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  Se tu miri ad una meta 

e durante la strada ti fermi 

per tirare pietre ad ogni cane 

che ti abbaia contro,  

non arriverai mai alla meta. 
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Abstract 
 

Along the last decades, the fields of catalysis and nanotechnology have grown side by side and 

deeply entangled to the extent of creating fruitful contact points that led to the development of 

nano-catalysis. This new field is based on the use of nanostructured materials for the design and 

development of well-defined highly active and selective catalysts with controlled properties 

exploited in manifold of chemical transformations. At the nanoscale level, the properties of a 

material are strictly related to its size and shape, hence the control of this two parameters can 

have a tremendous impact on the nanomaterial behaviour and determine its potential in catalytic 

applications. In this thesis work, the nano-catalysis philosophy was applied for the development 

of engineered catalytic nanomaterials based on transition metal nanoparticles (NPs) and 

nanoclusters (NCs). State of the art protocols and synthetic techniques were employed through 

the use of organic surfactants and ligands, combined with fine tuning of the kinetic and 

thermodynamic parameters, for the control of surface features in Pt NPs and atomicity in Pd and 

Au NCs. 

Porous multifaceted Pt NPs were designed and synthesised via wet-chemical approach meant for 

the expression of porous features characterized by extended regular planes as surface features. 

The peculiar porous structure of platinum NPs decorated with faceted crystallites arose from 

controlled growth of small seeds through progressive evolution that could be monitored by TEM 

experiments. Control experiments were performed to support the selected reaction conditions as 

the optimal in delivering the desired features and to corroborate the needful use of a defined 

surfactant mixture composition for the successful NPs formation. The property control on these 

NPs, through surface modification, was confirmed by the catalytic tests performed in 

electrochemical oxygen reduction reaction (ORR) and methanol oxidation reaction (MOR) 

achieving superior performances compared to a commercial and a non-porous benchmark 

catalysts. 

Concerning the control of properties through size engineering, Pd8/Al 2O3 catalyst was prepared 

and studied through a rational design approach, starting from the synthesis of 

Pd8(SCH2COOMe)16 complex. Unlike the conventional preparation of small metal clusters, in 

this work the atomicity control was attained by the use of organometallic chemistry. The Pd(II) 

complex, having a defined nuclearity, can provide highly active unprotected clusters once 

removal of ligands and reduction of Pd is performed. After complex deposition onto alumina by 

UV irradiation, working at low Pd concentration in order to preserve the atomicity, the pre-

catalyst was reduced at high temperature with hydrogen to deliver metallic Pd clusters. Extensive 
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characterization, through the various steps of catalyst preparation, performed by TEM, XPS and  

EXAFS, confirmed the small size of the clusters and their metallic nature. The nanostructured 

catalyst was used in Suzuki coupling reactions of aryl bromides and phenylboronic acid, 

resulting in very high activity and selectivity. Additionally, the catalyst was able to deliver 

substituted biphenyls with great tolerance toward the use of various substituted bromobenzenes 

and demonstrated enhanced stability as evinced by the recycling and leaching tests. 

Lastly, atomically precise Au NCs were applied in the preparation of photocatalysts to exploit 

their potential in the production of hydrogen from ethanol. Au NCs with different atomicity were 

employed in order to study their size influence on the activity. At the sub-nanometric level, the 

electronic properties of Au NCs have a non-monotonic oscillation that consequently can 

influence the performance of a catalyst, thus studies on the size/activity relationship are pivotal 

to provide a deeper understanding of the behaviour of such metal nanoobjects in catalysis. In this 

study Au11, Au18, Au23 and Au25 thiolate and phosphine protected clusters were synthesised and 

dispersed on TiO2 by two different approaches based on UV irradiation and in situ impregnation. 

The two sets of catalysts were tested in the photocatalytic hydrogen production resulting superior 

in activity and stability toward a photodeposited Au/TiO2 benchmark catalyst. 
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Riassunto 

Negli ultimi decenni, i settori scientifici della catalisi e delle nanotecnologie si sono sviluppati 

fianco a fianco e profondamente intrecciati, arrivando a creare dei punti di contatto che hanno 

portato alla nascita della nano-catalisi. Questo nuovo settore scientifico fonda le sue radici 

sullôimpiego di materiali nanostrutturati per la progettazione e lo sviluppo di catalizzatori 

strutturalmente definiti, attivi e selettivi, utili per lôimpiego in molteplici reazioni chimiche. Su 

scala nanometrica, le proprietà di un materiale sono strettamente influenzate dalla forma e 

dimensione, che hanno un enorme impatto nel determinare il potere catalitico ed e le applicazioni 

del materiale stesso. In questo lavoro di tesi, lôapproccio della nano-catalisi è stato impiegato 

nello sviluppo di nanomateriali catalitici a base di nanoparticelle e nano-cluster dei metalli di 

transizione. Strategie sintetiche e protocolli ad hoc sono stati impiegati, insieme allôutilizzo di 

surfattanti, leganti organici ed una attenta combinazione di parametri cinetici e termodinamici 

per il controllo morfologico della superficie esposta in nanoparticelle di Pt ed il controllo 

dellôatomicit¨ in cluster di Pd e Au.  

Nanoparticelle di Pt porose e sfaccettate sono state concepite e sintetizzate attraverso lôimpiego 

di tecniche chimiche in fase liquida, atte a risaltare la porosità delle nanoparticelle e, nel 

contempo, a promuovere lôesposizione di determinati piani cristallini sulla superficie. La 

peculiare struttura porosa delle nanoparticelle, decorata da piccoli cristalliti sfaccettati, è stata 

sviluppata a partire dallôevoluzione di piccoli nuclei cristallini. Tale evoluzione durante la sintesi 

è stata monitorata tramite esperimenti di microscopia elettronica. Esperimenti di controllo sono 

stati svolti a sostegno della scelta delle condizioni di reazione adottate e a supporto della 

necessità di un appropriato rapporto OLAM/OLAC per garantire lôeffettiva riuscita della sintesi. 

Lôeffettivo controllo delle proprietà, ottenute attraverso lôingegnerizzazione della superficie delle 

nanoparticelle, ¯ stato corroborato da test catalitici sullôelettro-riduzione dellôossigeno e 

lôossidazione di metanolo, da cui è risultata una performance superiore delle nanoparticelle 

porose rispetto ad un catalizzatore commerciale ed uno non poroso. 

Riguardo il controllo di proprietà attraverso il confinamento dimensionale, un catalizzatore a 

base di cluster di palladio (Pd8/Al2O3) è stato preparato e studiato tramite un approccio di 

progettazione razionale a partire dalla sintesi del complesso Pd8(SCH2COOMe)16. A differenza 

dei convenzionali cluster metallici, in questo studio, il controllo sullôatomicit¨ ¯ stato raggiunto 

tramite lôimpiego della chimica metallorganica. Il complesso di Pd(II), avente una nuclearit¨ 

altamente definita, può essere fonte di cluster non protetti estremamente attivi dopo il processo di 

riduzione atto alla rimozione dei leganti organici e dello zolfo. In seguito alla deposizione del 

complesso, eseguita per irraggiamento di luce UV e con lôuso di basse concentrazioni di Pd in 
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modo da escludere fenomeni di aggregazione, il pre-catalizzatore è stato in seguito ridotto ad alte 

temperature in idrogeno favorendo la generazione di cluster metallici di palladio. Approfondite 

caratterizzazioni, lungo tutto il processo di preparazione del catalizzatore, sono state svolte 

tramite lôutilizzo di tecniche TEM, XPS ed EXAFS, confermando la ridotta dimensione dei 

cluster e la loro natura metallica. Il catalizzatore nanostrutturato è stato sottoposto a reazioni di 

cross coupling di Suzuki, con bromuri arilici e acido fenilboronico, mostrando una spiccata 

attività e selettività. In aggiunta, il catalizzatore si è dimostrato tollerante verso vari gruppi 

funzionali durante lôanalisi del campo di applicabilità della reazione e molto stabile nei test di 

riciclo e di disattivazione causato da rilascio di specie metalliche in fase liquida. 

Infine, cluster di oro ad atomicità precisa sono stati applicati nella preparazione di foto-

catalizzatori atti alla produzione di idrogeno da foto-ossidazione di etanolo. Questi cluster di oro 

a diversa atomicità sono stati impiegati in uno studio di correlazione attività/dimensione. Al 

livello sub-nanometrico, le proprietà elettroniche dei cluster di oro non hanno una variazione 

lineare con la dimensione e di conseguenza questo influisce notevolmente sulle performance 

catalitiche. Ne consegue che studi correlanti lôattivit¨ con la dimensione dei cluster sono 

prioritari in determinare il potere catalitico dei cluster metallici. In questo studio, i cluster Au11, 

Au18, Au23 and Au25 protetti da leganti tiolati o fosfinici, sono stati preparati ed ancorati su TiO2 

utilizzando due diversi approcci basati su irraggiamento con luce UV e impregnazione diretta. I 

due set di catalizzatori, generati dalle diverse preparazioni, sono stati infine testati per la foto-

generazione di idrogeno risultando in superiori attività e stabilità catalitiche rispetto ad un 

analogo catalizzatore foto-deposto usato come riferimento. 

 

 

 

 

  



5 

 

 

  



6 

 

Abbreviations 
 

(hkl)  Crystallographic plane/facet 

#ÍÉÎ
ÎÕ   Critical concentration for nucleation 

< hkl >  Crystallographic direction 

0-D  Zero dimension 

1-D  One dimension 

2-D  Two dimension  

Ac  Acetyl 

acac  Acetylacetonate, 1,5-pentanedionate 

API  Active pharmaceutical ingredient 

BBSH  4-tert-Butylbenzylmercaptan 

BET  BrunauerïEmmettïTeller 

BF  Bright field 

BFP  Back focal plane 

BMIM   1-butyl-3-methylimidazolium  

BP7A   Ac-ThrLeu-His-Val-Ser-Ser-Tyr-CONH2  

CN  Coordination number 

CPC  Cetylpyridinium chloride 

CTAB  Cetyltrimethylammonium bromide 

CTAC  Cetyltrimethylammonium chloride 

CVD  Chemical vapour deposition 

DABCO 1,4-Diazabicyclo[2.2.2]octane 

DDA  Dodecylamine 

DEG  Diethylene glycol 

DES  Deep eutectic solvents 

DF  Dark field 

DIPEA   N,N-Diisopropylethylamine 

DMAP  4-Dimethylaminopyridine 

DMF  Dimethylformamide  

DMSO  Dimethyl sulfoxide 

DNA  Deoxyribonucleic acid 

DOS  Density of states  

dppe  Diphenylphosphinoethane 
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dppm  Diphenylphosphinomethane 

dppo  Diphenylphosphinooctane  

dppp  Diphenylphosphinopropane 

ECSA  Electrochemical surface area 

EDTA  Ethylenediaminetetraacetate  

EDX  Energy dispersive X-ray spectroscopy 

EMA  European Medicines Agency 

EPR  Enhanced permeability and retention 

EXAFS Extended X-ray absorption fine structure 

fcc  Face centred cubic 

FDA  Food and Drug Administration 

FEG  Field emission gun 

FG  Functional group 

FT  Fourier transform 

FWHM Full width at half maximum 

HAADF High angle annular dark field 

HDA  Hexadecylamine 

Hdppa  N,N-bis(diphenylphosphino)amine  

hkl  Millerôs indexes 

HOH  Hexoctahedra(l) 

HOMO Highest occupied molecular orbital 

HPLC  High performance/pressure liquid chromatography 

HR  High resolution 

IUPAC International union of pure and applied chemistry 

LEIST  Ligand exchange-induced size transformation 

LLC(s)  Lyotropic liquid crystal(s) 

LUMO  Lowest unoccupied molecular orbital 

MA  Mass activity 

MBA  Mercaptobenzoic acid 

MOR  Methanol oxidation reaction 

MBT  Methylbenzenethiol 

MSA  Mercaptosuccinic acid 

mtet  2-Methylthioethanethiolate 

NAP  Near ambient pressure 
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NCs  Nanocluster(s) 

NHCs  N-heterocyclic carbenes 

NPs  Nanoparticles 

ODA  Octadecylamine 

OLAC  Oleic acid 

OLAM  Oleylamine  

ORR  Oxygen reduction reaction 

PAA  Polyacrylic acid  

PAM  Polyacrylamide  

PDDA  Poly(diallyldimethylammonium) chloride 

PEG  Polyethylene glycol 

PEO  Polyethylene oxide 

PET  Phenylethanethiol 

PVA  Polyvinyl alcohol  

PVDF  Polyvinylidene fluoride 

PVP  Polyvinylpyrrolidone 

S7   AcïSerïSerïPheïProïGlnïProïAsnïCONH2  

SA  Specific activity 

SAED  Selected area electron diffraction 

SAED  Selected-area electron diffraction 

SAM(s) Self-assembled monolayer(s) 

SDS  Sodium dodecylsulphate 

SEM  Scanning electron microscopy 

SERS  Surface-enhanced raman scattering 

SGH  Glutathione 

SPR  Surface plasmon resonance 

STEM  Scanning transmission electron microscopy 

T7   AcïThrïLeuïThrïThrïLeuïThrï AsnïCONH2  

TBBT  4-tert-butylbenzenethiol  

TEA  Triethylamine 

TEG  Triethylene glycol 

TEM  Transmission electron microscopy 

TetraEG Tetraethylene glycol 

TFA  Trifluoroacetate/trifluoroacetic acid 
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THH  Tetrahexahedra(l) 

TOAB  Tetraoctylammonium bromide 

TOH  Trisoctahedra(l) 

TOP  Trioctylphosphine 

TOPO  Trioctylphosphine oxide 

TPH  Trapezohedra(l) 

TTAB  Tetradecyltrimethylammonium bromide 

UHV  Ultra-high vacuum 

UV  Ultraviolet 

Vdeposition Deposition rate 

Vdiffusion Diffusion rate 

XAFS  X-ray absorption fine structure 

XANES X-ray absorption near-edge structure 

XAS  X-ray absorption spectroscopy 

XPS  X-ray photoelectron spectroscopy 

XRD  X-ray diffraction 

ɔ  Surface free energy 
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1. Introduction 
 

1.1 The importance of Nanotechnology 

For those working on nanomaterials and nanosciences field, Feynmanôs ñThereôs plenty of room at 

the bottomò lecture1 given before the America Physical Society members in 1959 is probably one of 

the most recurring examples in which the coming of the Nanotechnologies was correctly envisioned 

though with a little scepticism. While today the concept of manipulation at the nanoscale is fully 

comprehended and digested and Feynmanôs lecture is now acclaimed as visionary, back then the 

idea was somewhat futuristic because of a lack of knowledge and instrumentation limits. Luckily, 

Feynmanôs prediction has now become the everyday reality for thousands of scientists around the 

world that deal with Nanotechnology applied in different research fields. Particularly, in the last 

decades, the interest in going ñnanoò has grown exponentially  thanks to the wide range of possible 

applications in various fields. Up to now, an increasing variety of nanomaterials have found their 

way to the real world with beneficial contributions ranging from medicine2ï5 to electronics6ï9 to 

industrial processes10ï13 and other areas (Figure 1.1). Although numerous benefits of 

nanotechnology are known and divulgated by the media, such those concerning the use in 

electronics and medicine, many others remain shaded because less understood and conceptualised 

by society. 

 

Figure 1.1. Some relevant areas in which nanotechnologies have found established applications. 
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The first applications of nanotechnology were observed in the field of electronics. 6ï9 In the early 

ô60 Atalla and co-workers achieved the fabrication of a metal-semiconductor junction transistor 

based on 10 nm gold thin films.14 Years later, in search of improved transistors, IBM was able to 

develop a metal-oxide-semiconductor field-effect transistor (MOSFET) with a 10 nm tungsten 

oxide gate by the use of nano-lithography. The study of various metal based semiconductors such as 

metal-chalcogenides, quantum dots and carbonaceous nanostructures, integrated with the advent of 

new instruments for nanofabrication  (electron beam lithography, sputtering and nanoscale 

imprinting) contributed to the growth of the nano-electronics, especially during the ô90 at the 

research level.15,16 However the commercial use of transistors and sensors based on nano-sized 

circuits began only in the 2010s with their implementation in daily devices such as computers, 

smartphones and automotive vehicles. 

Medicine is also another field where nanotechnology has found room for innovative applications 

regarding treatment and/or diagnosis. Until 2016, more than 50 nanomaterial-based drug systems 

have been approved by the FDA for medical treatment in the USA while EMA has approved 48 

nano medicines for clinical trial in the EU.17 The nanomaterial-based drug systems or nano 

medicines currently used in the medicinal field differ from one another based on the formulation 

that also determines the properties related to pharmacokinetics and the enhanced permeability and 

retention (EPR) effect of the system itself.18,19 A general classification can be extrapolated from the 

carrier composition of the nano medicine which is considered the transporter for an active 

pharmaceutical ingredient (API) and, in the majority of cases, the real nanomaterial in the 

formulation. Along the years various carriers have been studied and categorized in 5 main classes: 

dendrimers,20,21 engineered nanoparticles (NPs),4,22,23 lipids (emulsions, liposomes, solid lipid 

NPs),2,24ï27 micelles and polymeric NPs.28ï31 The benefits related to the use of nano-carriers are 

many, such as: enhanced stability, targeted delivery, solubility, oral bioavailability of the API; 

longer circulation times and higher blood concentration of the drugs allow enhanced binding 

capacity to biomolecules and higher accumulation in target tissues. This resulted in an increased 

efficacy and safety concerning the use of cytotoxic drugs for cancer therapy.32 

Other sectors have also taken advantage of nanotechnologies like the food and agricultural industry 

even though the general population is not aware of that.33 Agricultural sciences have started 

studying a pool of nanomaterials for various purposes like wastewater treatment, genetic 

improvement, soil improvement, plant protection and stress tolerance. Nano-photocatalysts (TiO2 

and other metal or metal oxides) for degradation of organic and inorganic pollutants34ï37 and nano-

sorbents (carbon-based, polymeric nanostructures)38ï42 for contaminants trapping are two of the 

most privileged nanomaterials for water treatment. Plant genetic engineering has been achieved at 
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research level with promising results using nanomaterials binding DNA fragments for efficient 

transport and internalization.43,44 Typical nano-carriers studied for this purpose are metal NPs, 

carbon based nanomaterials and polymeric NPs.45ï49 A main issue in the agricultural sector is the 

extensive use of fertilizers that can lead to deterioration of the natural ecosystem50 (e.g. 

eutrophication) or to over-fertilization with toxic effects for the crop. The use of NPs as direct 

source of nutrients or as a slow-release devices have proved to be an efficient alternative to the 

direct delivery of nutrients.51 This also avoids unnecessary waste thanks to the effective retention of 

the fertilizer in the nano-system that favours a gradual delivery without compromising the plant 

vital course.52,53 Of higher concern, the extensive use of pesticides in agriculture and their 

implication with risks for the environment and the human health,54ï56 have directed researchers in 

studying new safer ways of administration. Formulations of pesticides entrapped or encapsulated in 

nano-matrixes are emerging as an efficient alternative to direct use of active ingredients.57 The 

advantages in using nano-based pesticides range from controlled release in the crop and improved 

solubility of the active components to delayed degradation of the pesticide itself.58ï63 Crop growth 

in depleted or unsuitable soils, particularly in certain global regions, is also a rising issue in 

agriculture; various nanomaterials are being studied and tested for the progress of farming in these 

difficult areas. In particular, additives based on NPs have been developed for stress resistance to 

salinity and water deficiency, CO2 assimilation and nutrient uptake enhancement.64ï66 

Food packaging is also touched by the nanotechnology expansion and growth witnessed by a 

multitude of applications in this branch. The unique properties of some nano-sized materials have 

been exploited for biodegradable packaging reinforcement with physico-mechanical properties 

improvement and for antimicrobial application increasing the safety and quality shelf life of the 

product.67,68 Worth of mention, carbohydrate-based (e.g. cellulose, chitosan)69,70 nanomaterials and 

protein (e.g. gelatin, gluten, alginate)71 based ones are privileged for packaging applications, while 

inorganic NPs (e.g. Ag, Cu, TiO2, ZnO, TiN) are used for their antimicrobial potential.72ï74 

Concerning the industrial applications, NPs and nanomaterials have been widely employed even 

before the term nano was coined, in particular in the chemical industry. One classic example is 

carbon black, which was developed in the 20th century and now serves in a manifold of industrial 

processes.75,76 Beside carbon black, other nanomaterials have been intensively used in the past and 

still nowadays applied in the manufacturing of consumer goods. Titania and metal oxide 

nanostructures are some of the many nanomaterials exploited as much as carbon black in the 

industry with a multitude of applications like textile dyes,12 UV filters,77,78 self-cleaning surfaces,79 

additives as anti-caking agents80 and of course heterogeneous catalysis.81,82 Metal NPs, along with 

being employed as catalysts83,84 in industrial chemical transformations, are also applied for other 
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purposes like the Ag NPs used for their antimicrobial properties incorporated in filters or household 

appliances.85 Likewise, Au NPs embedded in proper matrixes are used for air pollutant 

decomposition.86ï88 

The great efforts made in the field of nanotechnology are giving birth to new applications every 

year, and with a constant demand for greener, eco-friendly, and at the same time, efficient goods an 

increased interest toward nanomaterials is to be expected. 

 

1.2 Synthesis of transition metal nanoparticles and nanoclusters 

The interest in transition metal nanostructures has exponentially grown over the last decades, aided 

by the development of state of the art instruments for their characterization. Additionally, the 

possibility offered by the manipulation of size and shape of these nano-objects has further captured 

the attention of material scientists. NPs are seen as the gap fillers between bulk and molecular 

materials as they display unique properties deriving from the quantum confinement (or quantum 

size effect). The properties of metal NPs are determined by a set of parameters that include size, 

morphology and composition above the others. Indeed, when NPs with specific properties are 

needed, the researchers must consider the aforementioned parameters when designing the 

nanomaterials. For instance, in catalysis it is well known that the activity of a metal NP is related to 

its size thus by reducing the dimension an enhanced activity is observed.89ï91 Selectivity, on the 

other hand, is driven by the arrangement of the atoms on the surface, namely the shape of the NP.92ï

94 Worth of mention is the hydrogenation of benzene to cyclohexane and cyclohexene promoted by 

cuboctahedral Pt NPs while only cyclohexane is obtained when cubic NPs are employed.95  

The procedures for metal NPs preparation are many and in constant increase, however a line can be 

drawn to distinguish these procedures in two categories: top down and bottom up procedures 

(Figure 1.2). Top down approaches rely on hard physical techniques for the processing and 

reduction of bulk materials to the nanoscale. Typical techniques developed for top down production 

of nanomaterials are mechanical milling,96,97 lithography,98ï101 sputtering,102,103 electrospinning,104 

and laser ablation.105,106 Conversely, bottom up approaches combine chemical and physical 

procedures to build nanomaterials from their constituent units: atoms and/or molecules.  
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Figure 1.2. Schematic illustration of top down and bottom up approaches for NPs preparation. 

