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Abstract

Along the last decades, the fields of catalysis and nanotechnology have sidevby side and
deeply entangled to the extent of creating fruitfahtact points that led to the development of
nanocatalysis This new field is based on the use of nanostructured materials for the design and
development of weltlefined highly active and selective catalysts with controlled properties
exploited inmanifdd of chemical transformation#\t 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 tremendouspact on thenanomateriabehaviour and determine its potentialcatalytic
applicationsin this thesis work, the narmatalysis philosophy was applied for the development
of engineered catalytic nanomaterials based on transition maetadparticles NP9 and
nanoclustersNCy). State of the art protocols and syritbéechniques were employed through
the use oforganic 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 watesigned and synthesiseid wet-chemical approach meant for
the expression of porousatures characterized by extended regular planes as surface features.
The peculiar porous structure of platinulPs decorated with facetkecrystallites arose from
controlled growth of smabBeeds through progressive evolution t@ild bemonitored by TEM
experimentsControl experiments were performed tppartthe selected reaction conditions as
the optimal in delivering thelesiredfeaures and to corroborate the needful use afefined
surfactantmixture compositiorfor the successful NPs formation. The property control on these
NPs, through surface modification, was confirmed by the catalytic tests perfarmed
electrochemicaloxygen reduction reaction(ORR) and methanol oxidation reactiofMOR)
achieving superior performances compared to a commercial and gparons benchmark
catalysts
Concerning the control of properties through size enginedfidgil O3 catalystwas prepared
ard studied through a rational designapproach, starting from the synthesis of
P&k(SCHCOOMe)s complex.Unlike the conventional preparation of small metal clusters, in
this work the atomicity control weaettained by the use of organometallic chemistry. The Pd(Il)
complex, having adefined nuclearity, can provide highly active unprotected clusters once
remova of ligands andeductionof Pdis performedAfter complexdepositon onto alumina by
UV irradiation working at low Pd concentration in order to presethie atomicity the pre
catalyst was reduced at high temperature with hydromdaliver metallic | clusters. Extensive
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characterization, through the variosteps ofcatalyst preparatigrperformed by TEM, XPS and
EXAFS, confirmed the small size of the clusters #melr metallic nature. The nanostructured
catalyst was used in Suzuki coupling reawsiof aryl bromides and phenylboronic acid
resulting in very high activity and selectivity. Additionally, the catalyst was able to deliver
substituted biphenyls with great tolerartoevard the use ofarioussubstituted bromobenzenes
and demonstrated enf@ed 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 thenambometric levelthe
electronic properties oAu NCs have a nemonotonic oscillation thatonsequently can
influence the performance of a catalyst, thus studies on the sizéyactiaitionship are pivotal

to provide a deeper understandinghad behaviour of such metal nanoobjects in catalysis. In this
studyAuii, Auis, Auzz and Aus thiolate and phosphine protected clusters were synthesised and
dispersed on Tigby two different approaches based on UV irradiation and in situ impregnation.
The two sets of catalysts were tested in the photocatalytic hydrogen prodastitiimg supear

in activity and stability toward a photodeposited Au/Z@@nchmark catalyst.



Riassunto
Negli ultimi decenni, isettori scientifici della catalisi e delle nanotecnologie si sono sviluppati
flanco a fianco e profondamente intrecciatirivandoa aeare dei punti di contattche hanno
portato allanascitadella nanccatalisi. Questo nuovo settore scientifico fonda le sue radici
sull 0i mpiego di material.] nl@ svitluppd diuchtalizeataait | p
strutturalmente definitiati v i e sel et t i vimolteplitiredzioni ghimiche.ISG i mp i
scala nanometrica, le proprieta di un materiale sono strettamente influenzate dalla forma e
dimensioneche hanno uenormempatto nel determinare il potere cataliticoest appli@zioni
del materiale stesso. | n g u e-satalisi ébtatoinmiegato d i t
nello sviluppo di nanomateriali catalitici a base di nanopatrticelle e-claster dei metalli di
transizione Strategie sintetiche e protocodid hoc sono std impiegatiin si eme al | 6ut i
surfattanti, leganti organicideuna attentacombinazione di parametri cinetici e termodinamici
per il controllo morfologico della superficie esposta in nanoparticelle di Pt ed il controllo
del | 6 andusterdiiPd € Au.i
Nanoparticell e di Pt porose e sfaccettate sc¢
di tecniche chimiche in fase liquida, atte a risaltare la porosita delle nanoparticeike
cont empo, a pr o mu odeemmimmati diadi ecsstalbng sultlai saperécie. d_a
peculiare struttura porosa delle nanoparticelle, decorata da piccoli cristalliti sfaccettati, & stata
sviluppata a partire tlal 6 e v o | piceoli nualeecristaliini. Tale evoluzione durde la sintesi
e stata monitorata tramite esperimenti di microscopia elettronica. Esperimenti di controllo sono
stati svolti a sostegno della scelta delle condizioni di reazemtwdtate e a supporto della
necessitali un appropriato rapporto OLAM/OLAC pegarantirel fettiva riuscita della sintesi
L 6 e f focertrallo celleproprietaottenuteat t r aver so | 6i ngegndeliei zz a z
nanoparticelle B stato corroborat o-r iddau zti @ente daatl d 16ic
| 6ossi dazi onda cudé risuftetat uaan peffoomance superiore delle nanoparticelle
poroserispetto ad un catalizzatore commerciale ed uno non poroso.
Riguardo il controllo di proprieta attraverso il confinamento dimensionale, un catalizzatore a
base di cluster dpalladio (P@/Al>O3) €& stato preparato e studiato tramite un approccio di
progettazione razionale a partire dalla sintesi del complRag8CHCOOMe)e. A differenza
deiconvenzionald cluster metallici, i n questo
tramite | 6i mpiego della chimica metall organ
altamente definita, puo essere fonte di cluster non protetthesinente attivi dopo il processo di
riduzione atto alla rimozione dei leganti organici e dello zolfo. In seguito alla deposizibne de
complessp eseguita per irraggiamento di l uce UV
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modo da escludere fenomemiagigregazione, il preatalizzatore e stato in seguito ridotto ad alte
temperature in idrogeno favorendo la generazione di cluster metallici di paggimfondite
caratterizzazion lungo tutto il processo di preparazione del catalizzatore, sono sstalte
tramite | O6utilizzo di ,tafermandohla ridoftd dimensixne Sei e d
cluster e la loro natura metallickh.catalizzatore nanostrutturato € stato sottoposto a reazioni di
cross coupling di Suzukicon bromuri arilici e acio feniboronico, mostrando unapiccata
attivita e selettivitaln aggiunta, il catalizzatore si & dimostrato tollerante vews® gruppi
funzionalid u r a antlisi ddl é@ampo di applicabilidella reazione enolto stabile nei test di

