a sample. The method is 

based on the principle of atomic emission spectrometry, in which atoms and ions in an analyzed sample are 

driven to higher energy states using an inductively coupled plasma (ICP). Then, irradiated atoms release light at 
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specific wavelengths when they return to their ground state. Measured wavelengths correlate directly with the 

element's concentration in the sample.  

This method is generally used determine if there is leaching of gold species from Au NPs,106 but it can 

also be used to measure the Au loading on metal-oxide supports (TiO2, ZrO2 or CeO2).107, 108  

While this method has many benefits, including excellent sensitivity, quick analysis time and multi-element 

capabilities, it also has drawbacks, such as complex sample preparation and machine calibration requirements.  

 

 

5. Supported gold nanoparticles in the multistep synthesis of valuable chemicals 

 

Multistep catalytic reactions have attracted extensive interest because of their ability to reduce reaction 

steps, energy consumption, and waste. These types of reactions are designed for the synthesis of complex 

molecules in one operation from simple starting materials. Different terminology, such as one-pot, tandem, 

cascade, sequential or domino reaction, is used, depending on whether the reaction is inter- or intramolecular 

(Fig 1.).   

 
Fig 1. Examples of terminology for multistep catalytic reactions. 

 

However, producing highly efficient multicatalytic systems remains very challenging. The main reasons are the 

difficulty of integrating multiple active catalytic sites into one reaction and incompatibility of the different 

reaction conditions.   

 

5.1 Supported Au NPs in the multistep synthesis   

5.1.1 Synthesis of oxygen-containing compounds. Oxygen-containing heterocycles are considered as very 

valuable compounds, and they are widely found in natural products, pharmaceuticals, agrochemicals or 

compounds with olfactory properties.109 

Sophisticated oxygen-containing heterocycles can be prepared in a one-pot/2 steps sequence using 

ultrasmall gold nanoparticles via 1,6-enyne cyclodimerization followed by Diels-Alder cycloaddition.85 The study 
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reports the design, synthesis, and catalytic evaluation of gold nanoparticles (< 2 nm) enclosed in the rigid 

networks of polymantane ligands (diamondoids). Gold nanoparticles were synthesized in one step using ditopic 

diamondoids (e.g., bisadamantane or diamantane dithiols) which served as bulky stabilizers and linkers to build 

dense networks. The material was further oxidized and described as providing Au+ ions at the surface, stabilized 

by sulfinate ions generated simultaneously upon sulphur oxidation, and acting as the active species. The authors 

showed high selectivity in enyne cycloisomerization, transforming dimethyl allyl(propargyl)malonate into a 5-

membered conjugated diene with excellent regiocontrol (Scheme 1).85 Under homogeneous conditions, this 

cyclization gives various mixtures of five- and six-membered dienes 2 and 3. In the next step, the 

cycloisomerization product underwent the Diels–Alder reaction with maleic anhydride (Scheme 1). The reaction 

proceeded smoothly and the Diels-Alder product 4 was isolated in quantitative yield. This method illustrates the 

high potential of supported Au NPs for multistep transformations leading to valuable compounds. 

 

 
 

Scheme 1. Cycloisomerization of dimethylallyl(propargyl)malonate 1 using oxidized Au NPs and cascade Diels–

Alder reaction. 

 

A large portion of our research focuses on using of supported metal catalysts, including Au NPs, for 

tandem reactions. Originally, the generation of carbonyl function by oxidation reaction was investigated.12 This 

newly formed carbonyl function provides a new electrophilic center, capable of initiating cascade sequences. 

This approach was used for example in the synthesis of (±)-ortho-tetrahydrocannabinol (THC) isomers and 

analogues by using simple, naturally occurring alcohols.110 The tandem sequence involved an oxidation/double 

cyclization/Friedel-Crafts aldol arylation catalyzed by Au NPs/Al2O3 and Ti-MMT (Ti(IV)-doped montmorillonite). 

The reaction sequence was performed in two steps in batch mode or as single operation in a continuous-flow 

reactor (Scheme 2). 
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Scheme 2. Synthesis of ortho-THCs by using of continuous-flow setup (TBHP: tert-butyl hydroperoxide, BPR: 

back-pressure regulator). 

 

A sequential one-pot oxidation/hetero-Michael addition/aldolization/crotonization was then developed 

by combining supported Au NPs and base-catalysis under an O2 atmosphere. Benzylic and allylic alcohols 

derivatives were condensed with salicylaldehydes en route to substituted 2H-chromenes.111 The reaction can 

also be applied to substituted quinolines synthesis using ortho-aminobenzaldehyde. Interestingly, ortho-

aminobenzyl alcohol can be used as starting material together with an allylic alcohol, and both can be oxidized 

to their corresponding carbonyl compound in the sequence leading to quinolines via a one pot/5-step sequence 

(Scheme 3). 