Common strategies used in the bottom up production of nano-objects are chemical vapor deposition 

(CVD),107ï109 electrodeposition,110 pyrolysis (for metal oxide NPs)111,112 and wet chemical 

procedures, including solvothermal and hydrothermal methods, sol-gel and template assisted 

methods. 113ï117 Due to extensive abundance of reported procedures and techniques for the 

production of metal NPs and NCs in literature, in this chapter, only wet chemical procedures will be 

discussed with a focus on colloidal synthesis, in accordance with the scope of the PhD project. 

 

1.2.1. Transition metal NPs with controlled morphology 

The tremendous work of material scientists in the past decades has brought to a myriad of 

procedures and methods for the synthesis of size- and shape-controlled metal NPs. Nanocrystals 

with distinctive size and shapes can be easily produced including 2-D NPs such as nanoplates and 

prisms, 1-D NPs like rods, bars and wires, and 0-D NPs with a huge variety in morphology such as 

spheres, cubes, cuboctahedrons, octahedrons, tetrahedrons, rhombododecahedrons, icosahedrons, 

stars, branched NPs, and concave ones. The great diversity in shape is governed by thermodynamic 

(surface capping agents, reduction potentials) and kinetic (temperature, stirring speed, 

concentration, foreign ions) parameters involved during the formation of such NPs. The choice and 

tuning of such parameters can drastically alter the outcome of the final NPs size and shape. For 

colloidal synthesis, three crucial steps can be outlined: nucleation, seeds formation and growth to 

the final NPs. The first step (nucleation) is particularly crucial for the definition of the product, and 

it is strongly governed by the aforementioned thermodynamics and kinetics, that at this stage are 

challenging to study and investigate which has clouded the understanding of the mechanisms 

involved during the first moments of colloidal syntheses. Nevertheless, various models have been 

developed to describe the dynamics involved in the nucleation phase like the LaMer model based 

on the synthesis of sulfur colloids.118 The model can be stretched for the interpretation of metal 

nanocrystals homogeneous nucleation (Figure 1.3). After the metal precursor is reduced, the metal 

atom concentration in solution is expected to increase over time and as the critical concentration 

value for nucleation (#ÍÉÎ
ÎÕ) is exceeded, atoms will spontaneously aggregate to form nuclei. The 
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assembly of the atoms into nuclei causes their quick decrease in concentration and, when the 

concentration falls below #ÍÉÎ
ÎÕ, homogeneous nucleation ceases. Though, if new metal precursor is 

provided in the reaction solution and new metal atoms are reduced, nucleation can be restored.  

 

Figure 1.3. Plot of atomic concentration vs time extrapolated from LaMer model for the interpretation of 

NPs formation starting from homogeneous nucleation. Adapted with permission from ref. 117 (Copyright 

2009 Wiley-VCH) and ref. 118 (Copyright 1950 American Chemical Society). 

However, only one nucleation step is recommended as multiple nucleation steps may cause size 

polydispersity due to different growth intervals. Despite the flaws and oversimplified conjectures of 

the LaMer model, it has been essential in delivering a qualitative knowledge of colloidal synthesis 

for metal NPs and useful tips for the production of monodispersed nanocrystals. However, with the 

advent of computational methods and improved instrumentations the LaMer model has been 

questioned due to the discrepancies between predicted and experimental observations. New 

unconventional mechanisms based on multiple steps nucleation were suggested, involving 

metastable liquids119 or amorphous structures120 as the intermediates in the first moments of the 

reaction. In another study, it was suggested that nucleation stage involves the formation of clusters, 

by partial reduction of the metal precursor, that gradually evolve to nuclei.121 To this point, only a 

few numbers of studies focused on nonclassical nucleation for colloidal NPs have been reported, yet 

leaving uncovered important atomistic aspects involved in the primary stage of the synthesis. On 

the other hand, in the seed-mediated colloidal synthesis, small nanocrystals (seeds), having a single 

crystal structure or well defined facets, act as heterogeneous substrate for the deposition of metal 

atoms and later growth of NPs. In this case a defined structure is already provided to which metal 

precursors in solution are reduced allowing a pre-established deposition and growth direction, thus 

avoiding the issues related to the nucleation stage. In this context, several approaches have been 



17 

 

developed for the manipulation of seed fractions that can evolve into different sizes and shapes. In a 

combined computational and experimental study, Barnard and co-workers shed light on the 

thermodynamics of Au seed evolution demonstrating a correlation of the internal crystallinity with 

the seed size (Figure 1.4A).122 Another study recognised the importance of the initial reduction rate 

for the control of twin structures in Pd seeds. Stacking-fault-lined, multiply twinned, singly twinned 

and single crystal internal structures are observed in the seeds with the increasing initial reduction 

rate (Figure 1.4B).123 

 

Figure 1.4. Phase diagram of Au seed as a function of temperature vs nanoparticle diameter (A) and 

population of Pd nanocrystals plotted vs the initial reduction rate showing the formation of plates with 

stacking faults (orange), multiply twinned icosahedra (purple) and single-crystal cuboctahedra (blue). (A) 

Adapted with permission from ref. 122. Copyright 2009 American Chemical Society. (B) Adapted with 

permission from ref. 123. Copyright 2015 American Chemical Society. 

Regardless of the approach used for the preparation of metal NPs, whether homogeneous nucleation 

or seed-mediated strategies, the material scientists must rely on the fine tuning of thermodynamic 

and kinetic parameters that govern the dynamics tangled to the morphology control. 

A thermodynamic control on NPs syntheses is based on the minimization of the global surface 

energy of the system. Atoms are arranged and packed in an ordered way driving the system to an 

equilibrium, defined by the chosen experimental parameters, leading to a defined shape. Usually, 

thermodynamic control is achieved by long aging periods of the NPs or by the temperature 

manipulation or both. In colloidal synthesis, the use of capping agents is probably the most known 

and used strategy for thermodynamic control on shaped NPs. A capping agent is defined as a 

foreign atom or molecule (which may not necessarily by incorporated in the final nanoparticle 

structure) that interacts with nanoparticle surface during all the stages of the synthesis promoting 

one growth direction with respect to the others. When a capping agent is introduced in a reaction 

system, it interacts with a specific facet lowering its specific surface energy, thus such facets will be 

predominant in the final shape of the NPs. A graphical example is represented in Figure 1.5 by the 

growth of a truncated octahedron in presence of two different capping agents that selectively 

interact with (100) and (111) facets. Naming ɔ the surface free energy, for a capping agent that 
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preferentially binds to (100) facets, the surface energy trend will be ɔ(100) < ɔ (111) with a faster 

growth rate along the <111> direction. Due to the difference in the growth rate, the nanoparticle 

surface will be enriched in (100) facets delivering cubic shaped NPs. On the other hand, the use of 

capping agents for (111) facets will minimize ɔ(111) increasing the growth rate on <100> direction to 

finally produce octahedral NPs. 

 

Figure 1.5. Schematic representation depicting the growth evolution of a fcc single-crystal influenced by 

capping agents specific for (100) facets (red) and for (111) facets (blue). Reproduced with permission from 

ref. 113. Copyright 2015 American Chemical Society. 

Contrary to the thermodynamic control, working under kinetically-controlled conditions allows the 

production of NPs with less favourable shapes, thus morphologies not having a minimized global 

surface energy. Typically, when deposition occurs, atoms are initially adsorbed on sites with high 

surface energy (the most active) and subsequently migrate or diffuse to sites having lower surface 

energy, if the system drives to a thermodynamic equilibrium. When thermodynamic equilibrium is 

not favoured, diffusion of the adsorbed atoms does not occur and the system is trapped in one of the 

local minima, not having the lowest surface free energy, giving rise to the formation of ñkinetic 

NPsò. Two main parameters influence the outcome of kinetic products: atom deposition rate 

(Vdeposition) and surface diffusion rate (Vdiffusion). For example, the growth of a cubic seed in presence 

of capping agents will take place firstly with the deposition on the highly energetic sites like corners 

and the newly adsorbed adatoms can follow two paths depending on Vdeposition and Vdiffusion (Figure 

1.6). When Vdeposition /Vdiffusion << 1, surface diffusion will prevail guiding the growth on (100) and 

(110) facets promoting thermodynamic control (Figure 1.6A). On the contrary, if Vdeposition /Vdiffusion 

>> 1, surface diffusion is neglected with respect to atom deposition rate and growth is favoured on 

the <111> under kinetic control (Figure 1.6D). An analogous discussion can be applied for the 

intermediate cases where Vdeposition /Vdiffusion is slightly above or below 1 and NPs display features 

less marked with respect to the extreme cases (Figure 1.6B, 1.6C). 



19 

 

 

Figure 1.6. Schematic representation of the shape development of cubic seeds at four different kinetic 

conditions. Reprinted with permission from ref. 113. Copyright 2015 American Chemical Society. 

 

1.2.1.1. Capping agents 

In addition to reactants, other substances can be introduced in the reaction system affecting the NPs 

morphology. Impurities, even in traces, and oxygen in the reaction environment can modulate the 

surface structure of the particles.124,125 Various additives such as cationic/anionic species, 

surfactants, macromolecules (polymers), biomolecules and organic ligands have been employed in 

the syntheses of metal NPs (Figure 1.7). Originally, surfactants, polymers and ligands were adopted 

as stabilizers for colloidal solution of NPs to avoid aggregation and only later on, their real potential 

has been disclosed as growth directing agents and as size modulators. Nowadays all these additives 

that perturb the morphology of NPs interacting with the surface are called capping agents. Capping 

agents retain an important role in colloidal synthesis as they exhibit a dual function of stabilizers 

and shaped-selective growth. They preferentially adsorb or compete for binding to different particle 

surfaces. Their primary function is facets stabilization to which they bind with the consequence of 

surface free energy minimization and modulation of growth rates of the particle.  
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Figure 1.7. Most common used capping agents for the synthesis of metal NPs grouped by categories. 

Common capping agents used in colloidal syntheses are cationic/anionic species, either organic or 

inorganic, neutral organic molecules, macromolecules (polymers) and biomolecules. Inorganic ionic 

species as capping agents have been widely reported including Ag+, Cu2+, Cl-, Br-, I- and have been 

employed for the synthesis of various metal NPs. 126ï133 The use of foreign ions as capping agents 

can influence growth and shape by facet passivation and minimization of specific surface free 

energy or by defect generation. One of the first reported examples involving the use of ions as 

capping agents was presented by Song et al. where the use of Ag+ ions at varying concentrations 

delivered cubic-, cuboctahedra- and octahedra-shaped Pt NPs. The preferential adsorption of Ag+ 

for (111) facets in Pt surfaces favoured the growth rates of cuboctahedrons, starting from cubic 

seeds, and consecutively to octahedral particles.126 Another example is the synthesis of cuboids and 

decahedrons in presence of Cu2+ ions at increasing concentration. By binding to the (111) facets, 

Cu2+ retards the growth rate along the <111> direction boosting the growth rate along <100> to 

produce cuboids. Additionally increasing the Cu2+ concentration and the global growth rate, 

decahedrons bound by the stabilized (111) facets were produced.132 Surfactants are another class of 

capping agents extensively used in the synthesis of shaped metal NPs. Regularly employed 

surfactants in particles production are cetyltrimethylammonium bromide (CTAB), 

tetraoctylammonium bromide (TOAB), sodium dodecylsulfate (SDS), 

tetradecyltrimethylammonium bromide (TTAB) and so on.95,134ï140 The use of cationic surfactants is 

predominant in the production of metal NPs, especially in aqueous solutions. For instance, the use 

of CTAB in NPs synthesis has been reported in a myriad of procedures. Palladium NPs with 

variable morphologies were reported by the use of CTAB as surfactant at increasing concentration 
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of sodium citrate. CTAB it is known to stabilize (100) Pd surfaces, thus directing metal reduction 

over (111) and (110) facets delivering cubic NPs, cuboids and eventually rods.137  Another 

interesting application concerns the synthesis of gold multipods by a seed mediated approach 

reported by Huang and co-workers. Here the authors studied the formation of branched NPs by the 

reduction of HAuCl4 with sodium citrate in presence of the surfactant SDS as capping agent. It was 

found that SDS selectively adsorbs on (110) gold facets favouring the preferential growth along 

<111> directions generating nanostructured bipods, tripods, tetra- and pentapods.135  

Organic molecules with the ability to chemisorb to metals are called ligands. In nanomaterials, these 

molecules are pivotal in various studies such as those concerning: the formation of self-assembled 

monolayers (SAMs),141 surface passivation,142,143 and stabilisation.144,145 Organic ligands feature a 

functional group able to bind the metal surface; the nature of the functional groups can vary 

depending on the application, although amines, phosphines, carboxylic acids and thiols are 

commonly used. Oleylamine (OLAM) and oleic acid (OLAC), in particular, have been broadly 

studied and applied for the colloidal synthesis of metal NP as confirmed by the large body of work 

found in literature.146,147 The individual or concomitant use of OLAM and OLAC has generated a 

variety of shaped NPs exploiting distinctive reaction conditions. Kang et al. succeeded in producing 

Pt nanocubes, Pd nanospheres and Au nanowires using OLAM and OLAC as capping agents and 

carbon monoxide for a fast reduction. The authors used different combinations of OLAM/OLAC 

ratios to selectively deliver monodispersed and well-defined nanocrystals.148 Even though these two 

organic ligands are employed in the production of low index NPs, unconventional shapes have also 

been reported. Xia et al. reported the synthesis of high-index faceted Pt NPs in presence of OLAM. 

They studied the influence of OLAM at variable concentrations on the morphology of Pt NPs. It 

was observed that by aging a solution of H2PtCl6 in dimethylformamide (DMF) at 160 °C with 

increasing concentrations of OLAM complex architectures were obtained starting from concave 

nanocubes to octapods and multibranched NPs.149 

Recently, the use of polymers as additives in the synthesis of metal NPs has increased the interest in 

the scientific community thanks to the stabilization toward aggregation and the compatibility with 

both organic and aqueous media, depending on the polymer choice. Frequently used polymers as 

capping agents are polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), polyacrylic acid (PAA), 

polyethylene oxide (PEO) and polyethylene glycol (PEG), although other more complex and 

unusual macromolecules have been used for the same purpose.150ï152 In addition to colloidal 

stabilization, polymers also act as templating agents in the NPs synthesis, and some of them can be 

used to promote directional growth. PVP it is widely used as capping agent in the production of 

nanostructures and for some metals, like Ag and Pd, it selectively adsorbs on specific facets. It has 
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been demonstrated that for Ag, PVP preferentially adsorbs on (100) facets delivering cubic shaped 

NPs.153 The selective binding of PVP to Ag (100) was also computationally confirmed.154 Similarly, 

El-Sayed and co-workers reported the use of PAA in the preparation of cubic and tetrahedral Pt 

NPs. 155 The shape selectivity was attributed to the use of the polymer at different concentrations: 

high concentrations of PAA stabilized the (111) Pt facets boosting the growth rate on the <100> 

directions thus generating tetrahedral NPs while low concentrations of PAA privileged growth on 

<111> direction resulting in cubic shaped NPs.156 

Less reported, but very attractive capping agents for morphology control of nanostructures are 

biomolecules like peptides or nucleic acids.157,158 For example, Chiu and co-workers investigated 

the use of two peptides, AcïThrïLeuïThrïThrïLeuïThrï AsnïCONH2 (T7) and AcïSerïSerïPheï

ProïGlnïProïAsnïCONH2 (S7), in the synthesis of shaped Pt NPs. They demonstrated that the 

rational design of facet specific peptides for directed growth of nanocrystals can be achieved by 

studying the adsorption energies of the combined functional groups of the single aminoacidic 

unities constituting the peptides. T7 showed preferential adsorption on (100) Pt facets giving cubic 

shaped NPs, while S7 peptide stabilized (111) Pt facets allowing the obtainment of tetrahedral NPs 

as final product.159 The use of capping agents in metal NPs production has been widely 

corroborated along the years and it is now at the basis of almost every new synthetic strategy 

adopted for morphology control at the nanoscale. However, some issues like their role in the 

primordial stages of nucleation and the post-synthetic surface preservation still need to be addressed 

and are now matter of study. 

 

1.2.1.2. Size-controlled metal NPs 

For a material to be labelled as ñnanoò it needs to have at least one of its dimensions in the range of 

1-100 nm. As previously stated, reducing a material size to the nano-regime can drastically alter its 

electronic properties. For NPs exhibiting the same dimensions, the term ñmonodisperseò is applied: 

monodispersity refers to a size dispersion (standard deviation) that is less than 15% from the 

average size value while a deviation around 20% is considered a narrow size distribution for the 

NPs. A chemical procedure that focuses on the development of monodisperse NPs or with a narrow 

size distribution is typically called size-selective synthesis. Turkevich and co-workers were the first 

to report a size-selective synthesis for the preparation of colloidal metal NPs.160 Employing the salt 

reduction method and using sodium citrate or sodium polyacrylate as stabilisers, they were able to 

reproducibly obtain monodisperse Au and Pd NPs of the desired size by exploiting different 

combinations of reducing agent and pH value.160,161 Recently, the use of capping agents have 

become pivotal for size control and avoid aggregation. Occasionally, the capping agent or stabilizer 
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can also be the reducing agent in the synthesis, this is the case of sodium citrate in the preparation 

of gold NPs.162 Sodium citrate reduces the metal salt, and at reaction completion it acts as stabilizer 

for the colloidal solution. 163 Size selectivity is an important parameter to be considered in the 

catalysis field because of the mass/specific activity relationship. This relationship strongly depends 

on the specific surface area that is inversely proportional to the size of the metal catalyst. In general, 

the size variation can affect the activity of a metal NP through two mechanisms: perturbation of the 

surface homogeneity (specifically the corner and edge atoms) and alteration of the electronic 

structure. It is well known that size reduction of a particle is accompanied by a change in the atoms 

coordination environment. For instance, when considering the nature of Au surface atoms at 

varying dimensions in an octahedral particle (Figure 1.8), a significant increase in corner and edge 

atoms is reported.164,165 This abundance of low coordination number atoms at the surface lowers the 

degree of unsaturation which is directly related to the activity of a catalyst as reaction intermediates 

are easily formed and transformed into products.166  

 

Figure 1.8. Calculated fraction of Au atoms at corners (purple), edges (green) and surface facets (orange) as 

a function of particle diameter. The calculations are performed on regular Au truncated octahedrons 

considering only the top half of the NPs. Adapted with permission from ref. 164. Copyright 2007 Springer. 

Along with mean coordination number, a change in the local electronic structure is also observed 

when altering the size of NPs. Such electronic perturbation triggers the separation of energy levels 

in the density of states (DOS) of a metal NP, especially when the size goes below a set threshold 

causing the separation of the electronic bands to the point where HOMO-LUMO gaps start to be 

appreciated and metal to non-metal transitions are observed, notably at the nanocluster regime.167,168 

Au on TiO2 system perfectly exemplifies the change of electronic properties with the size. It was 

reported that the Fermi level of this nanocomposite increases with the decrease of Au NPs size 

causing an improved photoinduced charge separation thus affecting the global activity of the 

nanomaterial.169 
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Size-selective procedures can be applied to several transition metals and also to shaped NPs, even 

though most of the examples following will treat spherical or quasi-spherical NPs as those are the 

most frequently reported in literature for size confinement methods. Monodisperse NPs have been 

manufactured using various stabilizers like polymers, ligands, surfactants and so on. The polymer 

PVP has been effectively employed in the synthesis of size-controlled metal NPs.170ï174 The size of 

the particles can be narrowed by variation of the PVP concentration following the trend of higher 

concentration, smaller particle size. For example, Pd NPs with controlled dimensions ranging from 

1.7 nm to 3 nm were obtained using PVP and alcohols as reducing agents in a one pot synthesis 

(Figure 1.9).173 The same approach was also used to produce larger Pd particles in a seed-mediated 

synthesis involving a multistep reflux procedure of the PVP-stabilized seeds.170  

 

Figure 1.9. TEM micrographs and size distribution (inset) of monodispersed Pd NPs obtained by one-pot 

synthesis refluxing an aqueous solution of H2PdCl4 with PVP in water and ethanol for 15 min (A), 30 min 

(B) and 180 min (C). Adapted with permission from ref. 173. Copyright 1998 American Chemical Society. 

Other transition metal NPs of the platinum group have been fabricated with the use of PVP such as 

Pt,172 Rh175 and Ru. Organic ligands such as amines, thiols, carboxylic acids, phosphines, and bio-

organic molecules have also been exploited for the size control of metal particles, among them of 

particular interest are the long chain alkyl amines and thiols.141,146 Monodispersed colloidal Ni NPs, 

with size ranging from  to 30 nm, were reported by Carenco et al. in presence of OLAM and 

trioctylphosphine (TOP) at high temperature (220 °C). The careful selection of TOP stoichiometry 

resulted in substantial changes in the NPs size granting fine dimensional selectivity. Similarly, Sun 

et al. reported the polyol synthesis of FePt bimetallic particles using OLAM and OLAC as capping 

agents in 1,2-hexadecanediol which acted as main reductant toward Pt(acac)2 and Fe(CO)5. Again, 

the procedure handed monodisperse (size deviation of 5%) particles in the range of 3 ï 10 nm. The 

FePt NPs were tuned in dimension by simply growing the 3 nm particles in situ and then adding a 

desired amount of metal precursors which was directly reduced on the surface of the pre-synthetized 

particles. The chemical nature of thiols makes them a peculiar type of surfactant. Even though they 
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are mostly used in the synthesis of Au NPs,176,177 it is not uncommon to find them employed in the 

synthesis of other transition metal NPs like Ag, Cu, Pd, Ir, Pt, Ru and many others.178ï182 In the 

preparation of metal NPs using thiol ligands the size restriction is easily achieved but particles 

bigger than 5 nm cannot be obtained as the bond strength between gold and sulfur do not allow a 

fast ligand desorption to promote a proper reduction rate for the additional growth of the particles. It 

follows that thiols are good ligands for the preparation of small and monodisperse NPs with an 

appealing application in catalysis.183ï185 Another interesting method for the production of 

monodisperse metal NPs is the use of microemulsions in aqueous solution consisting in reverse 

micelles.186 The micelle itself is a first approximation of the size ñconfined vesselò which sets the 

upper growth limit of the particles. One of the key factors that influences the size of the final NPs 

prepared in micelles is the water-to-surfactant ratio: the lower the surfactant concentration, the 

bigger the particles obtained. With the reverse micelle technique numerous metal NPs were 

produced with controlled size including Fe, Cu, Rh, Pd, Pt and Au ones.187ï189 Still, a couple of 

drawbacks affect the outcome of the micellar syntheses like the poor yield of the final product and 

the polycrystallinity of the obtained NPs which is challenging to control or avoid as reactions are 

performed at low temperature to preserve the micellar structure. 
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1.2.1.3. Shape-controlled metal NPs 

 

Figure 1.10. Shaped NPs obtained by growth of single-crystal or twinned seeds (A). Representative models 

of NPs shaped as octahedron, cube and rhombic dodecahedron with their atomic arrangement (B-D). 