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

Infine, cluster di oro ad atomicita precisa sono stati applicati nella preparazione di foto
catalizzatoriatti alla produzione di idrogeno da fedssidazione di etanolQuesticluster di oro

a diversa atomicita sono stati impiegati in uno studio di correlazione attivita/dimensione. Al
livello sub-nanometrico, le proprieta elettroniche dei cluster di oo hanno una variazione
lineare con & dimensior e di conseguenza questo influisce notewaite sulle performance
catalitiche. Ne consegue che studi correl at
prioritari in determinare il potere catalitico dei cluster metallici. In questo studiosterAuis,

Auis, Auzz and Aus protetti daleganti tiolati o fosfinici sono stati preparati ed ancorati su 10
utilizzando due diversi approcci basati su irraggiamento con luce UV e impregndizittes |

due set di catalizzatori, generati dalle diverse preparazioni, sono stati infine testatifgio
generazione di idrogeno risultando in superiori attivita e stabilita catalitiche rispetto ad un

analogocatalizzatordoto-deposto usato come riferimento.






Abbreviations

(hKI) Crystallographic plane/facet

#,I Si Critical concentration for nucéion
< hkl> Crystallographic direction

0-D Zero dimension

1-D One dimension

2-D Two dimension

Ac Acetyl

acac Acetylacetonate, 1;pentanedionate
API Active pharmaceutical ingredient
BBSH 4-tert-Butylbenzylmercaptan

BET Brunauer Emmett Teller

BF Bright field

BFP Back focal plane

BMIM 1-butyl-3-methylimidazolium
BP7A Ac-ThrLeuHis-Val-SerSerTyr-CONH;
CN Coordination number

CPC Cetylpyridinium chloride

CTAB Cetyltrimethylammonium bromide
CTAC Cetyltrimethylammonium chloride
CVvD 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



dppm Diphenylphosphinomethane

dppo Diphenylphosphinooctane

dppp Diphenylphosphinopropane

ECSA Electrochemical surface area

EDTA Ethylenediaminetetraacetate

EDX Energy dispersive Xay spectroscopy
EMA European Medicines Agency

EPR Enhanced permeability and retention
EXAFS Extended Xray absorption fine structure
fcc Face centred cubic

FDA Food and Drug Aministration

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(dipherylphosphino)amine

hkl Mil |l erds i ndexes
HOH Hexoctahedra(l)

HOMO Highest occupied molecularhatal

HPLC High performance/pressure liquid chromatography
HR High resolution

IUPAC International union of pure and applied chemistry
LEIST Ligand exchangénduced 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



NCs
NHCs
NPs
ODA
OLAC
OLAM
ORR
PAA
PAM
PDDA
PEG
PEO
PET
PVA
PVDF
PVP
S7
SA
SAED
SAED
SAM(s)
SDS
SEM
SERS
SGH
SPR
STEM
T7
TBBT
TEA
TEG
TEM
TetrakEG
TFA

Nanocluster(s)

N-heterocyclic carbenes

Nanoparticles

Octadecylamine

Oleic acid

Oleylamine

Oxygen reduction reaction

Polyacrylic acid

Polyacrylamide
Poly(diallyldimethylammonium) chloride
Polyethylene glycol

Polyethylene oxide

Phenylethanethiol

Polyvinyl alcohol

Polyvinylidene fluoride
Polyvinylpyrrolidone

Aci Seii Seii Phé Pra GIni Pra’ Asni CONH.
Specific activity

Selected area electron diffraction
Selecteehrea electron diffraction
Selfassembled monolayer(s)
Sodiumdodecylsulphate

Scanning electron microscopy
Surfaceenhanced raman scattering
Glutathione

Surface plasmoresonance

Scanning transmission electron microscopy
Aci Thri Leui Thri Thri Leui Thri Asni CONH.
4-tert-butylbenzenethiol

Triethylamine

Triethylene glycol

Transmission electron microscopy
Tetraethylene glycol

Trifluoroacetate/trifluoroacetic acid

8



THH
TOAB
TOH
TOP
TOPO
TPH
TTAB
UHV
uv
Vdeposition
Viffusion
XAFS
XANES
XAS
XPS
XRD

0]

Tetrahexahedra(l)
Tetraoctylammonium bromide
Trisoctahedra(l)

Trioctylphosphine
Trioctylphosphine oxide
Trapezohedra(l)
Tetradecyltrimethylammonium bromide
Ultra-high vacuum

Ultraviolet

Deposition rate

Diffusion rate

X-ray absorption fine structure
X-ray absorption neagdge structure
X-ray absorption spectroscopy
X-ray photoelectron spectroscopy
X-ray diffraction

Surface free energy



10



1. Introduction

1.1 The importance of Nanotechnology

For those working on nanomaterials and nanosciencesfieddy n mahloesr eds pl ent y
t he bot tlmivenbelore thaAmerica Physical Society membens1959is probably one of

the mostrecurringexamplesn which the coming of the Nanotechnologies was corrextiyisioned
though with a littlescepticism While today the concept of manipulation at the nanoscale is fully
comprehended and digested dne& y n mlactude ssnow acclaimed as visionayypack then the

idea wassomewhat futuristibecause o lack of knowledge and instrumentatiamits. Luckily,

F e y n m@adidtisn has now become tbgeryday reality for thousands séientistsaround the

world that deal with Nanotechnology applied in different research fields. Particularly, in the last
decades, the i nt er e sdaxponentilygharisioghe ividearangef phddes gr o
applications invarious fields Up to now,an increasing/ariety of nanomaterialeave found their

way to the real world with beneficial contributions ranging from meditirte electronic¥® to
industrial processé%® and other areas(Figure 1.1). Although numerous benefits of
nanotechnology are known ardivulgated by the media such thoseconcerning the usén
electronics and medicine, many others remain shaded bdeassenderstoodna conceptualised

by society.

[ Biotechnology ]

Agriculture

Textile
Food Packaging ]
Medicine .
NANOTECHNOLOGY Cosmetics
Optics
Industry
Electronics
Pharma
Catalysis

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 electrdfibsthe early
060 At al-workersaachtvedtbe fabrication of a metaimiconductor junction transistor
based orl0 nmgold thin films* Years later, in search of improved transistors, IBM was able to
develop a metabxide-semiconductor fielgffect transistor (MOSFETwith a 10 nm tungsten
oxide gate by the use of natithography.The study of various metal based semiconducoch as
metalchalcogenides, quantum dots and carbonaceous nanostructteggted with the advent of
new instrumentsfor nanofabrication (electron beam lithographysputtering and nanoscale
imprinting) contributed to the growth of the naeol ect r oni c s, especially
research levef® However the commercial use of transistors and sensors basednosized
circuits began only in the 2010s with thenplementation in daily devices such as computers,
smartphones and automotive vehicles.