 

 
 

Scheme 3. Sequential one-pot synthesis of 2H-chromene and quinoline derivatives catalyzed by Au NPs and 

organic or mineral bases. 

 

Targeting other types of chromenes, commercially available gold nanoparticles supported on TiO2 (Au 

NPs/TiO2) have been used as an efficient catalyst in tandem cyclization/reduction and 

cyclization/hydroalkoxylation reactions (Scheme 4).112  
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Scheme 4. Au NPs/TiO2 catalytic system for tandem cyclisation/reduction or cyclisation/hydroalkoxylation. 

 

Derivatives of ortho-alkynyl benzaldehyde were used as starting materials for both transformations. In 

the case of the tandem cyclization/reduction catalytic system of Au NPs/TiO2 in the presence of Hantzsch ester, 

15 examples were reported with an average yield of 70% (Scheme 3a). For tandem 

cyclization/hydroalkoxylation, the same catalytic system was used, but Hantzsch ester was replaced with MeOH 

as the nucleophile. With this tandem reaction 17 examples of 1H-isochromene derivatives were isolated in 

average yield of 85% (Scheme 3b). Notably, the reaction proceeded smoothly and led to formation of target 

compounds in an exclusively 6-endo selective manner, which was not always fully achieved in the case of 

homogenous catalysis.113 In addition, the tandem cyclization/hydroalkoxylation was also performed in a 

continuous flow reactor, scaling up the reaction by a factor of 10 without loss of efficiency. The developed 

method was then successfully applied as a key step in the total synthesis of a biologically active isochromene 

derivative.   

Supported Au NPs have also been used for the oxidative valorization of biomass-derived furfural 14 with 

aliphatic alcohols.114 This work reported the design, synthesis and characterization of Au@UiO-66-X catalysts, 

where UiO-66 is a Zr-based MOF functionalized with a hydrogen atom or different functional groups (X = H, NH₂, 

NO₂, COOH). Prepared catalysts were then tested in the oxidative transformation of furfural with methanol and 

ethanol under an O2 atmosphere (Scheme 5). In the furfural–methanol–O₂ system, the catalyst promoted 

oxidative esterification, converting furfural into methyl-2-furoate (15) with full conversion of the starting 

material and very high selectivity (Scheme 5 - Path A). On the other hand, when ethanol was used as the alcohol, 

another reaction pathway emerged. The catalyst favored an oxidative condensation reaction to form vinylogous 

products, such as furan-2-acrolein (16), through an aldol-type coupling reaction between in-situ generated 

acetaldehyde and furfural (Scheme 5 - Path B).  

 
Scheme 5. Oxidation transformation of furfural 14 with methanol or ethanol catalyzed by Au@UiO-66. 
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A tunable heterogeneous catalytic system that can selectively valorize furfural, a key biomass molecule, 

into valuable chemicals via oxidative esterification and oxidative condensation pathways using only O₂ as the 

oxidant was thus demonstrated. 

Supported Au nanoparticles on TiO₂ efficiently catalyze the tandem conversion of skipped diynones into 

γ-pyrones or N-methyl-4-pyridones, depending on the nucleophile employed.115 In aqueous dioxane, water 

initiates a hydration/6-endo-dig cyclization sequence to furnish γ-pyrones. Replacing water with aqueous 

methylamine switches the reaction pathway to hydroamination followed by Au-catalyzed 6-endo cyclization, 

leading to formation of N-methyl-4-pyridones in good yields (69–79%). We note that, unlike homogeneous Au(I) 

catalysts, the heterogeneous Au/TiO₂ catalyst completely suppresses the competing 5-exo cyclization, that 

would lead to 3(2H)-furanones, and thus exhibits excellent regioselectivity.  

5.1.2 Synthesis of nitrogen containing compounds. The amide function constitutes an essential class of 

functional groups, and amide compounds have been the focus of intensive research in the development of 

synthetic methods in organic chemistry. The amide bond is a key structural motif in the construction of complex 

organic molecules, frameworks and polymers, and peptide bonds in particular play an essential role in biological 

systems. Many different approaches can be used to synthesize amides. Kobayashi described an elegant and 

effective heterogeneous catalytic strategy to prepare amides by using simple alcohols and amines in the 

presence of molecular oxygen as the oxidant (Scheme 6a).116 This work describes the preparation of 

heterogeneous-polymer-incarcerated bimetallic Au/M nanoparticles (PICB-Au/M) and their use in the synthesis 

of amides by oxidative amination of alcohols.  