Concave cube enclosed in (730) high-index facets and atomic model highlighting the presence of steps 

composed of (420) and (310) facets (E). Reproduced with permission from ref. 116. Copyright 2021 American 

Chemical Society. 

Along the decades, colloidal synthesis has been effectively exploited for the production of metal 

NPs in a wide range of shapes (Figure 1.10).116,117,190ï194 Obviously, the diverse shapes are the 

expression of different facets at the surface of the nanocrystals. In Figure 1.10B-D schematic 

representations of cubic, octahedral, and rhombic dodecahedral NPs of face centred cubic (fcc) 

metals are depicted, enclosed by low indexed facets like (100), (111) and (110) respectively. 

Certainly, the same kind of facets can be exposed on the surface of NPs with different shapes. For 

instance, the surface of a bar nanocrystal is enclosed in (100), just like the cubic nanocrystals. 

Penta-twinned rods and wires, in the same way, are enclosed by (100) facets on their side surface. 

The association of different shapes with the same facets can be useful as it provides access to a 

specific facet using differently shaped NPs. Nanocrystals having the same facets on the surface, but 

different geometries may also have different behaviours toward the same application because of the 

surface-to-volume ratio that particularly influences the properties of a nanomaterial, especially in 

catalysis. Compared to a bulk crystal, a nanocrystal can be easily enclosed in high-index facets that 

are enriched in low-coordination atoms which are extremely active in catalysing chemical 

transformations. High-index facets, symbolized by a set of Miller indexes (hkl) with at least one of 

the indexes being greater than one, are characterized by the abundant presence of steps, kinks and 

edges.195 These are usually found on NPs with concave or convex surface, like the concave cube in 
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Figure 1.10E enclosed by (730) facets. High-index faceted NPs are produced by kinetic controlled 

process and have a total surface free energy that is higher compared to the low-index faceted ones. 

Even though metal NPs enriched in high-index facets are appealing for various applications in 

catalysis,196,197 their production faces limitations mainly due to their instability and the scarcity of 

capping agents suitable for the stabilization of such facets.198 

In this chapter, remarkable examples will be presented, and discussed, concerning the synthesis of 

faceted monometallic NPs, with a particular focus on noble metals in line with the scope of this 

thesis. 

 

1.2.1.3.1. Low-index faceted metal NPs 

Almost all the noble metals (exception made for Ru) have an fcc crystal structure and the low-index 

facets of a metal in this crystalline phase have specific surface energies that grow in the order of 

ɔ{111} < ɔ{100} < ɔ{110}. Nanoparticles enclosed in these facets are octahedra, cubes and 

rhombic dodecahedra, as previously mentioned. In the following, various metal NPs enclosed in 

(111), (100) and (110) facets will be discussed focusing on their synthesis. 

 

Platinum 

Platinum has been extensively studied in its various shapes for the production of NPs, this because 

of the simple and reproducible protocols developed to this end and for the high purity and 

crystallinity of the particles obtained. As an example: a great number of studies have reported the 

synthesis of Pt nanocubes. Generally, the cube is commonly observed in single-crystal NPs even 

though the exposed (100) facets are higher in surface energy compared to (111) facets because of 

the lower CN with respect to the latter (8 vs 9). The synthesis of Pt nanocubes usually involves a 

fast reduction process, in presence of capping agents suitable for the stabilization of (100) facets. 

The first protocol for the production of cubic shaped Pt NPs was reported in 1996 by El-Sayed and 

co-workers. The synthesis was based on the reduction of K2PtCl6 with hydrogen in presence of 

sodium polyacrylate as capping agent.155,156 Despite the great accomplishment for the time, the 

integrity of the particles was not remarkable, which prompted others to improve the procedure. 

Later on, other capping agents were employed for the stabilization of (100) facets like OLAM and 

OLAC, CO, PVP and so on. For instance, Tilley and co-workers obtained Pt nanocubes in high 

purity reducing Pt(acac)2 in presence OLAM, although with the drawback of having a significant 

size polydispersity.199 In another study, Pt cubes were obtained using a combination of OLAM, 

OLAC and CO.200 The strong adsorption of CO on Pt(100), rather than (111), promotes their 
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stabilization favouring the production of regular monodispersed cubes (Figure 1.11). When CO is 

generated from metal carbonyls, an issue about the metal ion role in the participation of the NP 

formation mechanism arises. It was suggested that CO instead of being the capping agent it only 

acts as reducing agent while the metal ions are the real facet stabilizers.201,202  

 

Figure 1.11. TEM micrograph of Pt nanocubes obtained by reduction of Pt(acac)2 with CO in OLAM and 

OLAC. Inset: HR-TEM micrograph of a single particle with measured planar distances and SAED showing 

the fcc Pt reflections. Adapted with permission from ref. 200. Copyright 2011 Royal Society of Chemistry. 

Apart organic ligands for the synthesis of Pt cubes, other additives have been used for facet 

stabilization such as Ag+, polymers and peptides.126,159,203 Just like cubes, also bars are enclosed in 

(100) facets and can be represented as elongated cubes. Unfortunately, few examples have been 

reported in literature for the synthesis of Pt bars. In one of those, Pt nanobars were produces by 

localized etching of nanocubes with the aim of capping agent removal in order to promote 

preferential growth only on one side.204 Another work reported Pt bars exploiting the oriented 

attachment strategy. First, small particles were produced from Pt(acac)2, OLAM, formic acid and 

benzyl alcohol, then the particles were assembled, through the process of coalescence, along the 

<100> direction until uniform bars were achieved.205 

Complementary to cubes, octahedra are enclosed in (111) facets and, even though the ɔ(111) is 

lower compared to ɔ(100), the synthesis of octahedra is not so straightforward as cubes. The first 

high yield Pt octahedra synthesis was achieved by the use of Ag+ ions in large quantity. It was 

speculated that Ag+ first stabilized Pt(100) facets and then were removed by displacement with Pt 

atoms promoting growth on the same facets to deliver octahedral NPs.126 Monodisperse Pt 

octahedra were also produced by the use of Mn2(CO)10 with OLAM and OLAC in benzylether. 

Here the shape selectivity was attributed to the tuning of metal carbonyl/Pt(acac)2 ratio, and to the 

reaction temperature which was maintained between 210 and 230 °C.201,206 Beside Pt octahedra, 
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with this protocol various shaped Pt NPs were obtained like cubes, truncated cubes, cuboctahedra, 

icosahedra, spheres, tetrapods, octapods and multipods after a recrystallization step (Figure 1.12). 

Nanocrystals with small size are advantageous because they are optimized to deliver high mass-

specific activity and are therefore good candidates for catalysis. 

 

Figure 1.12. Representative TEM micrographs of Pt cubes (a, b), octahedra (c, d), icosahedra (e, f), 

cuboctahedra (g) and spheres (h). HR-TEM micrographs of Pt cube (i), octahedron (j), icosahedron (k, l), 

truncated cube (m), sphere (n), tetrapod (o), octapod (p), multipod (q) and decahedron (r) single particles. 

Scale bars: 20 nm (a, e, g, h), 50 nm (b, d, f), 10 nm (c, o, p, q), 2 nm (i, j), 5 nm (k, l, m, n, r). Adapted with 

permission from ref. 206. Copyright 2013 American Chemical Society.   

 Sub-10 nm Pt octahedral NPs were recently reported by a modified procedure in water with the aid 

of PVP which served as capping agent and mild reductant for the Na2PtCl6 salt.207 The synthesis 

was performed at 90 °C aging the solution for 48 hours after which 9 nm octahedra were collected. 

The shape evolution proceeds through spherical single-crystal seeds that evolve to octahedra 

covered in (111) facets that are favoured by thermodynamic conditions. Smaller Pt octahedra were 

also produced by Moglianetti et al. employing a seed-mediated growth protocol where Pt seeds 

were used with ascorbic acid and sodium citrate to deliver 7 nm NPs.208 Computational studies have 

shown that citrate ions can adsorb on Pt(111) stabilizing the facets and driving the reaction to form 

octahedral NPs.209 Also, the choice of temperature and reduction rate are crucial to the synthesis 

outcomes.  

Platinum tetrahedra, also exposing (111) facets on the surface, have been early reported.155 The 

synthesis, similar to the first cubic Pt NPs procedure, was performed in sodium polyacrylate with 

hydrogen for the reduction of K2PtCl4 using a higher surfactant concentration for the stabilization of 

(111) facets. The same behaviour was also observed when using PVP as capping agent: low 

concentrations of the polymer delivered Pt nanocubes whereas higher concentrations drove the 

shape to tetrahedra. Recently, also peptides have been used as capping agents for shape selectivity. 

It has been shown that a peptide of aminoacidic sequence AcīSerīSerīPheīProīGlnīProīAsnī 
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CONH2 (S7) successfully promoted the synthesis of Pt(111) tetrahedra while a second peptide Ac-

Thr-LeuThr-Thr-Leu-Thr-Asn-CONH2 delivered Pt(100) cubes (Figure 1.13A).159 Analogously to 

the last case, Pt bipyramids were also synthetized with the aid of peptides by the same group. The 

approach used here is a seed-mediated growth by which singly twinned seeds were produced 

employing the peptide Ac-ThrLeu-His-Val-Ser-Ser-Tyr-CONH2 (BP7A) and used for the growth of 

(100) right bipyramids or (111) enclosed bipyramids in presence of peptide T7 or S7, respectively 

(Figure 1.13B).210 

 

Figure 1.13. Schematic representation of the rational design with T7 and S7 peptides for the synthesis of Pt 

cubes or tetrahedrons from single-crystal seeds (A) and right bipyramids or (111)-bipyramids from single-

twinned seeds (B). Inset on the right shows HR-TEM micrographs of the single particles. Scale bar: 5 nm 

(cube, tetrahedron), 2 nm (right bipyramid, (111)-bipyramid). Adapted with permission from ref. 159 

(Copyright 2011 Springer) and ref. 210 (Copyright 2011 American Chemical Society). 

Nanoparticles displaying more peculiar shapes can be isolated when twin defects are incorporated 

in the structure. Twin defects are created when the stacking sequence of the crystal lattice is 

interrupted and the two crystal lattices neighbouring the defect are mirror images of each other. 

Metals with fcc crystal structure are common to incorporate twin defects during crystallization as 

the decompensation in surface energy, generated by the presence of such defects, is negligible. For 

platinum, two shapes have been reported that present tween defects and low-index facets, decahedra 

and icosahedra. Decahedral NPs were isolated by a slow reduction of [Pt(NH3)4][PtCl4] with 

OLAM aging the solution for 7 days at 130 °C (Figure 1.14A, B).211 With the same procedure Pt 

icosahedra were also produced by simply changing the Pt precursor to [Pt(CH3NH2)4][PtCl4] and 

increasing the reaction temperature at 150 °C (Figure 1.14C, D). The preparation of icosahedral Pt 

nanocrystals have been reported also by other different procedures, such the fast reduction of 

Pt(acac)2 with CO in dodecylamine (DDA), OLAM, diphenyl ether and with the addition of 

Y(acac)3
212 or reduction with Mn2(CO)10.

201 Another slow reduction method requiring the use of 
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tetraethylene glycol (TetraEG) and PVP as capping agent was recently reported. The slow reduction 

of Pt(acac)2 by TetraEG was described as the key factor for the formation of multiply twinned 

structures.213  

 

Figure 1.14. TEM and HR-TEM micrographs of Pt decahedra (A, B) and icosahedra (C, D) obtained by the 

reduction with OLAM at 130 °C and 150 °C, respectively. Schematic illustration of the plausible growth 

mechanism for Pt decahedra and icosahedra in OLAM (E). Modified with permission from ref. 208. 

Copyright 2012 Wiley-VCH. 

 

Palladium 

Like platinum, also palladium NPs have been extensively reported in several shapes and typical 

protocols for Pt NPs have been adapted to the synthesis of Pd NPs. A conventional synthesis for 

cubic Pd NPs consists in the addition of aqueous Pd salt solution to a mixture of reductant, PVP and 

halogen ions.152,214,215 Here PVP provides stabilization against aggregation while Cl-, Br- or I- are 

involved in multiple events such the selective (100) facet stabilization, the oxidative etching of twin 

defects and the reduction rate deceleration. Through oxidative etching it is also possible to obtain 

Pd nanobars. In one synthesis, nanobars were supplied by the polyol reduction of Na2PdCl4 with 

ethylene glycol (EG) in presence of PVP and KBr.204 The anisotropic growth is associated to the 

selective oxidative etching of Br- ions by oxygen which exposes specific cubic Pd facets and allows 

the deposition of new metal atoms.216 Other mechanisms of anisotropic growth of nanobars can be 

the oriented attachment of small Pd nanocrystals along one direction or preferential growth 

promoted by kinetic conditions.217  

Most of the Pd octahedral and tetrahedral NPs can be prepared by various procedures and some of 

them are suitable for both shapes which can be selectively obtained by minor changes in the 

reaction conditions. For example, Wang et al. reported a seed-mediated synthesis of both Pd 

octahedral and tetrahedral NPs selecting one shape with respect to the other by simply changing the 

platinum precursor (Figure 1.15a). 218 Here, Pd cuboctahedra seeds (Figure 1.15b) were used as 

substrate for the deposition of Pd atoms in a solution of Pd(acac)2, PVP and TetraEG to generate 
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tetrahedral Pd NPs (Figure 1.15d). Shifting to Na2PdCl4 as metal precursor, octahedral NPs (Figure 

1.15c) were obtained thanks to the slow reduction rate of Na2PdCl4 that ensures thermodynamic 

control on the growth. The weak coordination of acetylacetonate to Pd2+, on the other hand, leads to 

a much faster reduction of Pd2+ favouring the kinetic product. 

 

Figure 1.15. Schematic illustration showing the formation of Pd octahedral and tetrahedral NPs (a). TEM 

micrographs of cuboctahedral seeds (b) and the final octahedral (c) and tetrahedral (d) NPs. Insets show the 

particles at higher magnification. Scale bars insets: 5 nm. Reproduced with permission from ref. 218. 

Copyright 2013 American Chemical Society. 

Commonly, Pd octahedra can also be obtained by one-pot synthesis slowly aging the nanoparticles 

to allow achieving  the thermodynamic products. For example, 20 nm Pd octahedral particles were 

produced from Na2PdCl4 salt after 26 hours of aging at 90 °C with PVP and citric acid as capping 

agents in water.219 Citric acid is known to strongly adsorb on Pd(111) facets providing stabilization, 

thus favouring the growth along <100> direction. Another strategy for the preparation of Pd 

octahedra relies on oxidative etching. It has been demonstrated that by using HCl and oxygen Pd 

atoms can be redeposited on (100) facets from corner sites allowing the evolution from cubic to 

octahedral NPs.220 

Contrary to nanocubes and octahedra, Pd rhombic dodecahedra are not so common in literature, 

although a few examples have been reported. A seed-mediated synthesis provided Pd rhombic 

dodecahedral NPs starting from cubes and using CTAB and KI as capping agents, which the authors 

considered to work synergically for the stabilization of (110) facets.221,222 Another way to produce 

rhombic dodecahedra Pd NPs has been reported using an aqueous solution of PVP and glucose.223 
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Figure 1.16. Schematic representation of the synthetic paths for the formation of Pd decahedral and 

icosahedral nanocrystals. Representative TEM images of Pd decahedra (A) and icosahedra (B). HAADF-

STEM images of decahedral single particle seen from side (C) and top (D) and icosahedral single particle 

from side (E) and top (F). Scale bar inset A and B: 10 nm. Adapted with permission from ref. 224. Copyright 

2014 American Chemical Society. 

Surprisingly, several Pd shapes deriving from engineered planar defects have been reported in 

literature. Pd decahedra for example, have been produced by addition of palladium salt in a mixture 

of PVP, Na2SO4 and diethylene glycol. Replacing Na2SO4 with HCl resulted in the formation of 

icosahedral particles (Figure 1.16).224 Nanoplates also emerge from planar defects that are parallel 

to the basal plane of the plates. In general, their production requires a low reduction rate for the 

construction of the 2-D structure. Pd nanoplates have been obtained both in triangular and 

hexagonal shape. A protocol has been reported for both shapes that could be selectively prepared by 

tuning the concentration of FeCl3 in an EG solution of Na2PdCl4, PVP and HCl (Figure 1.17). Low 

concentrations of FeCl3 produced Pd triangular plates, while high concentrations of the salt 

delivered hexagonal plates. Both shapes were enclosed in (111) facets that arose thanks to the Fe3+ 

and Cl- ions acting as etchants in the presence of oxygen.225 Pd plates with a reduced thickness have 

been reported by Hang et al. Hexagonal Pd nanoplates made of few atomic layers were reported in a 

synthetic protocol based on the reduction of Pd(acac)2 with CO using PVP and CTAB as capping 

agents in N,N-dimethypropionamide/water mixture.226 
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Figure 1.17. Schematic illustration of the synthetic procedure for the preparation of Pd plates with stacking 

faults and TEM images of the as prepared triangular plates (A) and hexagonal plates (B). Adapted with 

permission from ref. 225. Copyright 2005 American Chemical Society. 

 

Silver 

Silver is another noble metal that was subjected to extensive studies in the field of selective 

formation of shaped nanostructures because of the availability and modest cost of the metal 

precursors. Various protocols for shaped Ag NPs rely on the polyol or aqueous synthesis although 

procedures employing organic solvents have also been developed. Cubic Ag nanocrystals have been 

synthetized employing different polyols including EG, DEG, 1,3-butylene glycol and 1,5-

pentanediol.227ï231 The typical polyol protocol involves the use of capping agents and high 

temperature to ensure an appropriate reduction rate. A common procedure for the production of Ag 

nanocubes is carried out by reducing AgNO3 in presence of Ag spherical or cubic seeds and PVP, in 

a EG solution, at high temperature.227 PVP concentration was reported to be crucial for the 

morphology selection with only high concentrations of capping agent leading to the formation of 

nanocubes Figure (1.18).232 Extremely uniform Ag nanocubes were also obtained by introducing Cl- 

ions in the reaction (NaCl or HCl) to enhance oxidative etching and prevent the formation of 

twinned seed while privileging only single-crystal seeds formation.228 Another method was reported 

for the fast production of cubic Ag NPs consisting in the use of hydrosulfide or sulfide ions in 

traces to promote the formation of Ag2S clusters which then rapidly grow in the final particles.233 d 

Here, the formation of 15 nm Ag nanocubes was achieved by a concomitant participation of 

different species in the mechanism. NaCl was used to prevent the HS- consumption by protons thus 

favouring the formation of Ag2S. NaBr, on the other hand, served as capping agent for the 

stabilization of (100) facets. Surprisingly, changing the Ag precursor from AgNO3 to AgTFA (TFA: 

trifluoroacetate) revealed an improved control on the reproducibility. The use of AgTFA also 
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demonstrated the scalability for the production of Ag nanocubes by working under a blanket of inert 

atmosphere.234  

 

Figure 1.18. TEM images of Pd nanocubes (B, D) obtained by a polyol seed-mediated protocol in EG with 

PVP using both spherical (A) and cubic (C) seeds. Reproduced with permission from ref. 232. Copyright 2010 

American Chemical Society. 

Octahedral Ag NPs have been produced both by homogeneous nucleation and seed-mediated 

growth. For example, Ag octahedra have been reported by reduction of AgNO3 in presence of PVP 

and CuCl2 at high temperature for 2 hours.231 A morphological transition was observed during the 

reaction progress going from cubes to cuboctahedra and finally octahedra Figure 1.19).  

 

Figure 1.19. Schematic illustration of the shape evolution highlighting the Ag deposition on (100) facets 

(left panel) and SEM images of cubes (A), truncated cubes (B), cuboctahedra (C), truncated octahedra (D) 

and octahedra (E), respectively. Scale bars: 100 nm. Adapted with permission from ref. 231. Copyright 2006 

Wiley-VCH. 

Citrate it is known to selectively bind (111) facets of fcc metal crystals, and it was also successfully 

employed for the synthesis of Ag octahedra. The protocol consisted of the use of Ag seeds 

(spherical of cubic) to deliver octahedral NPs by the reduction of AgTFA with ascorbic acid in 

presence of sodium citrate.235  
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As discussed above, shaped NPs with planar defects are obtained by a preliminary slow nucleation 

that allows the formation of twinned defects in the seedôs crystal structure, followed by a moderate 

growth process. With this approach various Ag twinned NPs have been reported such as 

bipyramids, decahedra, icosahedra, penta-twinned rods and plates by the use of different surfactants 

and reducing agents.236ï243  

 

Gold 

The use of gold for the preparation of shaped NPs has not flourished as much as other noble metals 

mainly due to the lack of suitable capping/directing agents for the preferential growth of specific 

facets. Nevertheless, remarkable examples of protocols and modified procedures have been 

provided along the years for some shaped Au nanocrystals. Au nanocubes were firstly reported by a 

polyol reduction of HAuCl4 in EG and shape-directed by Ag+ ions with PVP as stabilizer.244 The 

addition of AgNO3 to deliver Ag+ was suggested to positively influence the directional growth over 

(111) facets thus stabilizing (100) ones and increasing amounts of Ag salt resulted in a 

morphological transition going through octahedra, cuboctahedra to finally produce cubes as final 

shape. Additionally, a seed-mediated procedure was also reported for cube-shaped Au NPs (Figure 

1.20). In this protocol, Au nanospheres were employed as seeds and HAuCl4 was reduced by 

ascorbic acid in an aqueous solution of CTAC and NaBr.245 Bromide ions were suggested to be 

involved in the (100) facet stabilization. 