Medicine isalso anothefield where nanotechnology has found room for innovative applications
regardingtreatmet and/or diagnosis. Until 2016, more than 50 nanomatbaséd drug systems
have beerapproved by the FDA for medical treatmemtthe USAwhile EMA has approved 48
nano medicines for clinical trial in the EU The nanomateridbased drug systems or nano
medicines currently used in the medicinal field diffieom one anotherbased on the formulation
that also determines the properties related to pharmacokinetitheaethanced permeability and
retention(EPR)effectof the system itsef®!° A generalklassification can be extrapolated from the
carrier composition of the nananedicine which is considered theansporterfor an active
pharmaceutical ingredient (APBnd in the majority of casesthe real naromaterial in the
formulation Along the years variousarriershave been studied amategorizedn 5 main classes:
dendrimerg®?! engineerednanoparticles (NPg)?>? lipids (emulsions, liposomes, solid lipid
NPs)22427 micellesand polymericNPs283! The benefitsrelated tothe use ofmanccarries are
many, such asenhanced stabilitytargeted deliverysolubility, oral bioavailability of the API;
longer circulation times and higher blood concentratiorof the drugs allowenhancedbinding
capacity to biomoleculeand higher accumulation in target tissud his resulted inan increased
efficacy and safety concerning the useytbtoxicdrugsfor cancer therap¥?

Othersectorshave alsdakenadvantagef nanotechnologiekke the food and agricultural industry
even though thegeneral population is not aware of thhtAgricultural scienceshave started
studying a pool of nanomaterials fowarious purposedike wastewater treatment, genetic
improvement,soil improvement plant protection angtress toleranceNanophotocatalysts (Ti@
and other metal or metal oxides) for degradation of orgamicinorganigollutants*3” and nane
sorbents (carbehased polymeric nanostructured® 2 for contaminantgrapping are two of the

most privileged nanomaterial§or water treatment?lant genetic engineering has been achieved at
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research level with promising results usingnomaterials binding DNAragmentsfor efficient
transport and internalizatidf** Typicd nanocarriers studied for this purposeare metal NPs,
carbon based nanomaterials and polymeric.NPSA main issue in the agricultural secterthe
extensive use of fertilizers that can lead to detation of the natural ecosystéin(e.g.
eutrophication) or to oveertilization with toxic effects for the crapThe use of NPs as direct
source of nutrients or as a slyeleasedevices have proved to be an efficient alternative to the
direct delivery of nutrients! This also avoids unnecessary waste tsaokheeffective retention of

the fertilizer in the nansystem that favours a gradual delivery without compromising the plant
vital course?>® Of higher concern, the extensive use of pesticides in agriculture and their
implication with risks for the environment and the human hédRhhave directed researchers in
studying new safer ways of administratiGimrmulations of psticides entrapped or encapsulated
nanematrixes are emerging as an efficient alternative to direct use of active ingrédi€hes.
advantages in using naasedpesticidesange from controlled release in tbep andimproved
solubility of the ative components to delayed degradation of glesticideitself.>® 3 Crop growth

in depleted or unsuitable soils, particularly in certain global regions, is also a issumgin
agriculture various nanomaterialsre beingstudied and tested for theggress of farming in these
difficult areas.In particular, additives based on NPs have been developed for stress resistance to
salinity and water deficiency, GQ@ssimilationand nutrient uptakenhancemerft*

Food packaging is alstouchedby the nanotechnology expansion and growdtnessedby a
multitude of applications in this branchhe unique properties of some nasiped materials have
been exploited for biodegradable packaging reinforcement with physcbanical properties
improvement and for antimicrobiapplication increasing the safety and quality shelf life of the
product®”:8 Worth of mention, carbohydrateased(e.g. cellulose, chitosai)’® nanomaterials and
protein (e.g. gelatin, glutemjginatej* based ones are privileged for packaging applications, while
inorganicNPs(e.g. Ag, Cu, TiQ, ZnO, TiN)areusedfor ther antimicrobialpotential/? 74

Concerning the industrial applications, NPs and nanomaterials have been widely employed even
before the term nano was coined, in particular in the chemical ind@ey.classicexampleis
carbon black, which was developed in thd' 2@ntury andhow serves in a manifold of industrial
processe$> ’® Beside carbon black, other nanomaterials have been intensively used in the past and
still nowadays applied in the manufacturing ofconsumergoods Titania and metal oxide
nanostructuresre some of the many nanomaterialexploited as much as carbon black in the
industry with amultitude of applicationdike textile dyes? UV filters,””-"8 self-cleaning surface$,
additives as anttaking agenf§ and ofcourse heterogeneouatalysi$#2 Metal NPs along with

being employed as cataly®t&*in industrial chemical trasformations, are also applied for other
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purposedike the Ag NPs used for their antimicrobial propertresorporated in filters or household
appliance$® Likewise, Au NPsembedded in proper matrixes are usked air pollutant
decompositiory& 88

The great efforts made in the field of nanotechnology are givirtj to new applications every
year, and with a constant demand for greener;feemdly, and at the same time, efficiegdods an

increasd interestowardnanomaterialss to be expected.

1.2 Synthesis of transition metalnanoparticlesand 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 bythe manipulation of size and shapéthese nanobjects has further captured

the attention of material scien8stNPs are seen as the gap fillers between bulk and molecular
materialsas theydisplay unique propertiegeriving from the quantum confinement (or quantum

size effect).The prorties of metal NPare determined by a set of parameters that include size,
morphology and composition above the others. Indeed, Ws with specific properties are
needed, the researchers must consider the aforementioned parameters when designing the
nanomateriad. For instance, in catalysis it vgell known that the activity of a metal NP idated to

its sizethus by reducingthe dimension an enhanced activity is obsef#&€d.Selectivity, on the

other hand, is driven by the arrangement of thenaton the surface, namely the shape of thé&\P.