 

 
 

Scheme 6. Synthesis of amides and imines via tandem oxidative amination of alcohols. 

 

The process involves a tandem oxidation of the alcohol to the corresponding aldehyde, which 

consequently reacts with an amine in a one-pot fashion. The reaction allowed a large scope of substrates such 

as activated alcohols to be efficiently converted (e.g., benzylic, allylic, propargylic), but it was also successfully 

applied on nonactivated aliphatic alcohols leading to synthesis of 42 different amides. A significant advantage 

over other amide synthesis methods is that the only by-product is water and the catalyst can very easily be 

recycled, making this method highly green and sustainable. 

The same research team also reported a heterogeneous catalytic method for the direct aerobic oxidative 

coupling of alcohols and amines to imines using carbon-incarcerated gold/palladium (Au/Pd) alloy nanoparticles 
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(PICB-Au/Pd) and molecular oxygen (O₂) as the oxidant (Scheme 6b).117 Again, the reaction tolerated a large 

substrate scope and this method made it possible to selectively prepare 17 imines with yields in the range 58 – 

95%.   

Fang and Zhao published an improved method of synthesis of imines using Au NPs supported on 

Zn‑doped Al₂O₃ under O2 atmosphere without additive.118 The catalyst exhibited high activity and selectivity 

under mild conditions, offering a greener alternative to traditional imine synthesis. Varying the amount of Zn²⁺ 

dopant and the calcination temperature of the alumina support was crucial to tune the catalyst’s performance 

by affecting the active oxygen species on the surface and the acid–base properties and thus influencing the 

alcohol oxidation, which is the rate‑determining step. The catalyst showed a good stability and recyclability, 

maintaining the activity over multiple runs and was effective also at the gram‑scale. 

 The first synthesis of a nanostructured multifunctional catalyst was described in 2020 by Huang and 

Cao.119 The catalyst consisted of an imidazolium-based cationic covalent triazine frameworks (ICTF) host with 

Au NPs guest (Au@ICTF). It was used in a tandem deacetalisation-Knoevenagel condensation-reduction reaction 

and showed excellent catalytic activity and selectivity.  

In the process, the ICTFs exhibiting Lewis acid sites promoted the deacetalization reaction, while free 

chloride anions and triazinic N species played the role of Lewis base sites and catalyzed the Knoevenagel 

condensation reaction. The physical segregation of both Lewis acids and bases was key here in the success of 

the process avoiding self-quenching of the catalysts. In the last step, Au NPs acted as a hydrogenation catalyst 

to selectively reduce the ester function and the carbon-carbon double bond to afford the polysubstituted 

arylamines containing a b-cyanohydrin motif. 

An efficient and sustainable approach to valuable N-heterocycles were described by using of the 

oxidative cyclization of conjugated allenones with alkynylamines catalyzed by supported gold nanoparticles.120 

Reaction leaded to the synthesis of 3-keto pyridines. The supported Au NPs catalyst enabled the selective 

construction of the pyridine core under mild oxidative conditions while exhibiting broad substrate scope and 

good functional group tolerance. The methodology represents an attractive alternative to conventional 

homogeneous gold catalysis, combining high catalytic efficiency with the practical advantages of catalyst 

recovery and recyclability.  

  

5.2 Supported Au NPs-enzyme hybrids in the multistep synthesis.  

As an alternative to classical supported Au NPs catalysis for tandem reactions, nanoparticles were 

combined with enzymes to produce chemoenzymatic cascade reactions. This type of hybrid material showed a 

dual catalytic activity, namely enzymatic and metal-mediated. The design, synthesis and catalytic evaluation of 

novel hybrid catalysts composed of Ag or Au NPs integrated with lipase or enzyme–polymer conjugates in 

aqueous media at room temperature has been reported (Scheme 7).121 Lipase B from Candida antarctica (CALB) 

or enzyme–polymer conjugates served as biotemplates and stabilizing scaffolds for the nanoparticles. The 

structure and size of the nanobiohybrids varied significantly depending on pH and the nature of the protein or 

bioconjugate used.  
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Scheme 7. Synthesis of enantioenriched O-heterocycles via Au NP–enzyme–polymer hybrids. 

 

Au NPs or Au NPs–enzyme–polymer hybrids efficiently converted allenic substrates 21 into 

enantioenriched O-heterocycles with high stereoselectivity by merging lipase-catalyzed kinetic resolution with 

metal-catalyzed cyclization. This approach opens new opportunities for developing other one-pot 

chemoenzymatic cascade reactions and illustrates how protein–polymer scaffolds can control nanoparticle 

formation. 