 

Figure 1.20. SEM image showing Au nanocubes self-assembled in ordered domains (A) and TEM images of 

the Au nanocubes obtained at increasing Br- concentration by the seed-mediated protocol in water with 

CTAC and NaBr. Scale bars: 1 ɛm (A), 100 nm (B). Adapted with permission from ref. 245. Copyright 2018 

American Chemical Society. 
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A seed-mediated approach was also adopted for the synthesis of Au octahedra: starting from 

spherical seeds, it was possible to obtain octahedra by reducing the Au precursor in presence of 

PVP.246 Other methods for the preparation of Au octahedra rely on homogeneous growth, like the 

polyol synthesis in presence of  poly(diallyldimethylammonium) chloride (PDDA), which stabilized 

Au(111) facets.140 The pH control was essential to obtain a high yield of nanocrystals. The authors 

suggested an adduct formation between PDDA and AuCl4
- that decreased the reduction rate 

favouring the formation of octahedral particles (Figure 1.21, left panel). Moreover, size selectivity 

was achieved by controlling the added amount of HCl solution (Figure 1.21, right panel).   

 

Figure 1.21. Left panel: SEM low (A) and high (B) magnification images, TEM (C) and SAED (D) of the 

octahedral Au NPs. Scale bars: 2 ɛm (A) 200 nm (B, C). Right panel: SEM images of Au octahedra obtained 

with increasing volume additions of HCl 1M to the reaction. Scale bars: 200 nm (A-D), 500 nm (E-H). 

Adapted with permission from ref. 140. Copyright 2008 American Chemical Society. 

Another interesting procedure for the production of Au octahedra is described by a simple protocol 

requiring the use of H2O2 to boost the ascorbic acid reduction ability. The synthesis was performed 

in water with CTAB as stabilizer, ascorbic acid as reductant adding trace amounts of H2O2. The 

reaction mixture was incubated for 3 hours at RT, after which, the solution was sonicated at 40 °C 

for 90 minutes to finally provide octahedral particles with a mean edge length of 52 nm.247 By 

employing the previously discussed protocol for Au nanocubes aided by AgNO3, with due 

modifications, it is also possible to obtain Au tetrahedra enclosed in (111) facets. With the complete 

exclusion of Ag salt and a small variation of the Au precursor and PVP concentrations it is possible 

to select octahedral NPs as main product.244  

Au rhombic dodecahedra, enclosed in (110) facets, have been described by both one-pot and seed-

mediated syntheses. Worth of mention, a surfactant free one-pot protocol for rhombic dodecahedral 

Au NPs has been devised in DMF (Figure 1.22). Here, the solvent acted both as reductant and 

plausibly as stabilizer for the Au particles. HAuCl4 was heated in DMF at 90 °C for 15 hours for a 
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slow reduction process that favoured kinetic control over the particles growth.248 An interesting 

alternative to this one-pot approach is the seed-mediated procedure based on the use of 

cetylpyridinium chloride (CPC) to selectively generate Au rhombic dodecahedra.249 A low 

concentration of CPC combined with a high concentration of ascorbic acid (reductant) resulted on 

the blockage of (110) facets and growth along <111> direction, while inverting the surfactant and 

reductant concentrations provided octahedral Au particles. 

 

Figure 1.22. Representative SEM, TEM and SAED (inset) images of Au rhombic dodecahedra synthetized 

in DMF as reductant and capping agent. Reproduced with permission from ref. 248. Copyright 2009 American 

Chemical Society. 

Apart from single-crystal shaped Au NPs, nanocrystals embedding twin defects have also been 

reported. One of the first reports provided by Liz-Marzán and co-workers exploited the DMF 

reducing properties to grow Au decahedra starting from 3 nm seeds by ultrasonication process.250 

An additional example of Au decahedra relies on the homogeneous nucleation of twinned seeds in 

diethylene glycol (DEG) capped with PVP (Figure 1.23).251 Of vital importance for the synthesis 

success is the large excess of PVP used, useful for the protection of twinned nuclei toward oxidative 

etching. The same procedure was applied to the synthesis of Au icosahedra (Figure 1.23h-k) and 

single-crystalline triangular plates (Figure 1.23l-o) by significantly lowering the surfactant 

concentration.  
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Figure 1.23. Schematic representation of the growth process for the production of multi-twinned and single 

crystal shaped Au nanocrystals in presence of PVP (upper panel). Microscopic characterization of the as 

prepared Au decahedra (a-g), icosahedra (h-k) and triangular plates (l-o). Scale bars: 500 nm (a, l, m), 200 

nm (h, n, o), 100 nm (b, d, i, j), 2 nm (f, g, k). Adapted with permission from ref. 251. Copyright 2008 

American Chemical Society. 
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Other metals 

Among all the other transition metals not considered until now, very few are eligible for the 

formation of monometallic NPs due to their instability at the nanoscale (tendency to form metal 

oxide NPs) or to the high dissociation bond energy and surface free energy of the NPs. In this 

section, only copper and rhodium will be treated because for these two metals there are well 

documented studies on faceted NPs. 

Copper has been widely investigated in the formation of nanostructures (Figure 1.24), particularly 

those enclosed in low-index facets. Cubic Cu NPs are typically produced in organic phase at high 

temperature by the reduction of Cu(I) salts. For instance, the synthesis of Cu nanocubes in high 

purity was reported using OLAM, trioctylphosphine (TOP) and octadecylamine (ODA) at 330 °C. 

TOP and ODA have the main function of stabilizing the nanocrystals while OLAM serves as real 

directing agent for the newly reduced Cu atoms.252 Cu nanocubes were also synthesised at lower 

temperature (260 °C) by treating CuBr in OLAM and trioctylphosphine oxide (TOPO).253 The 

weaker coordination energy of TOPO (compared to TOP) could induce a faster reduction promoting 

the nucleation of seeds at lower temperature. In addition, water-based syntheses of Cu nanocubes 

were reported as-well. In one study, CuCl2 was reduced by glucose in a refluxing aqueous solution 

of hexadecylamine (HDA).254 This procedure allowed the production of cubic Cu particles at 100 

°C which is far more convenient with respect to the organic phase approach. A combination of 

oxidative etching (Cl-/O2) and HDA stabilization accounted for the successful synthesis. Similar to 

the organic phase synthesis of Cu nanocubes, octahedral Cu NPs were also obtained. The reduction 

of CuCl was carried out at 335 °C in a solution of OLAM and TOP.255 The Cu(111) facet 

stabilization was proposed to be favoured by TOP, although the weak interaction of the bulky amine 

with Cu surface could not completely exclude the facet stabilization by a merely thermodynamic 

factor. By a similar procedure, Buonsanti and co-workers reported the synthesis of Cu tetrahedral 

NPs performed in inert atmosphere by hot-injecting a solution of CuBr, TOPO in OLAM (solvent) 

to a preheated (300 °C) OLAM solution.256 Concerning the production of twinned Cu NPs, a major 

obstacle limits the development of robust protocols: the tendency of Cu to oxidise that prevents 

highly energetic twin defects to be formed. Yet, examples of Cu decahedra, icosahedra and penta-

twinned rods are reported. Cu decahedra were produced in oil-phase by a slow reduction of 

Cu(acac)2 with ascorbic acid in OLAM.257 A relevant aspect to mention is that the synthesis was 

carefully carried out in inert atmosphere and the solvent was priorly degassed to prevent oxidative 

etching of the penta-twinned seeds. As for Cu decahedrons, the synthesis of penta-twinned Cu rods 

is privileged in inert atmosphere. 
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Figure 1.24. Low-index faceted Cu NPs obtained by wet chemical protocols. Cubes (A), octahedra (B), 

tetrahedra (C), decahedra (D), penta-twinned wires (E) and 2D plates (F). Adapted with permission from ref. 
252 (A) (Copyright 2014 American Chemical Society), ref. 255 (B) (Copyright 2015 American Chemical 

Society), ref. 256 (C) (Copyright 2019 American Chemical Society), ref. 257 (D) (Copyright 2019 Wiley-

VCH), ref. 258 (E) (Copyright 2017 Wiley-VCH) and ref. 259 (F) (Copyright 2018 Wiley-VCH). 

One particular protocol for penta-twinned Cu rods involves the decomposition of CuCl2 in an 

aqueous solution of HDA and glucose at 120 °C for 3 hours.258 A high reductant concentration 

favoured the initial formation of decahedral seeds that evolved in rod-like Cu NPs. The authors 

further studied the reaction to elucidate the mechanism involved finding a correlation between 

chloride ions and anisotropic growth of the Cu penta-twinned rods that was initially attributed to 

HDA.260 Cu plates incorporating planar defects with stacking faults on the side facets have been 

widely documented. It has been demonstrated that iodide ions combined with a slow reduction rate 

delivered triangular and hexagonal plates, selectively.259 The slow reduction performed with 

glucose was fundamental in stabilizing the twinned seeds. Another well-known method for the 

production of Cu nanoplates involves a slow reduction of Cu precursor with hydrazine. For 

example, an aerobic synthesis of hexagonal Cu plates, enclosed in (111) facets, was reported in 

DMF at 60 °C by reduction of Cu(OAc)2 with hydrazine.261 

As for copper, also for rhodium there has been a lack of solid protocols to achieve nanomaterials 

with precise morphology. Nevertheless, acknowledged strategies applied to other shaped metal NPs 

can also be transposed to rhodium. For instance, the well-known polyol synthesis was applied to the 

assembly of Rh nanocubes through a seed-mediated growth. RhCl3 was subjected to reduction by 

EG with PVP as stabilizer at 190 °C delivering truncated cubes with a lack in shape definition.262 

The protocol was later improved by the use of tetradecyltrimethylammonium bromide (TTAB) 

which provided Br- ions, known to stabilize (100) facets in fcc metals, into the reaction 

environment.263 Rh nanocubes have also been produced by the use of RhBr3 as precursor in another 
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polyol protocol where the reductant is DEG.264 With the same protocol, Rh octahedra were reported 

by simply switching from DEG to PEG300 that contributed in modifying the reduction rate thus the 

kinetics of the reaction favouring octahedral NPs as product. Another strategy also effective for 

controlling Rh NPs shape is the introduction of foreign metal ions to the reaction mixture. The use 

of AgNO3 significantly improved the polyol synthesis of Rh octahedra in EG and PVP, increasing 

the NPs yield up to 90%.265 Tetrahedral Rh NPs were also reported by the reduction of 

[Rh(CO)2Cl]2 in OLAM266 or Rh(acac)3 in a mixture of glucose, OLAM and DMF.267 

Recently, decahedral Rh NPs have been synthetized in TetraEG which acted as both reducing agent 

and solvent.268 Here, uniform Rh decahedra with controllable size ranging from 5 to 28 nm were 

obtained by finely tuning the Rh precursor and PVP concentrations. A modification in the protocol 

for Rh nanocubes allowed to obtain small icosahedral NPs (5 nm) in a polyol reduction of 

Rh2(TFA)4 with EG.264 Larger icosahedra were also produced applying a protocol in which 

Rh(acac)3 was slowly reduced by PVP (acting as both stabilizer and mild reducing agent) in benzyl 

alcohol.269  

The extensive production of both single-crystal and twinned metal NPs enclosed in low-index facets 

has generated a considerable variety of shapes, thanks also to the low surface free energy of these 

facets and to the availability of suitable capping agents for their stabilization. 

 

1.2.1.3.2. High-index faceted metal NPs 

Metal NPs exposing high-index facets are usually characterized by uncommon polyhedral shapes, 

most of which are concave and convex nanostructures, multipods, nanostars and branched 

structures. The high-index facets decorating such NPs can be represented by Millerôs indices (hkl) 

with at least one index being greater than 1. Four varieties of high-index facets that are (hk0), (hkk), 

(hhl) and (hkl) can be built which generate tetrahexahedral (THH), trapezohedral (TPH), 

trisoctahedral (TOH), and hexoctahedral (HOH) NPs, respectively (Figure 1.25). These NPs usually 

bear low-coordinated atoms on the surface that consecutively increase the overall surface free 

energy of the particles making them appealing for catalytic applications. Typical approaches for the 

stabilization of highly energetic nanocrystals rely on the manipulation of kinetics (reduction rate in 

particular) and surface diffusion, coupled with the introduction of suitable capping agents.195 As for 

low-index faceted NPs, only selected monometallic high-indexed NPs will be concisely discussed 

in this sub-chapter.  
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Figure 1.25. Schematic representation of polyhedral NPs enclosed by high-index facets. Adapted with 

permission from ref. 195. Copyright 2012 American Chemical Society. 

 

Palladium  

Pd NPs exposing high-index facets have been reported as either concave or convex structures 

adopting various strategies (Figure 1.26). For the generation of concave surfaces, a high deposition 

rate is usually needed in order to overcome surface diffusion that leads to the formation of more 

stable low-indexed structures. Concave Pd nanocubes enclosed in (730) facets were achieved 

through a seed-mediated procedure by deposition of Pd atoms on the surface of Pd nanocubes in 

water in the presence of PVP, ascorbic acid and KBr.270 A low concentration of KBr was described 

as key factor for a fast deposition on the cubic corners that were subjected to overgrowth delivering 

concave nanocubes. Pd nanocubes with concave morphology and high-index facets were also 

obtained by one-pot homogeneous nucleation strategy: the synthesis involved the reduction of 

H2PdCl4 by ascorbic acid in an aqueous solution of CTAC and CTAB at 30 °C for 7 hours.271 In 

this study, a shape transition was observed going from nanocubes to elongated nanocubes and 

finally concave nanocubes enclosed in (730), (610), (410) and (310) facets. Other more complex 

concave Pd structures were also prepared by electrochemical methods applying a square-wave 

potential to aqueous solutions containing the Pd salt precursor. With this method oxygen 

adsorption-desorption cycles were induced to selectively direct the nanocrystals growth through 

periodic oxidation/dissolution and reduction/crystallization. With the square-wave potential method 
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concave HOH, enclosed in (321) facets, concave-disdyakis triacontahedral, enclosed in (631) facets, 

convex trapezohedral and tetrahexahedral Pd NPs were also reported.272ï274 Recently, the 

preparation of tetrahexahedral Pd NPs was reported by a dealloying protocol, without the use of any 

capping agent, in which bimetallic NPs of Pd-Sb, Pd-Bi or Pd-Te were dealloyed at high 

temperature leaving shaped Pd nanostructures covered in (210) planes. The shape selectivity of this 

procedure resulted from the evaporative process of Sb, Bi, or Te.197  

 

Figure 1.26. Representative TEM (STEM) images of high-index faceted Pd THH (A), HOH (B), TPH (C), 

DTH (D) and elongated cubes (E). Adapted with permission from ref. 270 (Copyright 2011 Wiley-VCH), ref. 
272 (Copyright 2009 Royal Society of Chemistry), ref. 273 (Copyright 2016 American Chemical Society) and 

ref. 274 (Copyright 2010 American Chemical Society). 

 

Platinum 

Pt shares a similarity with Pd since its concave nanoparticles are mainly nanocubes enclosed in the 

high-index facets NPs. The development of concave structure depends on the tuning of reduction 

kinetics with a reduction process that has to be fast, combined with a high concentration of Pt 

precursor, that is of paramount importance for the suppression of Pt surface diffusion. For example, 

a high concentration of Na2PtCl6 and glucose in CTAB and OLAM resulted in the formation of 

concave Pt nanocubes enclosed in (720) facets after treatment at 160 °C for 3 hours.275 In another 

example, Pt concave cubes were obtained by hydrothermal synthesis reducing H2PtCl6 with glycine 

in presence of PVP at 200 °C.276 Both glycine and PVP served as reductants and capping agents 

favouring the formation of high-index facets on the concave nanostructures. Electrochemical 

protocols with the application of square-wave potentials were also used for the synthesis of concave 

tetrahexahedral Pt NPs in deep eutectic solvents (DES). The combination of electrochemical 

method and DES delivered uniform nanostructures covered in (910) facets (Figure 1.27A).277 The 
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same approach was used also for the synthesis of triambic icosahedral Pt NPs enclosed in (771) 

facets and trapezohedral Pt NPs enclosed in (522) facets (Figure 1.27B, C).278,279  

 

Figure 1.27. Microscopic characterization of high-index faceted Pt THH (A), triambic icosahedra (B) and 

TPH (C) NPs prepared by electrochemical square wave potential methods. Adapted with permission from 

ref. 277 (Copyright 2011 American Chemical Society), ref. 278 (Copyright 2013 Royal society of Chemistry) 

and ref. 279 (Copyright 2012 Royal Society of Chemistry). 

Similarly, the first synthesis for the tetrahexahedral Pt NPs was performed by an electrochemical 

protocol using square-wave potentials to shape polycrystalline spherical NPs.280 The high-index 

facets exposed on the nanocrystals were determined to be (730). Pt tetrahexahedra were also 

obtained by the same dealloying process used for Pd tetrahexahedra. The protocol was found to be 

suitable also for large scale production of Pt THH.197 The great versatility of electrochemical 

methods for the preparation of shaped nanocrystals was confirmed also by the synthesis of 

hexoctahedral Pt NPs, which is a relatively rare structure reported in literature. Pt HOH NPs were 

electrodeposited to a glassy-carbon electrode by applying SWP to an acidic solution of H2PtCl6.
281 

A shape evolution was observed when tuning the upper and lower potential that resulted in the 

formation of Pt THH and Pt TPH NPs as additional shapes. The HOH particles were confirmed to 

be bounded by (15 5 3) facets after careful HRTEM measurements. In accordance with the 

previously discussed shapes, multipods exposing high-index facets are extremely appealing for 

catalysis because of the high specific surface area and the low-coordination sites. These multipods 

are usually produced by wet-chemical approaches in presence of capping agents used for the 

stabilization of the highly energetic facets emerging from a fast reduction process. A solvothermal 

protocol for the synthesis of Pt multipods has been reported heating Pt(acac)2 in 1-octyamine at 200 

°C for 3 hours.282 The amine served as solvent, reductant and capping agent stabilizing monoatomic 

step edges that resulted in the construction of (211) facets. 
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Gold 

Compared to other metals, faceted Au nanocrystals are much easier to be obtained because of the 

lower surface energy of Au nanostructures. It follows that also Au NPs with high-index facets can 

be easily obtained applying milder reaction conditions with respect to the other metal NPs. For 

example, concave Au nanocubes have been reported under very common reaction conditions for the 

generation of other faceted metal NPs. In the protocol, spherical Au seeds were introduced in a 

growth aqueous solution composed of HAuCl4, AgNO3, ascorbic acid, HCl and CTAC and left 

react overnight without stirring.283 The generation of (720) high-index facets in the concave Au 

cubes was attributed to a combination of Ag+ and Cl- ions. Another common Au structures 

decorated by high-index facets are TOH. Au TOH NPs can be produced by wet-chemical methods 

reducing a solution of HAuCl4 with ascorbic acid in presence of CTAC as stabilizer (Figure 

1.28).284  

 

Figure 1.28. Low mag (a) and high mag (b) TEM images of Au TOH NPs obtained by the reduction of Au 

salt in presence of CTAC. Atomic model of the (221) surface seen as a combination of (111) terraces and 

(110) steps (c) and HR-TEM image highlighting (221) plane with (111) terraces and (110) steps. Reproduced 

with permission from ref. 284. Copyright 2008 Wiley-VCH. 

Despite the large size of the NPs obtained by this method (100-200 nm), regular (221) facets were 

observed on the surface. Recently, Au TOH were reported with smaller sizes (20-80 nm) by a slow 

reduction of Au(I)-EDTA complex (formed in situ) with ascorbic acid in presence of 10 nm Au 

seeds.285 The as-prepared TOH NPs exposed a mixture of (11 11 7), (331), and (221) high-index 

facets on the surface. Au convex nanostructures like THH and TPH can be prepared with wet-

chemical seed-mediated protocols as well. In one report, Au THH NPs exposing (730) facets were 

delivered by a seed-mediated growth of Au nanospheres in an aqueous solution of Au precursor, 

ascorbic acid, AgNO3 and CTAB.286 Importantly, keeping the pH value of the growth solution 

below 2 was necessary to ensure the successful production of Au THH. A seed-mediated approach 
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was also used to synthesise Au TPH NPs, with regular (311) facets, starting from cubic or 

octahedral seeds. The seeds solution was rapidly added to a pre-heated DMSO solution containing 

PVP, formic acid and HAuCl4 and left reacting for 20 min at 120 °C.287 With the same procedure, 

Au bipyramids enclosed in (311) facets were obtained by switching to nanorod seeds. Another seed-

mediated procedure, employing icosahedral Au seeds, was used for the production of high-index 

faceted nanostars.288 In this study, two DMF solutions of Au seeds and HAuCl4 were subsequently 

added to a third DMF solution made of PVP, dimethylamine and HCl and stirred at 80 °C for 4 

hours delivering highly symmetrical nanostars enclosed in (321) facets (Figure 1.29). 

Dimethylamine was suggested to be crucial in stabilizing these facets in concomitance with the 

appropriate choice of solution pH and temperature. 

 

Figure 1.29. SEM and TEM micrographs of Au nanostars enclosed in (321) facets (a-c). High magnification 

TEM image of a single particle and SAED (d). SEM images and corresponding 3D models of the Au 

nanostars viewed from different zone axes (e-j). Growth evolution scheme showing the shape transition from 

icosahedron to nanostar. Scale bars: 1 ɛm (a), 200 nm (c), 100 nm (b, d), 50 nm (f, h, j). Reproduced with 

permission from ref. 288. Copyright 2015 American Chemical Society. 

 

1.2.1.4. (Meso)Porous/dendritic metal NPs 

Nowadays, defined porous architectures have captured the attention because of the substantial 

adsorptive capacity due to their high specific surface area. Unfortunately, many of the porous 

nanomaterials have a restricted array of applications because their pore size, which is below 2 nm, 

falls in the microporous range. During the ô90, the discovery of mesoporous silica,289 set a 

breakthrough for other mesoporous materials incrementing the interest toward these nanostructures 

with high surface area and tunable pore size. Mesopores have a diameter ranging from 2 to 50 nm 

and are relevant in processes requiring the transportation of guest species and increased availability 

of reaction sites. Materials of various nature and composition can be obtained with a porous texture 
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such as metal oxides, metals, hybrid organic-inorganic materials, carbonaceous materials and so on. 