% Worth of mention is the hydrogenation of benzene to cyclohexadeyclohexenpromoted by
cuboctahedrbPt NPs whileonly cyclohexane isbtainedwhen cubic NPs are employ&t

The proceduregor metal NPspreparatioraremany and in constant increase, however a line can be
drawn to distinguishtheseprocedures in twaategories top down andbottom up procedures
(Figure 1.2). Top down approaches rely on hard physical techniques fomprbeessingand
reductionof bulk materialgo the nanoscaldypical techniques developed for top down production

of nanomaterials armechanical milling®*’ lithography?¥ 1! sputteringt®213 electrospinning®

and laser ablatiort®>1% Conversely bottom up approaches combine chemical and physical

procedureso build nanomaterialérom their constituentinits atomsand/ormolecules
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Figure 1.2. Schematic illustration of top down and bottomagproachesor NPs peparation
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Common strategies used in the bottom up production of-objexts arehemical vapor deposition
(CVD),191109 electrodepositiodl® pyrolysis (for metal oxide NP2 and wet chemical
procedures including solvothermal and hydrothermahethods, sebel and template assisted
methods 317 Due to extensive abundance of reported procedures and techniques for the
production of metal NPand NCs in literaturan this chapter, only wet chemical procedures will be

discusseavith a focus on colloidal synthesis accordance with the scope of the PhD project.

1.2.1.Transition metal NPs with controlled morphology

The tremendous work of neatal scientist in the past decades has broughta myriad of
procedures and methods for the synthesisizé and shapecontrolled metal NPs.Nanocrystals
with distinctivesize andshapes can be easily produced includifi RPs such as nanoplates and
prisms, 1D NPs like rods, bars and wires, arndDNPs with a huge variety in morphology such as
spheres, cubes, cuboctahedrons, octahedrons, tetrahedrons, rhombododecahedronspnspsahed
stars branched NPs, and concave orld® great diversity in shape is governed by thermodynamic
(surface capping agents, reduction potentiadg)d kinetic (temperature, stirring speed,
concentration, foreign iongarametersnvolved during the formtion of such NPsThe choice and
tuning of such parameters can drastically alter the outcome of theNfitsgsize andshape For
colloidal synthesis, threerucial steps can be outlined: nucleation, sefimation and growth to
the final NB. The firststep(nucleation)is particularly crucial fothe definition of the productand

it is strongly governed by th@forementionedhermodynamics and kineticthatat this stage are
challenging to study and investigate which lsudedthe understanding othé mechanisms
involved during the first moments of colloidal synthesésverthelessyarious models have been
developed to describe the dynamics involved in the nucleation pkagbe LaMer model based
on the synthesis of sulfur colloid¥ The modé can be stretched for the interpretationnoétal
nanocrystal©jomogeneous nucleatigrigure 1.3). After the metal precursor is reduced, the metal
atom concentration in solution is expected to increase over time and as the aiticahtration

value for nucleatior(#,I 8) is exceededatoms will spontaneously aggregateform nuclei.The
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assembly of theatomsinto nuclei causes their quick decrease in concentration and, when the
concentration falls beloufafl1 S,T homogeneous nu@#on ceasesThough, if new metal precursor is

provided in the reaction soluti@nd new metal atoms are reduced, nucleation can be restored.
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Figure 1.3. Plot of atomic concentrations time extrapolated from LaMer modgir the interpretation of
NPs frmation starting from homogeneous nucleatiddapted with permission fromef. 17 (Copyright
2009 WileyVCH) andref. 118 (Copyright 1950 American Chemical Society)

However, only one nucleation step is recommended as multiple nucleationmstgpgause size
polydispersity due tdifferent growth intervals. Despite the flaws and oversimplified conjectires
the LaMer model, it has beesssential in delivering a qualtive knowledge of colloidal synthesis

for metal NPs and useful tips for the production of monodispersed nanocryistaisver, with the
advent of computational methods and improved instrumentatiomsLaMer model has been
guestioned due to the discrepmsc between predicted and experimental observations. New
unconventional mechanismbased on multiple steps nucleation were suggested, involving
metastable liquid$® or amorphous structur8 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 precursibrat gradually evolve to nuclé&t! To this point, only a

few numbersof studies focused on nonclassical nucleatiorcolloidal NPs have been reporteet
leaving uncovered important atomistic aspects involved in the primary stage of the sy@hesis.
the other hand, ithe seednediated colloidal synthesismall nanocrystals (seeds), having a single
crystal structure or well defined facets, act as heterogeneous substratedepaik#ion of metal
atoms and lategrowth of NPs. In this case a defined structure is already provided to which metal
precursorsn solution are reduceallowing a preestablishedleposition andjrowth direction thus

avoiding the issues related tioe nucleation stagdn this context severalapproaches have been
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developed for thenanipulationof seed fractionthat can evolve it differentsizes anghapesin a
combined computationaland experimentaktudy, Barnard and cwvorkers shed light on the
thermodynamics of Au seed evolutidemonstrating a correlatiarf the internal crystallinity with
the seed sizéFigure1.4A).122 Another studyrecognised the importance of the initial reduction rate
for the control otwin structures irPd seedsStackingfault-lined, multiply twinned, singly twinned

and single crystahternal structures are observed in the seeds with the increasing initial reduction
rate(Figure1.4B).123
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Figure 1.4. Phase diagram of Au seed as a function of temperaireanoparticle diameter (Aand
population of Pd nanocrystals plotted the initial reduction rate showing the formation of plates with
stacking faults (orange), multiply twinned icosahedra (purple)samglecrystal cuboctahedra (blug)A)
Adaptedwith permission from ref!?2 Copyright 2009 American Chemical Societ{B) Adaptedwith
permission from reft?3, Copyright 2015 American Chemical Society.

Regardless of the approach used for the preparation of metal NPs, whether homogeneous nucleation
or seedmediatedstrategiesthe material scientists must rely on fiiree tuningof thermodynamic
and kineticparametershatgovern thedynamics tangled tthe morphology control.
A thermodynamic control on NPs synthesedased orthe minimization of the global surface
energy of the systemAtoms are arranged and packedamordered way driving the system to an
equilibrium, defined by the chosen experimental paramdeading toa defined shapdJsually,
thermodynamic control is achieved by long aging periods of the NPs or by the temperature
manipulation or both. In colloidal synthesis, tgeof capping agents is probably the most known
and used strategy for thermodynamic control on shaped AlRsipping agent is defined as a
foreign atom or molecul¢which maynot necessarily byincorporated in the final nanoparticle
structure that interactswith nanoparticlesurface during all the stages of the synthesis promoting
one growth direction with spect to the other§Vhen a capping agent is introduced in a reaction
system, it interacts with a specific facet loimgrits specific surface energyhus such facets will be
predominant in the final shape of the NRsgraphical example is representedrigure 1.5 by the
growth of a truncated octahedron in presence of two different capping agents that selectively
interact with (100) and (111) facetamingd the surface free energy, for a capping agent that
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preferetially binds to (100) facets, the sade energy trend will b8uo0) < 3 (111) with a faster

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

surface will be enriched in (100) facets delivering cubic shaped NPs. On the other hand, the use of
cgoping agents for (111) facets will minimi2a11)increasing the growth rate 100> directionto

finally produceoctahedral NPs

with @
capping agent Growth
— e 2
with @
capping agent Growth
_

@ Metal atom

@ Capping agent for {100}
® Capping agent for {111} Yo < Yooy

Figure 15. Schematic representation depicting the growth evolution of a fcc singgtal influenced by
capping agentspecific for (100) facets (red) and for (111) facets (bIReproducedvith permission from
ref. 113 Copyright 2015 American Chemical Society.