Another interesting group of supported gold nanoparticles used for tandem reactions are nanozymes, 

which are nanoparticles (NPs) that exhibit enzyme-like properties. Generally, they overcome the drawbacks of 

natural enzymes, such as easy deactivation, high cost, or poor recyclability, and they thus constitue highly 

promising alternatives. This concept of artifical nanozyme was used in cascade reactions of involving glucose- 

oxidative phosphorylation.122 Silica microspheres containing encapsulated gold nanoparticles acted as 

nanozymes which catalyzed two enzymatic-like steps: (i) the oxidation of glucose to gluconic acid and (ii) the 

reduction of oxygen. The final catalytic cascade reaction produced a proton gradient across the microsphere 

membrane that drove natural ATP synthase, reconstituted on the surface, to synthesize ATP from ADP and 

inorganic phosphate. 

The hybrid assembly exhibited a high activity for oxidative phosphorylation, approaching the efficiency 

of cellular mitochondria, and thus provided a prototype for bioenergy conversion systems that integrate 

artificial catalysts with biological machinery. 

In another study, a glucose oxidase (GOD)-like catalytic mechanism with different noble metal 

nanozymes was reported, providing fundamental insights into how metal nanoparticles mimic enzymatic 

glucose oxidation.123 The authors performed a study of Au, Pt, Pd, Ru, Rh, and Ir nanoparticles as oxidants and 

demonstrated that glucose oxidation proceeds through a two-step mechanism involving : (i) glucose 

dehydrogenation on the metal surface and (ii) oxygen reduction. Notably, Au NPs behaved similarly to the GOD-

like catalyzed pathway by catalyzing the two-electron reduction of O₂ to H₂O₂, whereas other noble metals, such 

as platinum, palladium, ruthenium, rhodium, and iridium preferentially reduced O₂ to H₂O via multi-electron 

pathways.  

It is also well known that “naked” Au NPs, without protective ligands or supports of any kind, have 

glucose oxidase- and peroxidase-like activity, but their activities occur at different optimal pH values. On the 

other hand, “non-naked” Au NPs, prepared by using of a protein as a protective agent, show dual enzyme-like 

activity at the same pH, enabling a catalytic cascade (i.e., oxidation followed by a second transformation) in one 

pot.124 It is worth noting that the protein as the protector not only stabilizes the GOD-like function, but also 

allows further surface modification without loss of the catalytical activity.  

A similar study based on the use of biogenic gold nanoparticles to produce a multienzyme cascade 

reaction was published.125 
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The Au NPs act as an artificial enzymes, which are capable of catalyzing a cascade reaction analogous to an 

enzyme system. Firstly, glucose is oxidized to generate gluconic acid and hydrogen peroxide (H₂O₂), 

mimicking glucose oxidase activity. In the next step, hydrogen peroxide is used, and nanoparticles oxidize 

chromogenic substrates such as 3,3′,5,5′-tetramethylbenzidine (TMB), mimicking a peroxidase-like activity.  

All publications dealing with the usie of nanozymes demonstrate its high potential for applications in 

biosensing, immunoassays and medical diagnostics.  

 

5.3 Bimetallic Au NPs in the multistep synthesis   

The first direct olefination of alcohols through a tandem one-pot oxidation followed by HWE reaction 

using heterogeneous bimetallic Au/Pd NPs as the catalyst was described by Kobayashi.126 In this work, 

heterogenous nanoparticles were used effectively in a multistep cascade reaction combining an oxidation step 

and a C-C bond formation to achieve a one-pot stereoselective synthesis under aqueous and aerobic conditions. 

The system integrates the individual steps of a synthetic sequence, each catalyzed by a tailored metal 

nanoparticle. The robust nanocomposite PI/CB-Au/Pd catalyst (PI/CB = polymer incarcerated carbon black) was 

used in a tandem aerobic oxidation–HWE reaction (Scheme 8). A large scope of substrates were tested, including 

benzyl alcohols substituted with electron-withdrawing and electron-donating groups, heteroaryl-substituted 

alcohols and aliphatic alcohols. The desired products were isolated in yields of 58–83% yields with excellent 

selectivity. Then a tandem process was added to the sequence, featuring an asymmetric 1,4-addition reaction 

catalyzed by chiral Rh nanoparticles. The final product was isolated in high yield and enantioselectivity (93–99% 

ee). Crucially, no intermediates had to be isolated during this tandem process and that the catalyst could be 

recycled without loss of activity.   