Still, some aspects such as the pore tendency to collapse during crystallization hinder the successful 

obtainment of a good porosity grade. Porous metals have attracted enormous interests owing to their 

physicochemical properties that makes them eligible for many applications such as catalysis, energy 

storage, biosensors, SERS, SPR etc. Porous and dendritic metal nanostructures with specific 

properties can be produced by shape and morphology engineering adopting different approaches. In 

particular, two strategies have risen among the others: hard- and soft-templating methods and wet 

chemical methods. 

The hard-templating method consists in depositing a metal on the surface of a porous template such 

as silica, carbon or other materials than can be easily decomposed or removed to expose the metal 

structure. The approach involves several steps including the template preparation, deposition of the 

metal/metal precursor (usually followed by a reduction step) and removal of the templating agent. 

The final porous metal structure is the upturned reproduction of the template. Ryoo and co-workers 

were the first to successfully report this method for the production of porous Pt nanostructures 

(Figure 1.30). The synthesis was performed by impregnating Pt(NH3)4(NO3)2 into MCM-48 silica 

that was then subjected to hydrogen flow at 300 °C and lastly the silica template was removed by 

acidic treatment with HF 10%.290 Another interesting example of hard-templating synthesis was 

reported by Lu and co-workers who obtained nanostructured porous Pd films by electrochemical 

reduction/deposition of PdCl2 into mesoporous silica which was removed by acidic washing 

steps.291 Different types of mesostructured silica have been exploited as hard templates for the 

construction of porous metals such as MCM-41, MCM-48, SBA-15 and KIT-6.292ï295  

 

Figure 1.30. TEM micrographs of the mesoporous Pt nanostructures obtained by hard-templating protocol 

using MCM-48 as template (a-e). Schematic model showing the interconnected Pt structure (f). Adapted with 

permission from ref. 290. Copyright 2001 American Chemical Society. 



49 

 

A common drawback in the hard-templating approach is the control of the deposition process that if 

not properly accomplished can drive to the growth of irregular metal structures. An improvement in 

this direction was firstly made by employing ascorbic acid as mild reducing agent in order to unsure 

a slow reduction rate required to give enough time to the metal precursor for a uniform diffusion in 

the template. Applying this strategy, uniform and monodispersed porous Pt NPs have been prepared 

with a high reproducibility.296  

Soft-templating methods, on the contrary, are based on templating agents composed by organic 

molecules that, depending on the concentration in water or organic solvents, self-assemble in 

ordered and highly interconnected networks. Common soft-templates such as lyotropic liquid 

crystals (LLCs), block copolymers and micelles, have been exploited to achieve various 

nanoarchitectures including like nanowires, nanotubes, films and of course porous structures.297,298 

LLCs are formed when two incompatible component are phase segregated on the nanoscale 

generating long-range ordered structures. Typically, a highly concentrated micellar or polymeric 

aqueous solution can form a LLC phase and be employed as template for the synthesis of porous 

metals. The first reported use of LLCs for the synthesis of mesoporous metal structures was applied 

for the production of Pt films.299 Since then, various soft-templating systems have been prepared 

and used in mesoporous materials synthesis. For example, Bartlett et al. reported the 

electrochemical deposition of mesoporous Pd films in LLCs composed of octaethyleneglycol 

monohexadecyl ether (C16E8) and decaethylene glycol hexadecyl ether (Brij 56).300 The resulting Pd 

films contained regular hexagonal arrays of cylindrical pores and had a remarkable surface area of 

91 m2 g-1. Other studies employing LLCs as templating agents have been reported for the synthesis 

of mesostructured metals such as Cu, Ag, Cd, Ni and Sn.301,302  Micellar confinement is another 

strategy reported for the synthesis of porous structures using ionic surfactants or polymers for the 

construction of nanoreactors in water at determined concentrations. In contrast with LLC, the 

micelle-assembly approach does not need high concentrations of surfactants since micelles can be 

formed already at low surfactant concentrations. One of the first reports using surfactants as 

stabilizers for porous NPs was described by Ullah et al. They reported the synthesis of porous Pt 

NPs in an acidic aqueous solution of CTAB and K2PtCl6 reduced by NaBH4.
303 Yamauchi and co-

workers have extended the protocols for porous metal NPs produced in micelles made of different 

surfactants304ï306 and polymers.307,308 Other porous and branched NPs have been produced in 

solution phase with both surfactants and organic ligands for the stabilization of the porous/dendritic 

structure for metals like Pt, Pd, Au, Ag and Rh.309  
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Figure 1.31. TEM images of porous Pt NPs recovered at 2 min (a), 3 min (b), 5 min (c), 20 min (d) and 

prepared in liquid phase employing 1-adamantanecarboxylic acid, 1,2-hexadecanediol and hexadecylamine 

in diphenyl ether. Reproduced with permission from ref. 310. Copyright 2006 Wiley-VCH. 

One interesting example is the concomitant use of 1-adamantanecarboxylic acid, 1,2-

hexadecanediol and hexadecylamine for the synthesis of porous Pt NPs (Figure 1.31).310 A fast 

autocatalytic process was speculated as the driving force for the formation of the porous structure. 

In general, the synthesis of porous metal colloids in solution phase is very challenging considering 

the number of variables that can influence the outcome of the reaction. Nevertheless, various 

methodologies based on different approaches such as controlled overgrowth, aggregation-based 

growth, selective oxidative etching and templated methods have been developed for metal colloids 

exhibiting porous structure or dendritic features.311 A last strategy for the synthesis of porous 

particles and especially films, is the dealloying technique in which a bimetallic nanostructure is 

selectively depleted of one metal (the most electrochemically active) by a corrosion process. The 

first example of dealloying process for the formation of porous nanostructures was reported in the 

early 2000 when Erlebacher and co-workers reported Au nanosponges with an interconnected 

porous structure by electrochemical corrosion.312 Since then various porous metal architectures have 

been produced with this technique.313  

Overall, porous metal nanostructures can be provided in great variety by the use of different 

approaches increasing the availability of such singular NPs. The high surface area rich in pores and 

active sites make this NPs ideal candidates for many applications especially in the catalysis field in 

which their great potential can be exploited. 
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1.2.2. Transition metal NCs 

In pursuing size control and monodispersity, chemist have applied different strategies to target 

uniform metal NPs resulting, in some cases, to the perfect monodispersity of molecular species with 

well-defined stoichiometry. Metal nanoclusters (NCs) can be considered as small NPs with 

dimensions that range between the sub-nanometer and 2.2 nm (Figure 1.32), composed by a strictly 

defined number of atoms (from 2 to 300 atoms) and with the peculiarity of having non-metallic 

properties; very often these compounds are referred to as atomically precise clusters. Two main 

approaches are used to obtain atomically precise metal nanoclusters: the first is based on the self-

assembly process of ligands and metal atoms to form nanoclusters, while the second one is based on 

the metallorganic/coordination chemistry. The first one is similar to the self-assembling process in 

the synthesis of metal NPs, protected by organic ligands. Indeed, very often the synthesis of 

monolayer protected nanoparticles is accompanied by the formation of metal NCs of well-defined 

stoichiometry comprising a core, in which the metal is in the zero oxidation state, and an organic 

shell. On the other hand, the second strategy is based on transition metal complexes chemistry in 

which the clusters are real complexes without a defined core and shell but with an oligomeric 

structure in which the metal is in a higher oxidation state.  

 

Figure 1.32. Metal clusters placed in a dimensional scale between NPs and molecules. Reproduced with 

permission from ref. 8. Copyright 2009 Royal Society of Chemistry. 

Although cluster complexes have been known since the ô60 in the metallorganic community, their 

study has remained mainly focused on the synthesis and characterization without any particular 

mention on properties or applications, leaving this class of clusters in the shadow until modern 

days. In general, transition metal NCs have started to gain a lot of attention during the ô90 when the 

nanotechnologies were blooming and new opportunities were seen in the study of small 

nanoparticles with precise characteristics and properties. The study of metal clusters was also 

prompted by the isolation and characterization of small NCs in NPs matrixes, opening to the 

possibility of directly producing such small metal entities. Lately, metal NCs have become of great 
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interest to the scientific community because of their unusual properties. Indeed, NCs are considered 

to be the missing piece that bridge NPs to molecules because they express both nanoscale and 

molecular behaviour. In this chapter, examples of transition metal NCs will be provided for both 

zero oxidation state cluster and higher oxidation state clusters with a particular focus on the noble 

metal clusters. 

 

1.2.2.1. Zerovalent Monolayer-protected NCs 

As anticipated above, these clusters are characterized by a core where all the metal atoms are 

positioned, exception made for metal atoms directly involved in the construction of protecting shell 

of ligands. Various ligands such as thiols, alkynes, phosphines, organosilanes, NHCs and nitrogen 

containing molecules have been successfully used for the synthesis of metal NCs. The synthesis of 

these metal NCs rely on three methodologies: the widely used Brust-Schiffrin method developed for 

Au NPs,314 the size-focusing315 and the ligand exchange-induced size transformation (LEIST)316 

methods, these last two have been both mainly developed by Jin and co-workers. In this section, 

four monometallic monolayer protected NCs will be discussed, although other metal NCs have been 

described in literature.317ï320 

 

Gold 

Au NCs have been widely studied and constantly reported along the years because of the robust 

protocols developed for their synthesis and to their high stability.321 Au was the first to be reported 

in form of monolayer protected clusters and a large variety of Au NCs have been prepared 

displaying peculiar properties and interesting applications.318ï320 As mentioned above, the formation 

of well-defined NCs often accompanies the preparation of polydispersed monolayer protected 

nanoparticles. After the ground-breaking work of Brust and Schiffrin,314 Murray and co-workers 

reported the first in depth characterization study of thiolate protected Au NPs322 while Whetten and 

co-workers pinpointed the presence of nanoparticles with preferred ñmagicò composition in the 

crude NPs preparations.323 Murray and co-workers reported in 2004 the isolation of a molecular 

cluster that was erroneously believed to be Au38(PET)24 (PET: PhCH2CH2S residue)324 while the 

correct structure was later established as Au25(PET)18 by high resolution mass analyses.325,326 

Another breakthrough was made in 2005 when through the determination of the precise masses by 

ESI-MS of Aun(SG)m, distinct NCs were unambiguously identified327 and again allowed the 

correction of some previous wrongly assigned structures. In 2007 the first crystal structure of an Au 
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NC, namely Au102(p-MBA)44 (p-MBA: p-mercaptobenzoic acid) was reported by Kornberg and co-

workers,328 followed by the crystal structure of Au25(PET)18 reported independently by the groups 

of Murray and Jin.329,330 These studies unveiled the structure of the gold core-ligand shell interface 

of these compounds highlighting how certain gold atoms belong to the ligand shell bridging 

different thiolate ligands in the so called staple motifs. 

 The early work on the synthesis of Au NCs mostly produced polydispersed clusters mixed with 

NPs that needed long purification steps like gel electrophoresis or HPLC324,327 after which clusters 

were isolated in low yields. Things started to change with the development of the size focusing and 

LEIST methodologies. 

 

Figure 1.33. Schematic illustration of the size-focusing protocol applied to Au NCs. Reproduces with 

permission from ref. 315. Copyright 2010 American Chemical Society. 

Size focusing protocol is accompanied by fine tuning of the reaction conditions in order to increase 

the yield of atomically precise clusters (Figure 1.33). One of the first syntheses of this kind was 

reported in 2008 by Jin and co-workers for the assembly of Au25(PET)18 NCs in two phase solvent 

(water/toluene) or in THF only using TOAB as phase transfer and PET as ligand (Figure 

1.34A).331,332 The protocol demonstrated to be very productive in Au clusters (up to 50% yield, gold 

atom basis) and with a powerful size focusing ability since the distinct absorption bands (Figure 

1.34B) of Au25(PET)18 at 670, 450 and 400 nm were visualized already in the crude product prior to 

any purification steps. The authors suggested the formation of Au(I)-SR polymeric complexes as 

the key factor for the high yield of the reaction, thus maximising the formation of these complexes 

the yield of Au25 NCs will dramatically increase. The size focusing protocol was extended to other 

thiolated Au clusters such as Au38 and Au144. These two clusters, protected by dodecanethiolate, 

were reported in 2008 by Chaki et al. by the use of the Brust method, but in poor yields only.333 



54 

 

One year later Qian et al. improved the yield of the two clusters by using the size focusing method 

through aging of a narrowed mixture of Au NCs. Au38(SR)24 was prepared in high yield by first 

synthesising a mixture of Aun(SG)m clusters that were subjected to size focusing in a mixture of 

water/toluene in which a new thiol (docecanethiol or phenylethanethiol) was dissolved.334,335  

 

Figure 1.34. Synthetic scheme for the preparation of Au25 NCs (A), absorption spectrum of the isolated 

cluster with the main absorption bands indexed as a, b and c (B). Crystal structure of the Au25(PET)18 cluster 

with the Au13 core (left), core and exterior Au atoms (middle) and the complete structure with the sulfur 

atoms in yellow (right) (C). Adapted with permission from ref. 329  (Copyright 2008 American Chemical 

Society) and ref. 330 (Copyright 2008 American Chemical Society). 

The mixture was heated in presence of oxygen favouring the gold core etching and transforming the 

Aun(SG)m mixture in atomically precise Au38(SR)24 clusters. Relying on the same strategy, the 

authors were able to improve the synthesis of Au144(SR)60.
336 Also in this case, a two-step synthesis 

was adopted with some changes with respect to Au38 preparation. In the first step, instead of using 

SGH ligand, PET was selected to achieve a better control on the size distribution of the clusters. 

Subsequently, the size-narrowed clusters were heated at 80 °C in toluene for the size-focusing to 

Au144. The size-focusing process was confirmed by UV-VIS monitoring of the reaction mixture in 

which the polydispersed clusters spectrum (without special features) evolved displaying prominent 

bands at 700 and 510 nm. Beside the control of the size range in the clusters prepared in the first 

step of the size-focusing method (which is pivotal in providing only one final product), other kinetic 

factors have to be considered for a good outcome. Temperature, solvent, reducing agents and 

reactant ratio (metal to ligand, in particular) are the factors to control in the first step of size-

focusing method. The thiol etching, involved in the second step, in controlled by thermodynamics 

and here it was found that oxygen or a radical initiator is fundamental for the process.337 Size-

focusing was extended to the preparation of other Au clusters like Au64(SR)32, Au99(SR)42 and the 

nanoparticle Au333(SR)79
338ï341 and it was also employed for aqueous synthesis with water soluble 

ligands.342,343 Another peculiar example was reported by Chen et al. in which the authors were able 
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to control the atomicity of Au clusters by using the three isomers of methylbenzenethiol (MBT) in a 

size-focusing protocol at 80-90 °C (Figure 1.35).344 They observed that the less sterically hindered 

p-MBT delivered the larger cluster Au130(p-MBT)50 while m-MBT and o-MBT produced Au104(m-

MBT)41 and Au40(o-MBT)24, respectively, following the trend of size decrease with increased steric 

hindrance of the methyl position respect to the Au-S bond.  

 

Figure 1.35. Schematic representation of the synthetic protocol for the synthesis of Au130(p-MBT)50 (A), 

Au104(m-MBT)41 (B) and Au40(o-MBT)24 (C) using p-MBT, m-MBT and o-MBT, respectively. The syntheses 

are divided in two steps consisting in the generation of polydispersed Au NCs (Step I), followed by the size-

focusing protocol in excess thiol (Step II). Adapted with permission from ref. 344. Copyright 2015 American 

Chemical Society. 

Overall, the size-focusing methodology represents a starting point of expansion in the rational 

design of atomically precise metal NCs based on the selection of the most robust cluster. 

Nevertheless, the stability of one particular cluster with respect to the others is influenced by 

different aspects that are still a matter of study. However, some insight has been already given 

proposing a strong ligand impact on the selection of the number of metal atoms to be incorporated 

in the cluster.344,345 The ligand influence is highlighted in the third approach that is based on ligand 

exchange that triggers the atomic redistribution to minimize the total surface free energy of the 

cluster. 
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Figure 1.36. Schematic illustration depicting the preparation of three Au NCs by the LEIST protocol. 

Reproduced with permission from ref. 346. Copyright 2015 American Chemical Society. 

The ligand-exchange induced size/structure transformation (LEIST) is usually applied to clusters 

prepared by the size-focusing method for the generation of new magic sized NCs (Figure 1.36).346 

Compared to the common ligand exchange that affects the monolayer composition without altering 

the cluster core and atomicity, LEIST is a chemical transformation leading to cluster species with 

different atomicity and core structure. While in ligand exchange low temperatures and low ratios of 

new/exchanged ligand are used, in the LEIST process a large excess of new ligand is necessary and 

energy (heat) is often required since the transformation involves Au atoms loss or gain and not only 

a ligand displacement. Various thiolated Au NCs were obtained with this protocol like Au28(SR)20, 

Au36(SR)24 and Au133(SR)52. For instance, Au28(TBBT)20 was prepared starting from Au25(PET)18 

by treating the latter at 80 °C with excess 4-tert-butylbenzenethiol (TBBT) obtaining the chiral 

cluster Au28(TBBT)20 in high yield (Figure 1.37A).347 Interestingly, another chiral NCs was 

assembled by performing the LEIST on Au25 with TBBT at 40 °C, instead of 80 °C, producing 

Au20(TBBT)16 (Figure 1.37B).348 The LEIST protocol was also applied to Au38 clusters to produce 

Au36 employing again TBBT (Figure 1.37C).349 Au36(TBBT)24 NCs were produced by reacting 

Au38(PET)24 with TBBT at 80 °C for 12 hours favouring ligand exchange and Au atoms 

rearrangement. Again, TBBT resulted suitable in converting Au144(PET)60 in Au133(TBBT)52 by 

ligand exchange (Figure 1.37D).350 The approach used here is the same for the Au36 and Au28 

clusters, with the exception of applying a large excess of TBBT with respect to PET (370:1) and the 

ligand exchange was carried out in 4 days at 80 °C.  
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Figure 1.37. X-ray structures of the two chiral Au28(TBBT)20 (A) and Au20(TBBT)16 (B), Au36(TBBT)24 (C) 

and Au133(TBBT)52 (D) synthetised by LEIST procedure. Carbon atoms are omitted for visual clarity and 

sulfur atoms are depicted in yellow. Adapted with permission from ref. 347 (Copyright 2013 America 

Chemical Society), ref. 348 (Copyright 2014 American Chemical Society), ref. 349 (Copyright 2012 Wiley-

VCH) and ref. 350 (Copyright 2015). 

Beside the fact that thiolate protected Au clusters are the most known and studied, other ligands 

have been exploited in the construction of atomically precise NCs. For example, phosphines have 

been employed long before thiols as ligands for Au NCs. In the late ô60 Malatesta and co-workers 

reported the synthesis and structural characterization of Au11(PPh3)7(SCN)3
351 while Mingos et al. 

reported the synthesis and X-ray structure of Aul3(PMe2Ph)10Cl2(PF6)3 in the early ô80.
352 

Commonly, the synthesis of phosphine protected NCs is performed at room temperature and 

involves a reduction step, usually performed with NaBH4. Great contribution to the phosphine 

protected Au NCs has also been brought by Konishi and Hutchinson groups. In particular, Konishi 

and co-workers reported the first diphosphine protected Au13, Au8 and Au7 clusters employing a 

size focusing protocol for [Au13(dppe)5Cl2]Cl3 and a LEIST protocol for [Au8(dppp)4Cl2]
2+ and 

Au7(dppp)4(BF4)3.
 353ï355 The group has also studied clusters composed by fused core subunits.356,357 

Hutchinson, on the other hand has focused more on the ligand exchange of phosphine Au NCs with 

thiols, particularly on Au11 clusters.358ï360 Also, in the same period larger diphosphine protected Au 

NCs such as Au20(PP3)4Cl4 (PP3 = tris(2-(diphenylphosphino)ethyl)phosphine) bearing a 

tetradentate phosphine,361,362 and Au22(dppo)6 (dppo: diphenylphosphinooctane) composed of two 

Au11 units were reported by other groups.363  

Alkynyl protected Au NCs have also been studied along the years. These clusters have been 

reported both as mixed ligands (phosphines and alkynes) and alkynyl protected only. The first study 

in this topic described the synthesis of Au clusters protected by phenylacetylene by a ligand 

exchange starting from PVP protected small Au NPs.364 The study reported Aun(C2Ph)m clusters 

with atomicity from 43 to 110 that were not isolated but characterized by MALDI-TOF 

spectrometry. One year later Au54(C2Ph)26 was selectively prepared employing the same method for 

polydispersed clusters.365 In this study, PVP-capped Au polydispersed clusters (d = 1.2 nm ± 0.2) 
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were treated with phenylacetylene in large excess in chloroform to obtain the desired Au cluster. 

Recently, Wang and co-workers reported the synthesis of a class of mixed phosphine and alkynyl 

protected Au clusters. Three atomically precise Au NCs were produced by the group, namely 

Au19(C2Ph)9(Hdppa)3(SbF6)2, Au23(C2Ph)9(Ph3P)6(SbF6)2 and Au24(C2Ph)14(PPh3)4(SbF6)2.
366ï368 All 

the three clusters were synthetized by a similar procedure consisting in a first exchange of 

counterion in the gold complex (Cl- with SbF6
-), followed by a reduction step with NaBH4. 