Contrary to the thermodynamic contralprking underkinetically-controlledconditions allowghe
production of NPs with less favourable shapes, thus morphologies not having a minimized global
surface energyTypically, when deposition occurs, atoms ariially adsorbed on sites with high
surface energy (the most active) and subsequently migrate or diffsges having lower surface
energy if the system drives to a ttraodynamic equilibriumWhen thermodynamic equilibrium is

not favoureddiffusion of the adsorbed atoms does not occurthadystem is trapped ane of the

local minima not having the lowest surface free energiying rise tothe formation offkinetic

NP%. Two main paramets influence the outcome of kinetic producégom deposition rate
(Vdepositio) @and surface diffusion rat®/diusion). For example, the growth of a cubic seed in presence

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

and he newly adsorbed adatoms can follow two paths dependifn@egdiitionand Vaitusion (Figure

1.6). WhenVgeposition/Vdifusion << 1, surface diffusion will prevail guiding the growth (¥00) and

(110) facets promoting theodynamic contro(Figure1.6A). On the ontrary, if Vaeposition/Vadiffusion

>> 1, surface diffusion is neglected with respect to atom deposition rate and growth is favoured on
the <111> under kinetic contr@Figure 1.6D). An analogous discussion can be applied for the
intermediate caseshere Vgeposition/Vdifiusion 1S Slightly above or below And NPsdisplay features

less marked with respect to the extreme césgsirel1.6B, 1.6C).
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Figure 1.6. Schematic representation of the shape development of cubic seeds at four different kinetic
conditions. Reprintedith permission from reft'2. Copyright 2015 American Chemical Society.

1.2.1.1 Capping agents

In addition to reactants, other substancas be introduceth the reactiorsystemaffecing the NPs
morphology. Impurities, even in traces, and oxygen in the reaction environment can modulate the
surface structure of the partich4:1?> Various additives such as cationic/anionic species,
surfactants, macromolecules (polymers), biomolecules and organic ligands have been employed in
the syntheses of metal NA=gurel.7). Originally, surfactants, polymers and ligands were adopted

as stabilizers for colloidal solution of NPs to avoid aggregatiahonly 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 @gpptag
agentsretainan important role in colloidal synthesis as thleibit a dual functiorof stabilizers

and shapedelectivegrowth Theypreferentiallyadsorb or compete for binding to different particle
surfaces Their primary function is facestabilization to whiclthey bind with the consequence of

surface free energy minimization and modulation of growth rates of the particle.
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Common capping agents used in colloidal syntheses are cationic/anionic sgdugesyrganic or
inorganic, neutrabrganic molecules, macromolecules (polymers) and biomolednteganic onic
specis as capping agents have been widely reported ingudif, CU/**, CI, Br, I and have been
employed for the synthesis of various metal N3 The use offoreignions as capping agents

can influence growth and shape by facet passivation and minimization of specific surface free
energy or by defeajeneration.One of the first reported examples/olving the use of ions as
capping agents was presented by Sengl wherethe use of A§ionsat varying concentrations
delivered cubig cuboctahedraand octahedrahaped Pt NPs. The preferential adsorptbmg*

for (111) facets in Pt surfaces favoured the growth rates of cuboctahedrons, starting from cubic
seeds, and consecutively to oadhd particlest?® Another examplés the synthesis of cuboids and
decahedrons in presence @ ions at increasing concentration. By binding to the (111) facets,
CuU?* retardsthe growth ratealongthe <111> direction boosting the growth rate along <1@0>
produce cuboids. Additionally increasing the ?Cweoncentration and the global growthate
decahedrons bound by the stabilized (111) facets were prothii@utfactantsare another class of
capping agents extensively uséu the synthesis of shaped metal NFRegularly employed
surfactants in  particles production are cetyltrimethylammonium bromide (CTAB),
tetraoctylammaium bromide TOAB), sodium dodecylsulfate (SDS),
tetradecyltrimethylammounim bromide (TTAB)and so orf>134149The useof cationic surfactants is
predominant in the production of metal NPs, especially in aqueous solutions. For instancs

of CTAB in NPs synthesis has been reported in a myriad of procedRa#adium NPs with
variable morphologs 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 surfattess directing metal reduction
over (111) and (110) facets delivering cubic NPshoids and eventually rodd’ Another
interesting application concerns the synthesis of goldtipods by a seed mediated approach
reported by Huang and egorkers Here the authorstudied theormation of branched NPs by the
reductionof HAuCls with sodium citrate in presence of the surfactant SDS as capping agent. It was
found that SDS selectively adsorbs on (110) gold facetsufing thepreferentialgrowth along
<111> directios generatinghanostructured bipods, tripods, tetaad pentapods®

Organic molecules with the ability to chemisorb to metals are called ligands. In nanomaitesals,
molecules are pivotal in variowsudiessuch aghose concerning: the formation sélfasserbled
monolayers (SAMs)*! surface passivatiolt?14 and stabilisation'*414°Organic ligands feature a
functional group able to bind the metal surfat®e nature of the functional groups can vary
depending on the application, although aminespsphines, carboxylic acidand thiols are
commonly usedOleylamine (OLAM) and oleic acid(OLAC), in particular, have beebroadly
studied and applied for the colloidal synthesis of metal NP as confirmed ardbebodyof work

found inliterature*®**’ The individual or concomitant use of OLAM and OLA®@s generated a
variety of shaped NRsxploiting distinctive reaction conditionkangetal. succeeded in producing

Pt nanocubes, Pd nanospheres and Au nanowires OiAlyl and OLAC & capping agents and
carbon monoxide for a fast reduction. The authors used different combinations of OLAM/OLAC
ratios toselectively delivemonodispersed and walefined nanocrystafé® Even though these two
organic ligands are employed in the prditut of low index NPs, unconventional shapes have also
been reported. Xiat al reportedthe synthesis of higmdex faceted Pt NPs in presence of OLAM.
They studied the influence of OLAM at variable concentrations on the morphology of Pt NPs. It
was obseved that by aging a solution &f2PtCk in dimethylformamide (DMF) at 160 °C with
increasing concentrations of OLAM complex architectures were obtained starting from concave
nanocubes to octapodsd multibranched NP$§?