 
 

Scheme 8. Sequential alcohol oxidation, olefination, and asymmetric 1,4-addition reaction catalyzed by Au/Pd 

NPs and Rh NPs.  

 

The electrochemical reduction of carbon dioxide (CO₂) into multi-carbon liquid products, for example 

ethanol or n-propanol, is a major research direction in renewable energy conversion and storage. Traditionaly, 

Cu catalysts are used for this transformation but they suffer from limited selectivity. This problem was resolved 

using Au NPs deposited onto polycrystalline Cu foil, which led to the formation of a bimetallic Au/Cu composite 

electrode.127 Under electrochemical CO₂ reduction conditions, Au NPs acted as a highly active catalyst for CO 
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generation at low overpotentials and the locally high CO flux then fed adjacent Cu sites where further reduction 

and C–C coupling occured. This tandem process increased the local intermediate (*CO) concentration on Cu, 

facilitating deeper reduction to alcohols with longer carbon chains. This electrocatalytic strategy offers a 

pathway to improved selectivity and efficiency in producing higher-value liquid fuels from CO₂. 

The Suzuki cross-coupling reaction is one of the most useful tools for the formation of C–C bonds and it 

plays significant role in organic synthesis. This reaction often requires very often elevated temperatures and 

additional stoichiometric reagents, however. A greener and sustainable alternative has been reported using 

solar energy to efficiently achieve the desired transformation (Scheme 9). A visible-light-induced photocatalytic 

Suzuki cross-coupling reaction was thus reported by using AuPd alloy NPs supported on spherical SiO2.128 Various 

arylhalides and phenylboronic acids were used, demonstrating that this method is applicable to a wide range of 

substrates. More than 15 examples of Suzuki cross-coupling reaction products were isolated in moderate to 

excellent yields (48-91%) with high selectivities (> 98%). 

 

 
 

Scheme 9. Photocatalyzed Suzuki cross-coupling reaction catalysed by AuPd NPs/SiO2.  

 

This work was conceptually distinct from conventional strategies that tune the optical absorption 

properties of plasmonic Au or AuPd nanoparticles through variations in particle size and morphology, 

introducing an alternative approach based on a near-field scattering–promoted optical absorption model. 

This strategy can be further extended to manipulate and enhance the light-harvesting capability of AuPd alloy 

nanoparticles, as well as other bimetallic systems, thereby improving the efficiency of photo-driven Suzuki cross-

coupling and related C–C bond-forming reactions for the synthesis of high value-added chemicals. 

 

 

Conclusions 
 

Supported gold nanoparticles have emerged as a versatile and highly promising class of catalytic 

materials, demonstrating unique physicochemical properties. This review has focused on the synthesis of 

supported Au nanoparticles, highlighting the importance of preparation methods, support selection, and control 

over particle size, morphology and metal–support interactions. These parameters are critical in tailoring 

catalytic performance, stability, and selectivity. 

The application of supported gold nanoparticles in the synthesis of fine chemicals has demonstrated 

their remarkable potential in promoting cascade and tandem reactions, reducing the need for intermediate 

purification steps and enhancing overall process efficiency through both atom- and step-economy approaches. 
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Their ability to facilitate selective oxidation, reduction, and carbon–carbon bond-forming reactions under mild 

conditions makes them especially attractive for the sustainable production of high-value chemicals. 

Despite these advances, several challenges remain. These include improving catalyst durability, achieving 

precise control of active site structure, and scaling up synthesis methods while maintaining reproducibility and 

cost-effectiveness. Furthermore, a more comprehensive understanding of reaction mechanisms is still needed 

though operando analysis as well as state-of-the-art microscopy techniques, improving both magnification and 

resolution. Anticipation of catalytic properties at the surface remains complex besides elementary steps such as 

hydrogen/oxygen adsorption already widely used in redox processes. The strategy of discovery of novel 

reactivities in homogeneous conditions followed by transfer to heterogeneous conditions remains thus relevant, 

practical and scalable.  

Future research should focus on expanding the scope of the reactions and exploring synergistic effects 

in bimetallic or multifunctional systems. Considering the number of variables, the number of optimization steps, 

and the lack of deep mechanistic understanding of surface reactivities, optimum localisation by using AI 

techniques such as machine learning could fasten catalysts and conditions identification. 

In conclusion, supported gold nanoparticles represent a powerful platform for advancing green and 

efficient multistep synthesis strategies, with ever-increasing cost for gold materials thus requiring relevant 

immobilization and recycling approaches. Continued interdisciplinary efforts will be essential to fully realize 

their potential in both academic and industrial applications. 
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