 

Silver 

Parallel to the development of Au NCs, silver clusters (Ag NCs) also emerged, and nowadays the 

studies on this topic lead to the development of a small library of atomically precise Ag NCs for 

which well-defined synthetic procedures and reliable characterisation data are available.319 The first 

reports of Ag NCs appeared in 2009 and 2010  where various Ag NCs were prepared and detected 

by mass spectroscopies but not isolated.369ï371 Later, Stellacci and co-workers reported the 

preparation and characterization of Ag44(SR)30
4- using 4-fluorothiophenol and 2-thionaphtalene 

(Figure1.38).372,373 The synthesis was performed in liquid phase, similarly to the Au NCs 

preparation, by reducing a DMF solution of Ag salt in presence of thiols with NaBH4 and leaving 

the crude product to age at -4 °C for one week. In the same period Ag7(MSA)7, Ag8(MSA)8 and 

Ag9(MSA)7 (MSA: mercaptosuccinic acid) were prepared through the reduction of AgNO3 in 

methanol, in presence of the thiol ligand, and isolated by gel electrophoresis.374,375  

 

Figure 1.38. Synthetic scheme for the preparation of Ag44(SR)30
4- NCs (A) and corresponding mass spectra 

for clusters protected by 4-fluorothiophenol and 2-thionaphtalene obtained by ESI-MS (B). Adapted with 

permission from ref. 372. Copyright 2012 Royal Society of Chemistry. 
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Interestingly, the LEIST process was employed for the synthesis of Ag44(4-FTP)30 (4-FTP: 4-

fluorothiophenol) starting from Ag35(SG)18.
376 In recent years, new Ag NCs have been identified 

and isolated with various ligands. For example, Ag19(dppm)3(C2Ph)14(SbF6)3 (dppm: 

diphenylphosphinomethane) and Ag25(dpppe)3(C2PhOMe)20(SbF6)3 (dpppe: 

diphenylphosphinopentane) were prepared by a slow addition of NaBH4 at room temperature and 

aging in absence of light and crystallized for structural characterization that revealed an Ag13 kernel 

with a particular anti-cuboctahedral symmetry.377 Bigger Ag NCs like Ag74(C2Ph)44 and 

Ag78(dppp)6(SPhCF3)42 (dppp: diphenylphosphinopropane) were also synthetised with bidentate 

phosphines or alkynes as ligands.378,379 Of note, the Ag74(C2Ph)44 cluster was prepared employing 

bidentate phosphines to firstly generate a silver-phosphine that delivers Ag(0) atoms finally 

protected by phenylacetylene. Ag14,
380 Ag15,

381 Ag23
382 and Ag50

383 have been also prepared, 

isolated and characterized by mass spectrometry techniques. Overall, the preparation and 

identification/characterization of atomically precise Ag NCs does not come without effort as these 

NCs lack in stability. Still, there is room for the introduction of new Ag NCs and the development 

of tailored protocols for the stabilisation of such nanomaterials. 

 

Platinum 

Compared to gold and silver NCs, platinum and palladium NCs are less reported because of their 

lower stability. Few studies can be found for Pt and Pd monolayer-protected clusters with the metals 

in the zero oxidation state mostly because the difficulties faced in the synthesis and 

characterization. The first reported synthesis of Pt NCs protected by thiolates was described by 

Chen et al. in a solution phase by reduction of H2PtCl6 in presence of mercaptosuccinic acid with 

NaBH4.
384 The Pt NCs were obtained in a polydispersed range of atom number with a mean 

diameter of 2.5 nm. However, this first study set the ground for the future reports of atomically 

precise Pt NCs. Years later, very small Pt clusters were reported by Kawasaki et al. as a mixture of 

Pt4, Pt5 and Pt6 in DMF.385 The peculiarity of this work is the straightforward synthesis performed 

in DMF at 140 °C without ligands, thus making the solvent the stabilizing agent for the clusters. 

The NCs were identified in form of Pt4(MBT)7, Pt5(MBT)7 and Pt6(MBT)7 by MALDI -MS. In this 

study, 2-mercaptobenzothiazole (MBT) was used as the matrix for the mass analysis, but also 

provided the capping molecules stabilising the clusters and allowing their desorption from the 

specimen under analysis; here MBT displaced the weakly bound DMF molecules that originally 

protected the clusters. Another study by Schneider and co-workers reported Pt NCs protected by 

GSH with dimensions below 2 nm.386 The NCs were produced following the LEIST process by 



60 

 

firstly preparing a colloidal solution of Pt NCs protected by mercaptosuccinic acid (MSA) that was 

subjected to etching by GSH at 65 °C for 6 days. Unfortunately, the authors were not able to 

identify the exact composition of the clusters due to ionisation issues of the Pt NCs with MALDI-

TOF. Pt5(SCO2Me)7 NCs have also been reported and isolated by HPLC from a mixture of clusters 

and NPs prepared by reduction of H2PtCl6 in presence of PAMAM (polyamidoamine) 

dendrimers.387 Interestingly, atomically precise Pt11 NCs were reported by a solid state dry synthesis 

performed by milling platinum salt, 4-(tert-butyl)benzyl mercaptan (BBSH) and NaBH4 in a mortar 

to yield crude Pt11(BBS)8 that was purified by HPLC and characterized by MALDI-MS.388 Another 

peculiar strategy to achieve Pt NCs with precise atomicity was developed by Yamamoto and co-

workers.389 These authors exploited the complexation ability of phenylazomethine dendrimers to 

capture Pt ions at a maximum of 12 ions per dendrimer of assembled phenylazomethine units. The 

complexed ions were then reduced to Pt(0) that aggregated in NCs with precise atomicity (Figure 

1.39A). The as-obtained NCs cannot be described as monolayer-protected because no ligand is 

bound to the metal surface, in fact the dendrimer has only the function of stabilization and 

preventing aggregation of the clusters. Using the same approach, the same group achieved the 

synthesis of a range of Pt NCs between 12 and 20 atoms by simply tuning the equivalents of 

platinum precursor (Figure 1.39B).390 Recently, Zhuang et al. successfully produced Pt21(MSA)21 

NCs by treating an aqueous solution of K2PtCl4 with mercaptosuccinic acid (MSA) at room 

temperature and isolated the NCs by dialysis.391 Smaller Pt clusters capped with phosphine ligands 

such as Pt6(PPh3)4Cl5 have been reported by a mild reduction of H2PtCl6 with borane tert-

butylamine complex.392 Other Pt NCs have been reported although without strict control on the 

atomicity.393ï397 
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Figure 1.39. Schematic illustration of two protocols employing phenylazomethine dendrimers to control the 

atomicity of Pt NCs. Synthesis of Pt12 NCs (A) and synthesis of Ptn (n: 12-20) NCs (B). Adapted with 

permission from ref. 389 (Copyright 2013 Wiley-VCH) and ref. 390 (Copyright 2015 Wiley-VCH). 

Palladium 

Similar to the case of platinum, also zerovalent monolayer-protected palladium NCs are mostly 

stabilized by thiolates, owing to the stability of M-S bond. In the early reports mostly polydispersed 

clusters, often contaminated by bigger NPs were described. Only in the last decade the synthetic 

protocols were refined to the point of obtaining atomically precise Pd NCs. The first study on Pd 

NCs was reported in early 2000 by Zamborini et al. in which the Brust-Schiffrin protocol was 

adopted to produce hexanethiol protected NCs.398 In the same period, Negishi and co-workers 

prepared and characterized Pd NCs protected with octadecanethiol. From the mixture of clusters 

two major products were detected by MALDI-MS, namely Pd5(SC18H37)10 and Pd10(SC18H37)12.
399 

More recently various atomically precise Pd NCs have been reported. For example, Jin and co-

workers reported the one-pot synthesis of Pd13ï17(SR)18ï22 clusters by reduction of Pd(OAc)2 in THF 

and TOAB employing various thiolated ligands such 4-tert-butylbenzenethiol, 1-adamantanethiol, 

1-naphthalenethiol, and 2-naphthalenethiol.400 Similarly, various Pd clusters protected with N-

acetyl-L-cysteine were synthetised and isolated from the mixture by HPLC in the composition 

range between Pd10 and Pd20.
401 With an optimized Brust-Schiffrin protocol, Dass and co-workers 

were able to isolate Pd21(PET)18 in high yield.402 The synthesis was performed in two steps 

consisting in the preparation of a crude mixture of clusters enriched in Pd21 that were additionally 

size-focused by a thermal treatment in toluene and excess PET. In pursuing the synthesis of small 

atomically precise clusters, Chen and co-workers  relied on a modified procedure for the synthesis 

of metal NPs to deliver Pd6(SC12H25)11 NCs.403 The procedure consisted in the reduction, under 

mild conditions, of Pd(acac)2 in OLAM and excess 1-dodecanethiol at room temperature for 4 

hours. Worth to be mentioned, the work of  Dahl and Mednikov, which have extensively studied 

zerovalent Pd clusters coordinated to carbonyl ligands and phosphines.404ï407 Along the years their 

group have reported around 20 discrete Pd core geometries with Pd atoms ranging from 10 to 165. 

Al l the Pd NCs have been isolated and their crystal structure  reported. The Pd carbonyl/phosphine 

ligand clusters bear very peculiar icosahedral or closed cubic/hexagonal packing geometries. 

Unfortunately, these Pd NCs are very reactive and can be preserved only under inert atmosphere or 

CO gas. 
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1.2.2.2. Polynuclear metal complexes 

Polynuclear transition metal complexes are described as metallorganic molecules incorporating 

metal ions in oxidation states different from zero and with non-metallic properties like the 

monolayer protected clusters. Therefore, these clusters differ from the abovementioned ones for not 

having a defined core. The study of such complexes started in the last century and continues to 

current days with new clusters of various nuclearity and ligands being investigated. Widely used 

ligand for these complexes are thiols, phosphines, organosilanes, amines, carbon monoxide and so 

on.408 In keeping with the objective of this thesis, this sub-chapter will be focused mainly on the 

thiolate coordinated metal complexes. A distinctive structural feature of thiolate coordinated metal 

complexes with nuclearity above four is  the formation of closed rings with neighbouring metal 

centres doubly bridged by the ligands. These peculiar toroidal metallorganic structures have been 

named tiara-like complexes for resembling a crown and are typically reported for the group 10 

transition metals (Ni, Pd, Pt).  

 

Figure 1.40. The first crystal structure of a Pd6(SR)12 tiara-like complex proposed by Hayter and co-workers. 

Reproduced with permission from ref. 409. Copyright 1964 Elsevier. 

The first report of such cyclic complexes dates to the mid ô60,409 even though studies on linear 

metal mercaptides have predicted their existence already in the ô30.410 The synthesis of these 

compounds usually involves the complexation of a metal salt with the thiol ligand by spontaneous 

coordination or promoted by a weak base. In the first example described by Hayter et al. in 1964, 

Pd tiara-like complexes of stoichiometry Pd6(SR)12 were formed by spontaneous complexation of 

(NH4)2PdCl4 with ethanethiol, 1-propanethiol and 2-propanethiol in chloroform or benzene in a 

time span of 12 hours.409 The complexes were recrystallized and characterized by single-crystal X-

ray analysis (Figure 1.40) that confirmed their ring-closed structure. One year later, Dahl, Crosse 

and co-workers similarly reported the crystal structure of Ni6(SC2H5)12 (Figure 1.41) that was 

prepared by reacting a Ni(II) salt with bis (alkylthio)dialkyltin compounds.411 The authors used the 
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same approach to prepare other hexanuclear tiara-like Ni complexes substituted by various thiolated 

ligands, in the same period.412  

 

Figure 1.41. First crystal structure of a Ni6(SR)12 tiara-like complex reported by Dahl and co-workers. 

Reproduced with permission from ref. 411. Copyright 1965 American Chemical Society. 

In the following years various groups reported the preparation and crystal structure of diverse Pd, 

Ni, Cu, Ag, Fe, Co and Mn complexes enriching the library of thiolated tiara-like metal 

complexes.413ï424 More recently the tiara-like metal complexes have witnessed a revival not only 

because of their fascinating structure but also because of their unusual properties. In particular, 

thiolate coordinated complexes are of great interest because the strength of M-S bond confers to 

these clusters great stability toward oxidations and reductions.425 Moreover, metal thiolates are 

interesting also from a bioinorganic aspect as they are involved in several key enzymes.426,427 The 

latest studies of tiara-like complexes have mainly focused on the ligand influence toward the ring 

contraction or expansion, thus on the nuclearity of the clusters. An early example of ligand 

influence was reported by Tatsumi and co-workers in 2006 where they studied the Ni complex 

formation in presence of mixed thiolates.428 A Ni(mtet)2 (2-methylthioethanethiolate) complex was 

first prepared and subsequently reacted with potassium 2-propanathiolate or potassium tert-

butanethiolate to yield cyclo-[Ni(SiPr)(mtet)]6 and cyclo-[Ni(St-Bu)(mtet)]10 respectively (Figure 

1.42). Expansion of the ring from 6 to 10 atoms of Ni was attributed to the ligand effect and 

precisely to the bulkiness of tert-butanethiolate, with respect to 2-propanethiolate, that did not allow 

the ring closure at lower nuclearity because of the strain effect.  
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Figure 1.42. Synthetic scheme (A) of the cyclo-[Ni(SiPr)(mtet)6] and cyclo-[Ni(St-Bu)(mtet)10] and their 

respective crystal structure (B). Adapted with permission from ref. 428. Copyright 2006 Wiley-VCH. 

A similar study was reported also for Ni6 tiara-like clusters employing mixed thiolates.429 Four 

complexes were prepared by treating Ni(ClO4)2 with dimethyl disulfide (or diethyl disulfide) and 2-

propanethiol or tert-butanethiol in ethanol at 120-130 °C with reaction times that were very 

sensitive to the nature of the ligand employed, spanning from a few hours to 24 hours. The obtained 

tiara-like Ni clusters, cyclo-[Ni(ɛ-SiPr)(ɛ-SMe)]6, cyclo-[Ni(ɛ-StBu)(ɛ-SMe)]6, cyclo-[Ni(ɛ-

SiPr)(ɛ-SEt)]6 and cyclo-[Ni(ɛ-StBu)(ɛ-SEt)]10, were characterized by single-crystal X-ray 

diffraction highlighting the diverse Ni-Ni bond distances and the Ni-S-Ni bond angles that changed 

with the nature of the thiolated ligand. Another interesting example concerns Pt tiara-like 

complexes. Usually, Pt thiolates have the tendency to form polymeric complexes of indefinite 

length with the generic formula [Pt(SR)n]Ð displaying an amorphous structure that makes these 

polymers insoluble and challenging to characterize.430ï433 By employing a derivatized symmetric 

ligand bearing two sulfide functions,  [Pt(ɛ-SCH2CO2Me)2]8 was obtained refluxing PtCl2 and the 

derivatized ligand in acetonitrile for 10 hours (Figure 1.43).434  With the same procedure [Pd(ɛ-

SCH2CO2Me)2]8 complexes were also reported.  
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Figure 1.43. Synthetic scheme (A) of [Pt(ɛ-SCH2CO2Me)2]8 and its molecular structure from top and side 

view (B). Adapted with permission from ref. 434. Copyright 2014 American Chemical Society. 

Pt tiara like clusters were also synthetised with nuclearities ranging from 5 to 13 (Figure 1.44).435 

The complexes were achieved in two steps: PtCl4 was first treated with octanethiol and N,N-

diisopropylethylamine (DIPEA) in chlorobenzene/acetonitrile at 90 °C for 1 hour and the resulting 

precipitate was refluxed again with excess octanethiol  in chlorobenzene at 200 °C for 1 hour. 

[Pt(SC8H17)2n]n (with n: 5-13) were isolated by preparative HPLC and characterized with MALDI-

TOF spectrometry, and the single crystal X-ray structure was solved for the Pt6 and Pt8 complexes.  

Another cyclic Pt complex was isolated recently in the hexameric form.436 [Pt(SC12H25)2]6 was 

prepared by thermal treatment at 210 °C for 2 days of a mixture composed by H2PtCl6 and 

docecanethiol in 4-tert-butyltoluene. Single-crystal X-ray diffraction confirmed the toroidal 

structure of the complex with each Pt atom displaying approximately a square planar configuration 

with four S atoms pointing at the edges (PtS4).  

 

Figure 1.44. Chemical structure of the [Pt(SC8H17)2n]n complexes (a), chromatogram of the preparative 

HPLC separation by size-exclusion (b), MALDI-TOF mass spectra of the isolated Ptn clusters and their 

relative structure modelled with DFT calculations (d). Reproduced with permission from ref. 435. 
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Interestingly, PET, that was widely used as thiolated ligand for monolayer protected cluster (e.g. 

Au25(PET)18), has also been employed for the preparation of tiara like complexes. Remarkable 

examples are Pd425,437,438 and Ni439ï441 complexes coordinating PET prepared by different protocols 

providing complexes with various nuclearities. For example, [Pd(PET)2n]n (n:5-20) have been 

prepared both by the Brust-Schiffrin protocol where the NaBH4 acted as base on a solution of 

Pd(OAc)2
438 in presence of PET, or by triethylamine treatment of Pd(NO3)2 also in presence of 

PET.437 Although tiara-like clusters are mostly reported for the group 10 transition metals, examples 

with other transition metals such as Fe, Co, Ru and Os have also been reported.442,443 Overall, tiara-

like complexes are of great importance because they can be seen as a simple tool for controlling the 

atomicity of metal clusters in higher oxidation states. Moreover, recent studies have proved 

interesting light emitting438 and catalytic435,441 properties of such complexes opening the door to a 

multitude of future applications in various fields. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



67 

 

1.3 Catalytic applications of transition metal NPs and NCs 

The pervasive role of catalysis in chemical research and chemical industry has led different 

approaches  such as thermal, electro- and photo-catalysis to become well-established independent 

research areas with widespread applications. The central role of catalysis in chemical 

transformations is supported by the fact that about 90 % of products manufactured by chemical 

companies involve at least one catalytic step in their preparation, whether employing homogeneous 

or heterogeneous catalysts. The growth of heterogeneous catalysis was accompanied by various 

major historical advances (Figure 1.45). In particular, the concept of active site has been the focus 

point in many studies.444ï447 In the ô20 Taylor pinpointed the role of a small portion, rather than the 

whole,  of surface atoms as active centres and Schwab discussed the lattice defects activity and their 

involvement as active sites on the catalysts surface. Before Taylor and Schwab, Sabatier and 

Ostwald contributed to the fundamentals of physical and chemical adsorption in catalysis and they 

were awarded the Nobel prize in Chemistry in 1912 and 1909, respectively, for their discoveries. In 

1916, Langmuir introduced the theory of chemisorption,448 that together with the other findings at 

the beginning of the 20th century set the basis for the studies of catalytic systems and the 

introduction to surface science for the study of reaction mechanismôs occurring on crystallographic 

facets and atomic scale features.449  

 

Figure 1.45. Historical and contemporary conceptual advances in heterogeneous catalysis. Reproduced with 

permission from ref. 450. Copyright 2021 America Chemical Society. 

Among all the catalytic materials, transition metals arise thanks to their redox properties that make 

them suitable catalysts for many oxidation and reduction reactions. Various established examples of 

industrial applications for heterogeneous catalysts can be found nowadays and most of them have 

been developed in the last century. Remarkable examples are catalysts based on copper for 

methanol production,451,452 ruthenium for ammonia synthesis,453,454 palladium and platinum for 
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hydrogenation of organic compounds,455,456 silver for the epoxidation of ethylene457 and so on. 

Moreover, platinum, palladium and rhodium are widely used in catalytic converters for the 

degradation of pollutants458 and in fuel cells.459 Although metal based catalysts have been used 

since long time, their preparation has not varied much and these catalysts are still produced by 

precipitation or impregnation methods followed by calcination and reduction at high temperatures. 

Despite being practical approaches for the production of well dispersed supported NPs with high 

surface area, these protocols still face some drawbacks. Firstly, a broad size distribution is often 

associated to these procedures causing Ostwald ripening of the NPs460 that is one of the causes of 

mass/specific activity loss. Additionally, irregular and polycrystalline NPs obtained by the 

conventional preparations challenge the reproducibility control over activity and selectivity as many 

catalytic reactions are sensitive to the catalyst surface structure. For instance, it has been reported 

that NH3 rate formation from N2 and H2 on Fe surface facets increases in the order of Fe(110) < 

Fe(100) < Fe(111).461 For Pt nanostructures, it has been demonstrated that CO reduction is boosted 

on (100) and (210) facets462,463 while electrochemical oxygen reduction rate in aqueous HClO4 on 

single-crystal Pt follows the trend (100) < (111) < (110).464 Despite these and other studies 

performed on single crystal metals, a structure gap is still present when comparing real catalysts to 

the ideal systems. This gap can be easily attributed to the difference in the catalyst preparation, 

which is accountable for the surface features on the metal465 and it can be reduced by switching to 

colloidal metal NPs with controlled morphology. The control of metal NPs in terms of size and 

shape monodispersity have the potential of bridging the gap between the industrial catalysts and the 

single-crystal nanostructures studied in surface science.466 Replacing the conventional 

polycrystalline NPs with uniformly shaped ones allows to improve the activity, selectivity and 

stability of a catalytic system. The concept of using monodispersed and shaped NPs in 

heterogeneous catalysis has been explored since the early 2000 with the development of various 

protocols for the syntheses of colloidal shaped NPs.244,467,468 According to this, many studies have 

contributed to establish the relationship between surface structure and electronic properties enabling 

the development of new characterization techniques for probing active surfaces in catalytic 

reactions.469,470 Another research line, based on the use on NCs, prompted the investigations of new 

catalytic systems. This was also encouraged by the fact that NPs, although having the same size and 

shape, still can be different by one or two atomic layers or by the number of defects present on the 

surface, thus never displaying the same precise structure. This drove the development of atomically 

precise catalysts as models for new structure-activity studies450,471,472 since the electronic properties 

of metal NCs can significantly vary with the atomic composition of the cluster itself. 
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In general, the activity of a catalyst in solid phase is strongly related to the interaction of reactants 

with the catalyst surface generating the intermediates that evolve to products (Figure 1.46A). The 

Sabatier principle473 suggests that such interaction in an optimal catalyst should be neither too weak 

nor too strong for the expression of a high activity. When the interaction is too weak, activation 

(dissociative adsorption) of the reactants will not occur and the reaction will not be promoted. On 

the opposite, if the interaction between reactant and surface atoms is too strong the catalyst will be 

poisoned as the intermediates will not be able to desorb from the surface. When plotting the 

reaction rate vs the heat of adsorption of an intermediate involved in the rate-limiting step a bell 

shaped curve is obtained in which the position of the maximum corresponds to the most active 

catalyst474 (Figure 1.46B).  

 

Figure 1.46. Elementary steps in a heterogeneous catalytic reaction (A), bell shaped plot derived from the 

Sabatier principle (B) and volcano plot showing the reaction rate of various metals toward the decomposition 

of formic acid (C). Adapted with permission from ref. 116. Copyright 2021 American Chemical Society. 