Recently, the use of polymers additives in the synthesis of metal NPs has increased the interest in
the scientific community thasko thestabiization toward aggregation aritie compatibility with

both organic and aqueous mediapendingon the polymer choicezrequently used polymers as
capping agentare polyinylpyrrolidone (PVP), polyvinyl alcohol (PVApolyacrylic acid (PAA),
polyethylene oxide (PEO) and polyethylene glycol (PE&)hough othermore complex and
unusual macromoleces have beenused for the same purpo$€1°2 In addition to colloidal
stabilization, polymers also act as templating agents in the NPs synémessome of theroan be

used topromote directional growth. PVP it is widely used as capping agent iprdakiction of

nanostructureand 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) detetsing cubic shaped
NPs®3The selective binding of PVP #&g (100) was also computationally confirm&dSimilarly,
El-Sayedand ceworkersreported the use d?AA in the preparation of cubiand tetrahedralPt

NPs 1% The shape selectivity was attributed to the use of the polgindifferent concentrations:

high concentrations of PAA stabilized the (111) Pt facets boosting the growth rate on the <100>
directions thus generating tetrahedral N¥sle low concentrationsf PAA privileged growth on
<111> direction resulting in cubic shaped NPs.

Less reportedbut very attractive capping agenfer morphology control of nanostructurese
biomoleculedike peptides or nucleic acid8’**®For exampleChiu and ceworkers investigated

the use of two peptideAci Thri Leui Thri Thri Leui Thri Asni CONH. (T7) and A¢ Seii Seii Phé

Pra Gini Pra’ Asni CONH, (S7), in the synthesis of shaped Pt NPs. Tdesnonstratedhat the
rational design ofacet specificpeptidesfor directed gravth of nanocrystals can be achieved by
studying the adsorption energies of tbembinedfunctional groupsof the single aminoacidic
unities constituting the peptides. T7 showed preferential adsorption on (100) Pgfaicetsubic
shaped NPs, while S7 piede stabilized (111) Pt faceédlowing the obtainment detrahedral NPs

as final product®® The use of capping agents in metal NPs productibas been widely
corroborated along the years and it is now at the basis of almost every new synthetic strategy
adopted for morphology contr@t the nanoscale. Howeyesome issues like their role in the
primordial stages of nucleation and festsyntheic 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 | abelled as finanoo it ne
1-100 nm. As previously staterbducing a material siz# the naneegime can drastically alter its
electronic propertied=or NPs exhibitng he same di mensi ons, the ter
monodispersity refers to a sizespersion(standard deviation) that is less than 15% fribra
averagesize value while a deviatiomround 20%s considereda 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 siz®electivesynthesis. Turkevich and cworkers were the first

to report a sizselective synthesis for the preparation of colloidal metal )RfFBsmploying the salt
reductionmethodand using sodium citrate or sodium polyacrylate as stabsthey were able to
reprodicibly obtain monodisperse Au and Pd N the desired size bwxploiting different
combinations of reducing agent and pH vdffe¢®! Recently, the use of capping agehave

become pivotal for size control aastoid aggregationOccasionally, 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 NPst%2 Sodium citrate reduces the metalt,and at reaction completiondttsas stabilizer

for the colloidal solution'®® Size selectivity is an important parameterb® consideredn the
catalysis fieldoecause of the mass/specific activity relationsfigs relationshigstrongly depends

on the specific surface ardatis inversely propdronal to the size of the metal catalylst general,

the size variation can affect the activity of a metal NP throughhtechanismsperturbation of the
surface homogeneityspecifically the corner and edge atoms) and alteration of the electronic
structue. It is well known that size reduction ofparticleis accompanied bg change in thatoms
coordination environment. For instance, when considering the nature fudace atoms at
varying dimensions in an octahatparticle (Figure 1.8), asignificant increase in corner and edge
atoms is reportetP*1%This abundancef low coordination number atoms at the surface lowers the
degree of unsaturation which is directly related to the activity of a catalysaetson intermediates

areeasily formed and transformed into produéis.
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Figure 1.8. Calculated fraction of Au atoms at corners (purple), edges (green) and surface facets (orange) as
a function of particle diametefThe calculations are performed on regular Au truncated octalsedron
considering only the top half of the NPglapted with permission from réf® Copyright 2007 Springer.

Along with mean coordination humbex,changein the local electronic structure is alsbserved
when altering the size of NPSuch electronic perturbation triggehse separation of energy levels
in the density of states (DOS) of a metal, Bpecially wherthe sizegoesbelow asetthreshold
causingthe separation of the electronic batdghe pint whereHOMO-LUMO gaps start to be
appreciated anchetal to normetal transitionsire observedotablyat the nanocluster regimg/168

Au on TiQG, systemperfectly exemplifiesthe chage of electronic properties with the size. It was
reportedthat theFermi level of tis hanocompositencreases with the decrease of Au NPs size
causing animproved photoinduced charge separatitnmus affecting the global activity of the

nanomateriat®®
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Sizeselective procedures can be applied to several tim@msnetals and also to shaped Nésen
though most of the examples following will treat spherical or gsjiserical NPs as those are the
most frequently reported in literature for size confinement metiddeodisperse NPs have been
manufactured usingavious stabilizers like polymers, ligands, surfactants and so on. The polymer
PVP has been effectively employed in the synthesis ofcsintrolled metal NPE %174 The size of

the particles can be narrowed by variation of the PVP concentration fayjdiventrend of higher
concentration, smaller particle sizeor examplePd NPs with controlled dimensionangingfrom

1.7 nm to 3 nm were obtained using P&Rd alcohols as reducing agents in a paesynthesis
(Figure1.9).1” The same approach wals@used to produdargerPd particles in a seedediated

synthesis involving multistep reflux procedure of the P¢Rabilized seeds?
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Figure 1.9. TEM micrographs and size distribution (inset) of monodispersed Pd NPs obtained-pgtone
synthesis refluxing an aqueous solution ePH#CL with PVP in water and ethanol for 15 min (A), 30 min
(B) and 180 min (C)Adapted with permission from réf3. Copyright 1998 American Chemical Society.