For example, a typical bell shaped plot can be drawn for the decomposition of formic acid with 

various metals in which the temperature (at rate constant log k = 0.8) is plotted vs the heat of 

formation (ȹHf) of the intermediate (Figure 1.46C).475 At low values of ȹHf the reaction proceeds 

gradually, thus the adsorption is rate determining, while at high values of ȹHf the opposite situation 

is favoured with desorption being the rate-limiting step. Taken together, the plot shows metals 

found in the intermediate ȹHf values, with optimal combination of adsorption/desorption rate, are 

the most active catalysts for the decomposition of formic acid. A direct strategy for tuning the 

interaction strength of a catalyst consists in the modulation of its d-band center.476 The d-band 

center theory describes the interaction of the metal d-states with the bonding and anti-bonding 

molecular orbitals of an adsorbate. Particularly it states that the d-band position with respect to the 

Fermi level of the metal determines the size of the bonding/anti-bonding energy shifts in the 

intermediate and the degree of filling of the antibonding states that consecutively reflects on the 

reaction rate. The d-band centre can be modulated through the engineering of the metal NPs and 

NCs surface structure by means of size, shape twin defects and elemental composition. A 

quantitative descriptor of the surface structure is the CN, that indicates the number of bonds an 
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atom forms with its nearest neighbours. The CN is directly related to the performance of a catalyst, 

including activity and selectivity, by altering the adsorption and dissociation energies of molecules 

on the surface.477 Because the CN is dictated by the size, lattice structure and the exposed facets, 

NCs and shaped NPs are the perfect tool for the development of advanced catalytic systems with 

improved activity and selectivity. 

In the next sections, various catalytic systems based on the use of shaped metal NPs and metal NCs 

will be described and discussed both from the activity (performance) and selectivity (type of 

reactions promoted) point of view. Due to the extensive number of works and studies reported for 

the application of shaped NPs and NCs in catalysis, only remarkable examples of some transition 

metals will be treated in the following three subparagraphs. 

 

1.3.1. Organic transformations 

CO oxidation 

Since the pioneering work of Haruta about the low-temperature CO oxidation on gold catalysts,478 a 

substantial number of studies have reported the development of new metal based heterogeneous 

catalysts for the conversion of CO to CO2. Although it has been widely demonstrated that Au NPs 

with average size around 2-5 nm are very active in this transformation, the activation process is still 

unclear. Researchers have been focusing on various issues such as the support-NPs interaction, the 

active charge state of the supported NPs and the active sites on the NPs to shine light on the 

possible mechanisms involved in the transformation. Nevertheless, the participation of smaller 

particles (clusters and single atoms) in the reaction has been long debated triggering studies focused 

on sub-nanometric catalytic systems. In-between the end of the ô90 and the early 2000, Sanchez et 

al.479 reported studies for the CO oxidation on unprotected Aun clusters (n Ò 20) finding in Au8 the 

minimum size for non-negligible activity while Anderson et al.480 used Au clusters with atomicity 

from 1 to 7 for the same reaction observing that even smaller clusters down to Au3 were active. 

These studies validated the hypothesis of the possible involvement of smaller species in CO 

oxidation. Later on, 0.5 nm Au NCs481 and even bigger ones (1-3 nm)482 were reported as active 

clusters in the oxidation process. 

Even though nanoscale and sub-nanoscale gold is very efficient in oxidizing CO, other metal NCs 

have been employed as model catalysts for activity studies with this reaction. Anderson and co-

workers, for example, studied the activity of Pd clusters supported on TiO2 as a function of their 

atomicity considering a range between 1 and 25 atoms.483 By XPS analysis, the authors observed a 

nonmonotonic charge variation with the cluster size, especially at smaller sizes, and naturally this 
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was also reflected on the NCs activity toward CO oxidation (Figure 1.47A). As for Pd, also for Pt a 

set of different NCs was used in temperature-dependent CO oxidation reactions for fundamental 

studies aimed at assessing the effect of NCs surface modification on the overall performance.  

 

Figure 1.47. CO oxidation activities for Pdn clusters compared with the shifts in Pd 3d binding energy (A). 

CO2 production rates per Pt density as a function of cluster size and temperature and mean cluster size of Pt7 

after annealing in vacuum (black) and exposure to single (green and blue) and combined reactant gasses 

(red) (B). Adapted with permission from ref. 483 (copyright 2009 American Association for the Advancement 

of Science) and ref. 484 (copyright 2014 American Chemical Society). 

Bonanni et al. determined the reaction rates for three Ptn clusters (n: 3, 7, 10) on TiO2(110) that 

decreased with the increasing atomicity (Figure 1.47B).484 Size investigation before and after 

catalysis revealed a sintering process that involved all the clusters starting already at low 

temperatures while annealing of the clusters in absence of gasses resulted negligible. This aspect 

highlights the importance of stability testing when comparative performance studies are reported for 

catalysts. 

Beside the aforementioned examples with clusters prepared in ultrahigh vacuum systems, NCs with 

defined crystal structure, gold especially, prepared by wet chemical protocols are also important 

model catalysts in pursuing new insights into the mechanism of CO oxidation. Since the 

breakthrough of supported Au25(PET)18 in CO oxidation reaction,485 various efforts have been made 

to unveil the mechanistic details at the molecular scale. From this first study, an important role of 

the interface (Figure 1.48A) was established as Au25(SR)18/CeO2 resulted in excellent conversion 

while Au25(SR)18/TiO2 exhibited no activity at all. Additionally, oxygen pre-treatment of the 

catalyst resulted in the activation of the clusters since without this pre-treatment the protected Au25 

NCs displayed no activity. The importance of oxygen pre-treatment was also observed in another 

study on protected and unprotected Au38 NCs.486 Computational studies have suggested triangular 

Au3 sites as active sites for the generation of active oxygen (Figure 1.48B) that favoured the 

oxidation of CO in Au NCs. However, Overbury et al. suggested an alternative perspective on the 

active site in Au NCs, based also on the ligand effect.487 By studying the Au25(SR)18/CeO2 catalytic 

system they noted a complete lack of activity for the protected NCs compared to unprotected NCs, 

while a partial ligand removal resulted in enhanced activity. Isotopic labelling experiments 
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indicated that active sites are at the interface and active oxygen species are not formed from 

molecular oxygen but derive from lattice oxygen of CeO2, thus the catalysis was suggested to 

proceed via the Mars-Van Krevelen mechanism (Figure 1.48C) rather than Langmuir-Hinshelwood 

mechanism. The role of O2 in the reaction was to replace the depleted lattice oxygen from ceria.  

 

Figure 1.48. Proposed model for CO oxidation at the interface sites of Au25(SR)18/CeO2 catalyst (A) and 

generation mechanism of active oxygen species and molecular model of the Au3 active site (B). Proposed 

CO oxidation mechanism on protected, partially protected and unprotected Au25 NCs. Adapted with 

permission from ref. 485 (copyright 2012 American Chemical Society), ref. 486 (copyright 2013 American 

Chemical Society) and ref. 487 (copyright 2014 American Chemical Society). 

However, the same group have developed a catalytic system with Au NCs bearing coordinatively 

unsaturated Au atoms in the structure that was active toward low temperature CO oxidation without 

the need of ligand removal.488 Au22(dppo)6 (dppo: 1,8-(diphenylphosphino) octane) with 8 

uncoordinated Au atoms, that are not susceptible to the phosphine charge transfer, was supported on 

different metal oxides (CeO2, TiO2, Al2O3) and used in the CO oxidation reaction demonstrating to 

be superior with respect to the Au25(PET)18 supported catalyst. The reaction mechanism still 

proceeded via redox transfer of lattice oxygen from the support at the interface. All these studies 

have offered a design strategy for the assembly of improved catalytic systems based on the 

engineering of atomically precise metal NCs and support/NCs interface that are still studied 

nowadays. 

With metal NPs, low temperature CO oxidation starts to acquire significance only with reduced size 

(below 10 nm). At this size range the mechanisms can follow different paths, depending on 

temperature like in the case of Au NPs deposited on titania. At temperatures above 80 °C the 

oxidation can be promoted directly on Au surface where oxygen active species are generated, while 

at lower temperatures the reaction proceeds at the interface489 and more interestingly, below -155 

°C the CO can be directly adsorbed on TiO2 from which it migrates at the interface to react with 

oxygen.490 A study by Cargnello et al. on group 10 transition metals (Ni, Pd and Pt), supported on 

CeO2, investigated the involvement of surface atoms at the interface during CO oxidation.491 By 
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employing monodispersed NPs at different sizes the authors found corner atoms of the NPs at the 

interface as the active sites, thus smaller NPs presented superior activity because enriched in low 

coordinated corner atoms (Figure 1.49). 

 

Figure 1.49. Calculated number of sites with a particular geometry (surface, perimeter or corner atoms at the 

support interface) as a function of size and TOF at 80°C of the ceria-based samples. Reproduced from ref. 
491. Copyright 2013 American Association for the Advancement of Science. 

Contrary to polycrystalline NPs, for nanocrystals with well-defined geometry and facets the fraction 

of atoms with a particular geometry can be easily quantified. Figure 1.50 shows the fraction of 

surface atoms located at the (111) facets, (100) facets, vertexes and edges of Au cuboctahedral NPs 

with the edge length going from 0.5 to 10 nm. Atoms at the edges and vertexes have lower CN 

compared to facets and their presence naturally affects the catalytic activity of the NPs. This link 

was observed for the CO oxidation on Au cuboctahedra with variable size.492 Here, dramatic 

increase in the CO conversion was observed when 3 nm cuboctahedral NPs were used instead of 6 

nm NPs in keeping with the higher percentage of low-coordinated atoms at the vertexes and edges 

of smaller Au cuboctahedral NPs. 

 

Figure 1.50. Fraction of surface atoms at the edges, vertexes, (111) and (100) facets at increasing size of Au 

cuboctahedrons. Reproduced with permission from ref. 493. Copyright 2013 Elsevier. 
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Because the shape control of metal NPs is quite challenging at the size level required for the 

oxidation of CO at low temperatures, very few studies have been reported for faceted NPs in 

catalysing this reaction. However, as stated above, low coordination number sites are very active in 

converting CO to CO2, thus NPs enclosed in high-indexed facets can be exploited for this purpose. 

In 2011 Xia and co-workers reported a synthetic protocol for Au rice-shaped NPs covered in (611) 

high-index facets with size around 50 nm.494 These Au NPs were supported on ZnO and tested for 

CO oxidation demonstrating to be highly active and superior if compared to conventional Au 

nanospheres with the same dimension. More recently, Vinod and co-workers similarly compared 

the activity of high-indexes Pd NPs with Pd nanospheres.495 The authors used (310) faceted flower-

like and (311) faceted concave cubic Pd NPs enriched in steps and edges. They reported higher 

activities for flower like and concave cubic NPs compared to polycrystalline nanospheres with the 

same dimension (35 nm), while the use of smaller Pd nanospheres (6 nm) resulted in comparable 

activity to the high-indexed NPs (Figure 1.51A). Moreover, they performed size dependent tests on 

concave nanocubes finding an inverse correlation between size confinement and activity (Figure 

1.51B) that suggested the importance of stability in bigger particles toward sintering and the 

presence of high-index facets for the boosting of CO oxidation. 

 

Figure 1.51. CO conversion activities of Pd concave cubes and nanoflowers compared with 35 and 6 nm 

spherical NPs (A). CO oxidation profile for concave nanocubes with different sizes and respective Arrhenius 

plots (inset) (B). Adapted with permission from ref. 495. Copyright 2016 Elsevier. 

Beside gold and group 10 metals, also ruthenium is considered a valid metal for CO oxidation.496 

Ruthenium is a peculiar metal since at the nanoscale it can be found in two distinct crystal 

structures, fcc and hcp, with the latter being predominant. The discrimination of one structure with 

respect to the other in the formation of Ru nanocrystals is governed by reduction kinetics that can 

be tuned through the use of different precursor and solvent. Kitagawa and co-workers reported the 

synthesis of both crystal phases NPs employing RuCl3 and EG (solvent) for hcp phase and 
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Ru(acac)3 and TEG (solvent) for fcc phase (Figure1.52A, B).497 The as-prepared NPs were 

supported on ɔ-Al 2O3 and tested for CO oxidation revealing a peculiar trend.  

 

Figure 1.52. TEM images of fcc (A) and hcp (B) Ru NPs. Size dependence of the temperature for 50% 

conversion of the reaction with fcc NPs (blue) and hcp NPs (red). Adapted with permission from ref. 497. 

Copyright 2013 American Chemical Society. 

The temperature required for 50% conversion of CO to CO2 (T50) was measured and compared for 

various Ru NPs sizes. For hcp Ru NPs, T50 increased with particle size while for fcc NPs T50 had 

the opposite trend. Above 3 nm in size fcc Ru NPs resulted superior in catalysing the reaction 

compared to hcp NPs (Figure 1.52C) and the authors attributed this behaviour to the presence of 

twin defects or lattice distortions in fcc structure. 

 

Alcohol oxidation and alkene epoxidation. 

The oxidation of alcohols is an important reaction for the production of aldehydes, ketones and 

carboxylic acids which are valuable building blocks for the synthesis of organic compounds both in 

research and industry. Although various oxidants have been developed along the years,498 the use of 

molecular oxygen is encouraged and preferred as it is greener compared to organic/inorganic 

oxidants and generates no toxic by-products during the catalytic oxidation. In heterogeneous phase 

the oxidation takes place at the metal surface and metal/support interface with initial OH 

adsorption/activation to form followed ɓ-hydride elimination to generate the carbonyl group and 

lastly, hydride abstraction by molecular oxygen closes the catalytic cycle (Scheme 1.1). 

Conventional metals used in this process are gold, palladium and platinum.  
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Scheme 1.1. Catalytic cycle for the aerobic oxidation of alcohols on supported Au NPs. Reproduced with 

permission from ref. 499. Copyright 2019 American Chemical Society. 

Even though, most of the heterogenous aerobic oxidations are performed with polycrystalline 

NPs,499ï501 in the last decades tailored catalysts based on atomically precise metal NCs and shaped 

NPs have been reported.116,450 Gold NCs have been widely studied for the aerobic oxidation of 

alcohols with either ligand preservation on the cluster or with ligand removal before or during 

catalysis.502ï505 An interesting study was reported by Tsukuda and co-workers in which these 

authors studied the selectivity of protected and unprotected Au25(SC12H25)18 NCs toward benzyl 

alcohol oxidation.502 The authors observed that protected Au25 clusters displayed very low activity 

with 19% conversion of alcohol but at very high selectivity for benzaldehyde. With partial ligand 

removal, a higher conversion was observed, still favouring the benzaldehyde production with low 

amounts of benzoic acid and benzyl benzoate. Conversely, calcinated and unprotected Au25 clusters 

resulted highly active with almost quantitative conversion, but dominant chemo-selectivity for 

benzoic acid with benzaldehyde and benzyl benzoate being present as by-products (Figure 1.53). 

The selective oxidation to benzaldehyde was attributed to the thiolated ligands that lowered the 

oxidation ability of Au25 by electron withdrawal, thus promoting the formation of the less oxidised 

product only. 

 

Figure 1.53. Conversion and selectivities for the protected, partially protected and unprotected Au25 NCs 

toward benzyl alcohol oxidation. Reproduced with permission from ref. 502. Copyright 2014 American 

Chemical Society. 
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Unprotected platinum and palladium clusters have also been employed for the aerobic oxidation of 

alcohols.506ï509 An interesting study was described by Dun et al. on the oxidation of substituted 

benzylic alcohols with Pd clusters.510 Pluronic P123 (EO20PO70EO20) protected Pd clusters, were 

prepared by a wet chemical reduction in water and used as colloids for the catalytic oxidation 

(Figure 1.54). The clusters demonstrated to be active with variously substituted benzyl alcohols 

with a remarkable selectivity (100%) for the aldehyde products. 

 

Figure 1.54. Aerobic oxidation of substituted benzyl alcohols promoted by polymer stabilized Pd cluster 

colloids. Reproduced with permission from ref. 510. Copyright 2013 American Chemical Society. 

Nanoparticles with controlled morphology have been extensively used for the aerobic oxidation of 

alcohols in electrocatalysis and these will be discussed in a following section. Unfortunately, very 

few examples of shaped NPs for thermal aerobic oxidation of alcohols can be found in literature. 

One of the first examples was reported by Corma and co-workers for the oxidation of 1-

phenylethanol to acetophenone promoted by Pd nanostructures (Figure 1.55A).511 Pd nanobars, 

nanorods and icosahedra were supported on TiO2 or SiO2 and tested at 110 °C until complete 

conversion. Pd nanobars/SiO2 displayed the highest activity compared to the other catalysts with a 

good selectivity for benzaldehyde. In the same period, Tilley and co-workers exploited icosahedral 

Pd NPs with a gold core for the same reaction obtaining high selectivity for benzaldehyde.512 Pd 

NPs exposing (110) faceted and deposited on flower-like hydroxyapatite were used for the thermal 

oxidation of neat primary alcohols displaying good conversions and high selectivity for the less 

oxidised product.513 Recently, rhodium nanocubes were used for the selective conversion to 

aldehyde of benzyl alcohol through a room temperature photocatalytic process.514 After deposition 

on silica nanospheres, the Rh nanocubes were tested both in dark and under illumination conditions 

confirming the higher performance of the photocatalysis (Figure 1.55B). 
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Figure 1.55. Conversion of 1-phenylethanol vs reaction time with the different Pd nanostructures supported 

on TiO2 or SiO2 (A). Representative scheme of the photocatalytic oxidation of benzyl alcohol promoted by 

Rh nanocubes/SiO2 nanospheres and  conversion efficiency vs reaction time comparisons for the reaction 

performed with light (blue), in dark (green) and without Rh nanocubes (black) (B). Adapted with permission 

from ref. 511 (copyright 2012 Elsevier) and ref. 514 (copyright 2018 Elsevier) 

Epoxidation reactions are one of the most useful reactions in terms of applicability because 

epoxides, ethylene oxide in particular, are widely used building blocks in the polymer industry.515ï

517 In the chemical industry the widely used catalyst for the synthesis of ethylene oxide is a fine 

dispersion of Ag NPs onto alumina. Supported metals in the form of NPs and NCs are still very 

appreciated because of their reusability and inferior toxicity, although metallorganic 

complexes518,519 are applied for challenging epoxidations. In heterogenous catalysis the epoxidation 

reactions are mostly catalysed by gold and silver because of their oxophilic behaviour, that at the 

sub-nanoscale and nanoscale is not very marked, promotes a weak coordination of oxygen sufficient 

for the nucleophilic attack by an alkene.  The epoxidations over metallic surfaces have been studied 

since the last century and a vast number of articles on this topic have been published.520ï523 More 

recently the research is directed on the use of atomically precise NCs and NPs enriched in well-

defined facets for the investigation on activity and selectivity. Silver NPs are usually employed only 

for the epoxidation of ethylene and propylene because higher alkene molecules are not converted in 

the desired epoxide but tend to decompose in CO2 and water during the catalytic reaction.522 In 

addition, the size of the NPs is crucial for the successful conversion; smaller NPs are too active for 

the production of ethylene oxide and their use triggers the complete combustion of the reactant.524 It 

has been reported that penta-twinned Ag nanowires, covered in (100) facets have a higher 

selectivity for ethylene epoxidation with respect to conventional polycrystalline Ag NPs (Figure 

1.56A).525 DFT calculations have been performed to investigate this behaviour and it has been 

found that the formation of a surface oxo-metallacycle  intermediate is the key step for selectivity; 

interestingly, the evolution of this intermediate in ethylene oxide is more favoured on Ag(100) 

facets  compared to Ag(111) that delivered CO2 and water as major products (Figure 1.56B). 
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Figure 1.56. Selectivity vs ethylene/oxygen ratio plot for epoxidation reaction promoted by Ag nanowires 

(red and blue) and conventional Ag NPs on Al2O3 (A). Schematic illustration showing the products outcome 

for epoxidation performed on (111) and (100) enriched Ag NPs. Adapted with permission from ref. 525. 

Copyright 2008 American Chemical Society. 

For Ag, also the NPs shape influence was investigated for the selectivity of the reaction by 

comparing cubes, penta-twinned wires and polycrystalline NPs.526 Experiments showed that Ag 

nanocubes had the higher selectivity, followed by nanowires and polycrystalline particles. The 

authors attributed this trend to the abundance of low-coordination number atoms that were present 

on the penta-twinned wires and polycrystalline surfaces. Under-coordinated atoms were responsible 

for the diminished selectivity  because their higher reactivity caused the formation of CO2. 

Gold NPs have also been reported for epoxidation reactions, in particular for propene.527,528 

Nevertheless, atomically precise  Au NCs have been exploited for the same reactions as-well. A 

peculiar study was conducted on the epoxidation of stilbene with Aun(PET)m with n: 25, 38, 144. 

All three Au NCs displayed good conversions and high selectivity (> 90%) for the trans-epoxide 

regardless of the use of cis- or trans- stilbene as starting reagent. Internal alkenes are reported to be 

less prone to epoxidation with respect to terminal alkenes, thus these results suggest the high 

activity of Au NPs. 

 

Hydrogenation reactions 

Heterogeneous hydrogenations of organic compounds are well-known reactions, very used in 

industry and academic research for the conversion of olefines to alkanes, carbonyls to alcohols, 

nitro groups to amines and reduction of many other functional groups. Usually, these reduction 

reactions are performed by group 10 transition metals deposited on carbon or conventional metal 

oxide supports. The first preparations of a supported solid metal catalyst for reductions dates back 

to the early years of the 20th century which additionally supports their importance.529 Nowadays 

heterogeneous hydrogenations are mainly studied as model reactions in surface science. Even 

though the concept of selective hydrogenations was largely investigated on solid phase during the 

ô80 and ô90,530ï532 with the development of tailored procedures for the synthesis of NPs with 

controlled morphology this concept was also transferred to the nanoscale. Somorjai and co-workers 
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reported one of the first studies on the selective hydrogenation of benzene over shaped Pt NPs 

(Figure 1.57).95 They revealed a facet selectivity for the reduction of benzene to cyclohexane and 

cyclohexene based on the abundance of Pt(111) and Pt(100) active sites. Cubic NPs enriched in 

(100) facets were found to be highly selective for cyclohexene while cuboctahedral NPs, enclosed 

in (111) and (100) facets, produced a mixture of cyclohexane and cyclohexene. These results were 

in accordance with data obtained from single crystal studies,533,534 however, activation energies on 

NPs were much lower compared to single crystals. 

 

Figure 1.57. Schematic illustration for the selective hydrogenation of benzene on cuboctahedral and cubic Pt 

NPs (A). Activities of the Pt nanostructures as a function of temperature (B). Reproduced with permission 

from ref. 95. Copyright 2007 American Chemical Society. 