Other transition metal NPs of the platinum group have been fabrisdéttethe use of PVP such as
Pt1’2 Rht” and Ru Organic ligandsuch as amines, thiols, carboxylic acids, phosphines, and bio
organic moleuleshave also beeaxploited for the size control of metal particlesnong thenof
particular interest are the long chain alkyl amines and tHibléMonodispersé colloidal Ni NPs

with size ranging from to 30 nnwere reported by Carencet al in presence of OLAM and
trioctylphosphine (TOPat high temperature (220 °Clhe careful selection of TOP stoichiometry
resulted in substantial changes in the NPs size granting fine dimensional seleimikgrly, Sun

et al reported the polyol synthesis of FePt bimetallic particles using OLAM and OLAC as capping
agents in 1,zhexadecanediol which acted as main reductant toRHetac. and Fe(CQO) Again

the procedure handed monodispdsee deviation of 5%partides in the rangef 31 10 nm. The
FePt NPs were tuned in dimension by simply growing the 3 nm particles iansitthen adding a
desired amount of metal precursors which was directly reduced on the surface ofsymipedzed

particles.The chemical ature of thiols makes them a peculiar type of surfactant. Even though they
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are mostly used in the synthesis of Au NP</’it is not uncommon to find them employed in the
synthesis of other transition metal NPs like Ag, Cu, IPdPt, Ru and many othns!’8182|n the
preparation ofmetal NPs using thiol ligandsthe size restriction is easily achieved but particles
bigger than 5 nm cannot be obtained as the bond strength between goldf@ndcsabt allow a

fast ligand desorption to promote a proper reductionfoatéhe additional growth of the patrticles. It
follows that thiols are good ligands for the preparatiorsrofll and monodisperddgPs with an
appealing application in catalysi&¥18° Another interesting method for the production of
monodisperse metal NPs is the use of microemulsions in aqueous solution consisting in reverse
micelles!® The micelle itself is a first approximatiaf the sizefi ¢ o n f i n ewhichwsatsstisee | 0
upper growth limit of the particles. One of the key factors that influences the siie bhal NPs
prepared in micelles is the watersurfactant ratiothe lower the surfactant concentratiotie
bigger the particles obtainedVith the reverse micelleechniguenumerousmetal NPs were
produced withcontrolled sizeincluding Fe, Cu, Rh, Pd, Pt and Ames'®"18 Still, a couple of
drawbacks affect the outcome of the micellar syntheses likpadbeyield of the final product and

the polycrystallinity d the obtainedNPs which is challenging toontrol or avoid as reactions are

performed at low temperature to preserve the micellar structure.
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1.2.1.3 Shapecontrolled metal NPs

Figure 1.10. Shaped NPs obtained lgyowth of singlecrystal or twinned seeds (A). Representative models
of NPs shaped as octahedron, cube and rhombic dodecahedron with their atomic arrangddent (B
Concave cube enclosed in (73tghindex facetsand atomic model highlighting the presencf steps
composed of (420) and (310) facets [ producedwith permission from reft’6, Copyright 2021 American
Chemical Society.

Along the decades, colloidal synthesis has been effectively exploited for the production of metal
NPs in a wide rangefashapes (Figure 1.16§%117:19019 Qpviously, the diverse shapes are the
expression of different facets at the surface of the nanocrystalBigure 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(1ké), (111) and (110) respectively.
Certainly, the same kind of facets candxposed on theurfaceof NPs with different shapes. For
instance the surface of a bar nanocrystal is enclosed in (100), just like the cubic nanocrystals.
Pentatwinned rods and wiresn the same way, are enclosed by (100) facets on their side surface.
The associationf different shapes with the same facets bamseful as itprovidesaccess to a
specific facet using differently shaped NRsnocrystals having the same facets onstiméace but
different geometries may also have different behaviours toward theaggtieationbecause othe
surfaceto-volume ratiothat particularly influences the properties of a nanomaterial, especially in
catalysis.Compared to a bulk crystal, a nanocrystal can be easily enclosed imdgghfacets that

are enriched in lovweoordnation atomswhich are extremely active in catalysing chemical
transformations. Higlndex facets, symbolized by a set of Miller indexald)(with at least one of

the indexes being greater than paee characterized by tlabundanpresence o$teps, kiks and
edgest® These are usually found &Ps with concave or convex surface, like the concave cube in
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Figure 1.10E enclosedby (730) facetsHigh-index faceted NPs are produced by kinetic controlled
process and have a total surface free entgglyis higher compared to the lomdex faceted ones.
Even though metal NPs enriched in highex facets are appealing for various applications in
catalysis'®°their production faces limitations mainly due to their instability and the scarcity of
capping agents suitable for thabilizationof suchfacets!®®

In this chapter, remarkable examples will begentedand discusseatoncerning the synthesis of
faceted monometallic NPs, with a particular focus on noble metals in line with the dctpe o

thesis.

1.2.1.3.1Low-index faceted metal NPs

Almost all the noble metals (exception made for Ru) have an fcc csysiatureand the lowindex

facets of a metal in this crystalline phase have specific surface energies that grow in the order of
2{ 111} < 2{100} < o9{110}. Nanoparticles encl
rhombic dodecahedra, as previously mentionedhe bllowing, variousmetal NPs enclosed in

(111), (100) and (11Gacetswill be discussed focusing on theiynthesis.

Platinum

Platinum has been extensively studied in its various shapes for the production of Nfe;ahse

of the simple and reproducible protocols developedthis endand for the high purity and
crystallinity of the particle®btained As an examplea great number of studies have reported the
synthesis of Pt nanocubes. Generally, the culm®ismonly observed in singl@ystal NPs even
thoughthe expo®d (100) facets are higher in surface energy compared to (111) facets because of
the lowe CN with respect to the latter (8 vs 9he 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 nported in 1996 by Bayed and
co-workers. The synthesiwas based othe reduction of KPtCk with hydrogen in presence of
sodium polyacrylate as capping ag&hti>® Despite the great accomplishment for the time, the
integrity of the particles wasot 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 andmookersobtained Pt nanocubes in high
purity reducing Pt(acag)in presence OLAM, although with the drawback of havingjgaificant

size polydispersity® In another study, Pt cubes were obtained using a combination of OLAM,
OLAC and CO?® The strong adsorption of CO on Pt(100), rathemtkill), promotes their
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stabilization favouring the production cégular monodispersedubes(Figure 1.11)When CO is
generated from metal carbonyl3) ssueabout the metal ion role in the participation of the NP
formation mechanism arises. It svauggested that CO instead of being the capping agent it only

acts as reducing agent while the metal ions are the real facet stabffizéts.