A similar study was conducted on the hydrogenation of pyrrole comparing the selectivity of sub-10 

nm Pt nanocubes with polyhedral Pt NPs.535 For pyrrole hydrogenation three different products can 

be obtained depending on the degree of reduction: pyrrolidine, n-butylamine or butane and 

ammonia. Here, Pt nanocubes gave higher selectivity and activity for the synthesis of n-butylamine 

with respect to polyhedral NPs (Figure 1.58). 

 

Figure 1.58. Pyrrole hydrogenation selectivity (left axis) and activity (right axis) for Pt nanocrystals with 

different size and shape plotted vs temperature. Reproduced with permission form ref. 535. Copyright 2009 

American Chemical Society. 
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Nanostructured Pd crystals can influence the selectivity of hydrogenations as well. A relevant study 

by Kiwi-Minsker and co-workers on the hydrogenation of 2-methyl-3-butyn-2-ol compared the 

selectivity of cubic, octahedral and cuboctahedral Pd NPs displaying (100), (111) and (100)/(111) 

facets on the surface, respectively.536 At 50% conversion the selectivity toward the formation of 2-

methyl-3-buten-2-ol was reported to be not regulated by the shape diversity of the particles. 

However, at higher conversion (90%) a substantial selectivity variation was observed depending on 

the shape of the nanocrystals. Because semi-hydrogenation was promoted on the side facets, 

regardless of the symmetry, NPs having higher fraction of uniform facets (cubes and octahedra) 

were reported to be more selective for 2-methyl-3-buten-2-ol. Therefore, Pd cuboctahedra resulted 

more active in delivering the over-hydrogenated 2-methylbutan-2-ol. According to the authors, the 

site-dependent selectivity was attributed to the difference in CN of the surface atoms: the high 

presence of corners and edges on the cuboctahedral Pd NPs made these shape the most effective in 

reducing the alkynol to the corresponding saturated alcohol. 

A comprehensive study on the influence of differently shaped Pt NPs toward the activity and 

selectivity of enantioselective hydrogenations was proposed by Baiker and co-workers in 2009.537 

Heterogeneous enantioselective hydrogenations were studied since the ó80 and during the ô90 and 

2000 and great efforts were made538 to shed light on these reductions as alternatives to conventional 

processes performed with chiral complexes in homogeneous phase. In this study cubic (100), 

octahedral (111) and cuboctahedral (100)/(111) Pt NPs with average size around 10 nm were 

deposited on Al2O3 or SiO2 and tested for the enantioselective hydrogenation of ethyl pyruvate in 

presence of cinchona alkaloid derivatives as chiral modifiers (Figure 1.59). The authors discovered 

that in absence of the chiral modifier (cinchonidine CD or quinine QN) the rates and enantiomeric 

excesses did not deviate from the results obtained with a commercial Pt/Al2O3. However, the use of 

chiral modifiers increased the activity by a factor of 4-15 with QN giving better performance with 

respect to CD.  
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Figure 1.59. Synthetic scheme for the enantioselective hydrogenation of ethyl pyruvate promoted by CD or 

QN and Pt NPs used for this study (Pt-1 cubic dominant, Pt-2 cuboctahedral dominant, Pt-3 octahedral 

dominant) (A). Performances of the three prepared catalysts compared with commercial Pt/Al2O3 as 

reference (B). Adapted with permission from ref. 537. Copyright 2009 American Chemical Society. 

Moreover, the chiral modifier has the role of transferring chirality to the reaction and it was 

observed that enantioselectivity increased with the increasing (111)/(100) ratio on the Pt surface 

with both CD and QN, thus octahedral NPs resulted superior in enhancing the enantiomeric excess. 

By DFT studies on the adsorption of CD on Pt surface, the authors further observed that rates and 

enantioselectivity were also strongly influenced by the adsorption mode of the cinchona alkaloids. 

The results suggested a stronger adsorption of CD on Pt(100) that made the chiral modifier more 

susceptible to hydrogenation of the aromatic ring, that is the part adsorbing to Pt, favouring 

desorption from the metal surface and deteriorating the overall performance.  

 

Cross coupling reations 

Carbon-carbon bond forming reactions are of paramount relevance for the construction of complex 

molecules starting from simple building blocks. One class of metal catalysed variation of these 

reactions are the cross coupling reactions. These organic transformations have had a great impact on 

the organic chemistry and have become fundamental in the industry and research, for the production 

of active ingredients, intermediates and fine chemicals at the extent that three chemists, Heck, 

Negishi and Suzuki, who first discovered these reactions, were awarded the Nobel prize in 

Chemistry in 2010. Heterogeneous cross coupling have been widely investigated since the last 

century,539 although a big debate has risen over the effective solid phase promotion of these 

reactions.540 Nowadays it is generally accepted the homogeneous nature of the reaction also with 
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the use of solid metal catalysts, which act as a reservoir for leached single atoms that catalyse the 

coupling in homogeneous phase.541,542 Nevertheless, engineered NPs have been subjected to cross 

coupling during the last two decades with remarkable results for what concerns the activity. Even 

though not always explicitly stated, the following examples of NPs used in cross coupling are all 

affected by the leaching process, hence the activity is directly related to the sensitivity of the 

particles toward this phenomenon. One of the first studies on cross coupling with shaped Pt NPs 

was reported by El-Sayed and co-workers focusing on the shape evolution of the particles after 

being subjected to Suzuki coupling of phenylboronic acid with iodobenzene (Figure 1.60).543 

Nanoparticles enriched in tetrahedral shape (55 ± 4% regular tetrahedral, 22 ± 2% distorted 

tetrahedral, and 23 ± 2% spherical NPs) were used for this study revealing a morphological 

distortion already after the first recycle test. The shape evolution continued also in the second 

recycling test although less marked compared to the first cycle. Control experiments revealed that 

shape evolution was mainly promoted by iodobenzene that initiated the catalysis by oxidative 

addition to Pt surface atoms provoking the detachment and leaching. Conversely, refluxing of NPs 

in presence of phenylboronic acid only resulted in no morphology change. 

 

Figure 1.60. TEM micrographs, shape distribution (RT: regular tetrahedra, DT: distorted tetrahedra, S: 

spherical) and size distribution of the Pt NPs before catalysis (a-c), after first (d-f) and second (g-i) recycling 

tests. Reproduced with permission from ref. 543. Copyright 2005 American Chemical Society. 
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Motivated by these findings, the same group expanded the study also to cubic and spherical Pt NPs 

comparing the behaviour with the previously reported tetrahedral NPs toward the electron transfer 

reaction between hexacyanoferrate (III) ions and thiosulfate ions and Suzuki coupling reactions.93 

Beside the study on morphology and activity evolution of shaped NPs, others have focused on the 

use of shaped NPs for the activity enhancement by enclosing the nanoparticle surface in facets 

displaying highly active metal atoms. In a systematic study, Xia and co-workers exploited high-

index facets Pd concave nanocubes for the Suzuki coupling.270 Concave nanocubes, enclosed in 

(730) high-index facets, exhibited a TOF 3.5 times higher than conventional Pd nanocubes toward 

the coupling of phenylboronic acid with iodobenzene. The higher reactivity of low-coordination 

number Pd atoms on concave nanocubes were more likely to be leached in solution with respect to 

atoms on cubic NPs. Another study by Holmes and McGlacken confirmed the importance of 

leaching for the promotion of coupling reactions by investigating the process in shaped Pd NPs. 

Here, cubic, cuboctahedral and octahedral NPs were employed as catalysts revealing a shape 

activity dependence that attributed to cubic NPs higher performance (Figure 1.61A).544 Of course 

the enhanced activity was associated with the higher leaching susceptibility of cubic particles. On 

the other hand, size variations did not influence the activity as evinced by catalytic tests on 10 and 

20 nm cubic NPs (Figure 1.61B). In addition, the authors found that molecular oxygen actively 

participates to the leaching process (Figure 1.61C) by delivering PdO in solution enhancing the 

global reaction rate. 

 

Figure 1.61. Conversion rates over time for shaped Pd NPs (A) and size effect tests on 10 and 20 nm cubic 

particles (scale bar: 20 nm)(B). Mechanism scheme for O2-promoted leaching on Pd NPs (C). Adapted with 

permission from ref. 544. Copyright 2014 Wiley-VCH. 

Contrary to palladium or platinum NPs, the cross couplings reactions promoted by atomically 

precise ligand protected Au NCs are directly catalysed by the clusters themselves, therefore, these 

reactions can be considered heterogeneous. Jin and co-workers have pioneered the research line 
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based on the use of Au NCs in catalysis and have also studied coupling reactions, mainly promoted 

by Au25.
545ï548 The first example was reported for the promotion of Ullman coupling of aryl iodides 

by the use on Au25(PET)18 (Figure 1.62).547 The Au NCs were first supported on various metal 

oxides (CeO2, TiO2, SiO2, Al2O3) and tested for the coupling reaction; from the screening 

Au25(PET)18/CeO2 system resulted the most active. The deposited Au NCs displayed a sizable 

activity also with substituted aryl iodides such as 4-iodoanisole, 1-iodo-4-nitrobenzene, 4-

iodobenzaldehyde and 1-iodonaphtalene. Later on, the same group reported the Sonogashira 

coupling of substituted phenylacetylenes with 4-iodoanisole also promoted by Au25(PET)18.
548 

Again the Au25(PET)18/CeO2 resulted the most active delivering higher conversions and selectivities 

(cross coupling vs homocoupling) with respect to the cluster deposited on TiO2, SiO2 and MgO. 

Moreover, DFT modeling suggested a flat adsorption of the reactants on the open facet of Au25 with 

the aromatic rings facing an external gold atom. The adsorption energies of both reactants were 

strong enough (-0.40 to -0.48 eV) to activate them for the Sonogashira coupling. Sonogashira 

coupling reactions were also reported with Au NCs doped with Cu, Ag or Pt atoms.549  

 

Figure 1.62. HAADF-STEM image of Au25 NCs supported on TiO2 (A) and proposed catalytic cycle for the 

Ullman coupling of aryl iodides (B). Adapted with permission from ref. 547. Copyright 2012 Royal Society of 

Chemistry. 

Suzuki coupling reactions were also studied in presence of Au25(PET)18 supported on TiO2 and 

ionic liquids (ILs) as solvent for the coupling of 4-iodoanisole with phenylboronic acid.546 The 

reaction was tested with different solvents such as ethanol, xylene, toluene DMF and ILs with the 

latter giving higher conversion compared to the formers. With the use of  1-butyl-3-

methylimidazolium X, with X = Br or Cl or BF4 (BMIM X) the conversion increased up to 89-99% 

suggesting the ILs as promoter for the cross coupling reaction. Interestingly, the role of the 

counterion was pivotal in delivering high conversions since BMIM BF4
- resulted in no conversion. 
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1.3.2. Electrochemical activation of small molecules  

Noble-metal nanostructures are widely used catalysts for a large variety of electrochemical 

reactions, including those applied to the energy conversion devices such as fuel cells and metal-air 

batteries.550 It is commonly accepted that the electrocatalystôs activity is affected by its interaction 

with the reactants and intermediates involved in the rate-determining step. Solid phase 

electrocatalysis on defined crystallographic surfaces has been extensively investigated along the 

decades by the use of single crystal metals,551,552 however, a transition toward the use of metal 

nanostructures is in progress since the advent of nanotechnologies took place.553ï555 Nowadays 

metal nanoparticles are considered to be an optimal alternative to the use of single-crystal surfaces 

thanks to their superior surface area and to the possibility of controlling the expression of surface 

features. In this sub-chapter, different electrochemical reactions catalysed by well-defined metal 

NPs will be presented focusing on their performance. 

 

Oxygen reduction reaction (ORR) 

The ORR is a cathodic electrochemical transformation in which oxygen is reduced to water or 

hydrogen peroxide, very useful for energy production through the application in the proton-

exchange membrane fuel cells (PEMFCs) or metal air batteries.556 PEMFCs are seen as one of the 

most appealing alternatives for the production of green energy owing to the zero emissions and to 

the wide range of possible applications. Despite the advantages of such systems, the slow kinetics 

of the reaction demands a high quantity of material to be deposited on the cathode in order to 

generate a sufficient current density useful to power a device. The activity of the ORR is strongly 

related to the binding energy of the atomic oxygen intermediate (Figure 1.63A) resulting from the 

dissociation of molecular oxygen, as evinced by DFT calculations on various transition metals.557  

The volcano plot in Figure 1.63B shows the activity of various metals toward the ORR, with Pt 

being at the top. Despite the outstanding performance of this metal, Pt carries the drawback of being 

a scares metal which limits its use on large scale due to the unfavourable cost-effectiveness.  
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Figure 1.63. Trends in ORR activity of various transition metals  as a function of both O and OH binding 

energies (A) and volcano plot for ORR activity as a function of O binding energy. Adapted with permission 

from ref. 557. Copyright 2004 American Chemical Society. 

One strategy to attenuate this issue relies on the use of engineered NPs as electrocatalysts; in 

particular, the arrangement of surface atoms alters the electronic structure of the particles 

consequently affecting the interaction with reactants. Studies performed on Pt single-crystal 

surfaces have demonstrated that the catalytic activity for ORR follows the trend of (100) << (111) < 

(110),462 this was also corroborated by computational models that suggested a stronger binding 

energy of atomic oxygen on Pt(100), compared to Pt(111), which slows the removal of oxygenated 

species from the surface and lowers the catalytic activity.558 In addition to the change in electronic 

structure, the reaction intermediates formed during the catalysis also differ depending on the 

surface. It was demonstrated that in acidic conditions generation of products went through the 

formation of HO2Å radical intermediate on Pt(111), whereas OHÅ radical was formed on both 

Pt(100) and Pt(110).559 These studies suggested a central role of the surface structure in defining the 

proper electronic environment and reaction path for the improvement of catalytic activities. 

Encouraged by the results obtained with single-crystal electrodes, great effort has been made also 

with Pt NPs for the application in ORR.560,561 One of the first studies on the comparison of shaped 

Pt NPs was reported by Wang et al. for the ORR catalyzed by Pt nanocubes, truncated nanocubes 

and nanospheres in 0.5 M H2SO4.
562 The authors reported the shape-dependent activity of the ORR 

ascribing the performance differences to the different adsorption energies of sulfate ions which was 

higher on Pt(111) compared to Pt(100) facets.  
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Figure 1.64. ORR polarization curves for cubic, octahedral and icosahedral Pt NPs compared with 

commercial Pt/C and their respective SAs (inset). Reproduced with permission from ref. 59 (Copyright 2021 

American Chemical Society), ref. 212 (Copyright 2013 American Chemical Society), ref. 207 (Copyright 2017 

Wiley-VCH) and ref. 213 (Copyright 2019 Wiley-VCH). 

Pt nanocubes resulted in superior activity by 4 times compared to the spherical and truncated cubic 

NPs. The comparison of cubic,212 octahedral207 and icosahedral213 Pt NPs highlighted different 

activities, with respect to commercial Pt/C, due to the facets exposed on the surface. Cubic 

nanocrystals had a specific activity (SA) 1.4 times lower with respect to commercial Pt/C while 

octahedral and icosahedral NPs showed enhanced SAs of 3.9 and 4.2 times higher, compared to 

commercial Pt/C, respectively (Figure 1.64). Although, octahedral and icosahedral NPs are both 

enclosed by (111) facets, the higher SA of the latter can be attributed to the presence of twin 

boundaries that cause tensile strain on the surface that additionally influence the electronic 

structure.  

Beside NPs enclosed in low-index facets, those covered in high-index facets have also been 

explored for ORR. Pt concave nanocubes with (720) facets have been used for this purpose 

resulting in a very high SA that was 5.7 times higher that commercial Pt/C.275 It must be pointed out 

that despite the outstanding SAs arising from shaped NPs, mass activity (MA) of these catalysts 

were usually only slightly higher or even lower to that of commercial Pt/C. This trend was 

attributed to the size of shaped nanocrystals which cannot be reduced to the size of commercial Pt/C 

that is a finely dispersed catalyst with NPs having size about 3-5 nm.  

Other very interesting and appealing nanostructures for ORR are porous metals that exhibit a high 

surface area and increased number of active under-coordinated sites with respect to the non-porous 

counterparts. These nanostructures have been mainly explored for electrocatalytic applications.563ï

566 Ullah et al. reported one of the first studies for ORR with porous Pt NPs protected by CTAB 

with marked activity.303 Later on, Yu and co-workers studied the performances of Pd nanoflowers 

(NFs) and nanodendrites (NDs) demonstrating their superior activities compared to commercial 
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Pd/C.565 SAs for NDs were reported to be 4.8 times higher with respect to commercial Pd/C while 

NFs had 2.6 fold SA compared to commercial Pd/C. Recently, Lu et al. reported the synthesis of 

porous Pt nanodendrites (NDs) with peculiar features arising from the use of halide ions (F- and Cl-) 

and tested the NPs for ORR (Figure 1.65).566 Remarkably, both NPs resulted highly active for the 

activation of oxygen with NDs-F having MA 1.88-fold of NDs-Cl and 2.17-fold of commercial 

Pt/C. SAs followed the same trend with NDs-F 1.64 times higher than NDs-Cl and 4.14 higher than 

commercial Pt/C. Durability tests highlighted the good stress tolerance of NDs-F and NDs-Cl that 

after 5000 voltammetric cycles (CV) retained respectively 90% and 81% of the initial 

electrochemical surface areas (ECSAs) while commercial Pt/C retained 69% of initial ECSA.  

 

Figure 1.65. TEM images of Pt NDs-F (A) and Pt NDs-Cl (B) prepared in presence of F- and Cl- ions, 

respectively. CVs (C) and ORR polarization curves (D)for the Pt NDs and commercial Pt/C. MAs and SAs 

of the investigated Pt NDs compared with commercial Pt/C (E) and stress tests showing the initial and final 

ECSAs (F). Adapted with permission from ref. 566. 

Metal NCs have also been subjected to the ORR with promising results thanks to their different 

electronic structure derived from the size confinement down to the sub-nanometric scale. Early 

studies on Pt NCs  for ORR have been reported by Crooks and co-workers for a series of dendrimer 

stabilised NCs.567,568 They subjected 1.4 nm Pt clusters, encapsulated in PAMAM dendrimers, to 
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ORR finding a stability up to 50 CV scans. In another work, the same group investigated the 

atomicity effect of Ptn clusters (n: 55, 100, 147, 200, 240) on the activity for ORR with the larger 

clusters being more active.567 Yamamoto et al. also reported studies on Ptn clusters (n: 12, 28, 60) 

where the smallest Pt12 exhibited the highest activity for ORR (13 times higher than commercial 

Pt/C).569 Clearly the catalytic activity of small NCs is not linearly dependent on the size and other 

factors may influence the overall behaviour such as number of surface atoms, edge structures and 

M-O binding energy. Contrary to Pt, Au NPs are less active in activating molecular oxygen, 

however, atomically precise Au NCs have demonstrated to be suitable for this reaction. For 

example, Wang et al. recently reported a study on the activities of carbon supported thiolate 

protected Au25(SR)18, Au38(SR)24 and Au144(SR)60 NCs toward ORR where an increasing trend in 

reactivity was observed with the decreasing of the NCs size.570 Au25
q NCs (q: -1, 0, +1) were also 

studied for the production of H2O2 in alkaline solutions with the use of a glassy carbon rotating 

ring-disk electrode (RRDE) to probe the formation of products (Figure 1.66).571 CVs in saturated 

nitrogen electrolyte showed no reduction current for Au25
- and a very marked change in current 

density was observed when oxygen was bubbled into the solution. In particular, a charge state 

dependence was observed on the activity with Au25
- showing a more positive onset potential (-0.115 

V) with respect to Au25
0 (-0.15 V) and Au25

+ (-0.18 V) and also a larger current density. 

 

Figure 1.66. CVs or ORR for Au25 with different charge state compared to Au NPs (in 0.1 M KOH) (A). 

RRDE voltammograms in O2 saturated 0.1 M KOH solution for blank glassy carbon and Au25 NCs 

supported on glassy carbon; scan rate 10 mV s-1, ring potential 0.5 V, 1600 rpm (B). H2O2 percentage 

generation (C) and electron transfer number of Au25
q as a function of applied potentials (D). Reproduced 

with permission from ref 571. Copyright 2014 Royal Society of Chemistry. 
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Other studies reported for the ORR with protected or unprotected Au and Ag NCs can be found in 

literature deposited in supports and with remarkable activity.572ï576 

 

Alcohol oxidation reaction 

Direct alcohol fuel cells are also a great alternative for the production of clean energy and, 

compared to hydrogen-based fuel cells are advantageous concerning the issue of storage, 

transportation and higher energy density. As for ORR also the anodic oxidation of alcohols is 

kinetically sluggish and demands for improved catalysts in order to be considered appealing. 

Palladium is the most active metal but its performance is strongly related to the surface structure, 

hence morphology-controlled (size and shape) Pd NPs are to be privileged when performing 

electrochemical alcohol oxidations. Various shaped Pd NPs have been reported with activities 

affected by the surface structure. For example, cubic, rhombic dodecahedral and octahedral Pd 

nanocrystals have been investigated for ethanol and ethylene glycol electrooxidation showing a 

dependence on the facets exposed.577 For ethanol oxidation Pd nanocubes exhibited increased 

activity compared to the rhombic dodecahedral and octahedral NPs (Figure 1.67A). Computational 

analyses suggested that the improved activity of nanocubes is favoured by the lower activation 

energy barrier for the dehydrogenation of ethanol on (100) facets. In addition, durability test of the 

Pd NPs at 0.67 V for 1 hour showed an ECSA decrease to 59% with respect to the initial value for 

cubic particles while a drastic decay was observed for rhombic dodecahedral (82%) and octahedral 

(87%) NPs, respectively (Figure 1.67B). These results were validated by CO stripping and DFT 

calculations that attributed a superior stability to Pd nanocubes toward chemisorption of CO and 

other intermediate species. A similar trend in SAs and durability was also observed for the ethylene 

glycol electrooxidation. 

 

Figure 1.67. Ethanol electrooxidation CVs for cubic, rhombic dodecahedral (RDD) and octahedral Pd NPs 

recorded in 1.0 M NaOH + 1.0 EtOH (A) and chronoamperometric curves recorded at 0.67 V (B). Adapted 

with permission from ref. 577. Copyright 2013 Royal Society of Chemistry. 




















































































































































































































































