L ]
LR | Y
",#.-n'
AT
e
LIt

Figure 1.11. TEM micrograph of Pt nanocubes obtained by reduction of Pt(awéit) CO in OLAM and
OLAC. Inset: HRTEM micrograph of a single particle with measured planar distances and SAED showing
the fcc Pt reflections. Adapted with permission from 3%f.Copyricht 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+, polymesad peptide$?6:159-203Jyst like cubes, also bars are enclosed in
(100) facets and can be represented as elongated cubesubltielst, few examples have been
reported in literature for the synthesis of Pt bars. In one of those, Pt nanobars were produces by
localized etchingof nanocubeswith the aim of capping agent removal in order gmote
preferential growth only on one si@¥ Another work reported Pt baesxploiting the oriented
attachment strategy. First, small particles were produced from PHa®a®M, formic acid and

benzyl alcohol, therthe particles were assembldgtroughthe process of coalescence, along the
<100> direction until uniform bars were achie\&d.

Complementary to cubes, octahedra are enclosed in (111) fawkt®ven though tha(11l) is

| ower c o ni®@,the gyntitesis oboctahedra is not so straightforward as clbedirst

high yield Pt octahedra synthesis was achieved by the use diokg in large quantitylt 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*NRmnodisperse Pt
octahedra were also produced by the use of(®@)o with OLAM and OLAC in benzylether.

Here the shape selectivity was attributed to the tuning of metal carbonyl/Pi(@t@a:)and to the
reaction temperature which was maintained betwash and 230 °C%2%Beside Pt octahedra,

28



with this protocol various shaped Pt NPs were obtalikedcubes, truncated cubes, cuboctahedra,
icosahedra, spheres, tetrapods, octapods andpousifter a recrystallization stefFrigure 1.12).
Nanocrystals with small size are advantageous because they are optondmdiver highmass

specific activityand are therefore gomandidates for catalysis.

Figure 1.12. Representative TEM micrographs of Pt cubes (a, b), octahedra (c, d), icosahedra (e, f),
cuboctahedra (g) and spheres (h).-HEM micrographs of Pt cube (i), octahedron (j), icosahedron (k, 1),
truncated cube (m), sphere (girapod (o), octapod (p), ntigod (q) and decahedron (r) single particles.
Scale bars: 20 nm (a, €, g, h), 50 nm (b, d, f), 20 nm (c, o, pna),(, j),5nm (k, |, m, n, j. Adapted with
permission from ref%, Copyright 2013 American Chemical Society.

Sub10 nm PtoctahedreNPswere recently reported by a modified procedure in water with the aid

of PVP which served as capping agent and mild reduéoarthe NaPtCk salt?°’ The synthesis

was performed at 90 °C aging the solution for 48rkafter which 9 nm aahedra were collected.

The shape evolution proceeds through spherical sorgktal seeds that evolve to octahedra
covered in (111) facets that are favoured by thermodynamic conditions. Smaller Pt octahedra were
also producedy Moglianettiet al. employing a seednediated growth protocolhere Pt seeds

were used with ascorbic acid and sodium citrate to deliver 7 nni®R@smputational studies have
shown that citrate ions can adsorb on Pt(111) stabilizing the facets and driving the reaction to form
octahedrd NPs2% Also, the choice of temperature and reduction rate are crtecihle synthesis
outcomes

Platinum tetrahedra, also exposing (111) facets on the surface, have been early f&pbinted.
synthesis, similar to the first cubic Pt NPegedure, was performed in sodium polyacrylate with
hydrogen for the reduction &f.PtClL 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 tdetrahedraRecently, also peptides halkeenused as capping agents for shape selectivity.

It has beershownthat a peptideof aminoacidic sequenckc 1 Ser 1 Ser 1 Phel Pr ol GI
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CONH; (S7)successfully promoted the synthesis dflP1)tetrahedravhile a second peptid&c-
Thr-LeuTheThr-Leu-Thr-Asn-CONH, delivered Pt(100) cube@igure 1.13A).2°° Analogously to
the last case, Pt bipyramids were also synthetized with the aid of pdpfides same grouf.he
approach used here is a seméddiated growthby which singly twinned seeds were produced
employingthe peptidéAc-ThrLeuHis-Val-SerSerTyr-CONH, (BP7A) andused for the growth of
(100) right bipyramidsor (111) enclosed bipyramids presence of peptide T7 or S7, respectively
(Figure1.13B).210
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Figure 1.13. Schematic representation of the rational design with T7 and S7 peptides for the synthesis of Pt
cubesor tetrahedrongrom singlecrystal seeds (A) andght bipyramidsor (111)bipyramidsfrom single

twinned seeds (B)Inset on the rightrows HRTEM micrographs of the single particles. Scale bar: 5 nm
(cube, tetrahedron), 2 nm (right bipyramid, (tbigyramid). Adapted with permission from ref>°
(Copyright 2011 Springer) and rét® (Copyright 2011 American Chemical Society).

Nangarticles displaying wre peculiar shapes can be isolated when twin defects are incorporated
in the structure Twin defectsare created when thgtacking sequence of the crystal lattice is
interrupted and the two crystal lattices neighboutimg defect are mirror images of each other.
Metals with fcc crystal structure are common to incorporate twin defects during crystallization as
the decompensatiom surface energy, generated by the presence of such defects, is nedimible.
platinum, two shapes have been reported that present tween defects anddaviacetsdecahedra

and icosahedraDecahedra NPs were isolated by a slow reduction of [PtgNHPtCls] with
OLAM aging the solution for 7 dayat 130 °C(Figure 1.14A, B).2! With the same procedure Pt
icosahedra were also produced by simply changing the Pt pretorrget(CHNH2)4][PtCls] and
increasing theeaction temperaturat 150 °C(Figure1.14C, D). The preparation oftbsahedral Pt
nanocrystals have been repori@do by other different procedures, such the fast reduction of
Pt(acac) with CO in dodecylamine (DDA), OLAM, diphenyl ether and with the addition of

Y (acac)?'? or reduction with Me(CO)0.2°* Another slow reduction methaequiringthe use of
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tetraethylene lgcol (TetraEG) and PVP as capping ageas recently reported he slow reduction

of Pt(acac) by TetraEGwas described as the key factor for the formation of multiply twinned

structureg!s
E OAm ;
PO PthD‘
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Figure 1.14. TEM and HRTEM micrographs of Pt decahedra ), and icosahedra (C, D) obtained by the
reduction with OLAM at 130 °C and 150 °C, respectivéghematic illustration of the plausible growth
mechanism for Pt decahedra and icosahedra in NDL(&). Modified with permission from ref. 208.
Copyright 2012 Wey-VCH.

Palladium

Like platinum, also palladiunNPs have been extensively reported several shapeand typical
protocols for Pt NPs have beadapted to the synthesis B8l NPs. A conventional synthesis for
cubic Pd NPs consists in the addition of aqueous Pd salt solution to a mixtedectaint PVP and
halogen ions®??14215Here PVP provides stabilization against aggregation W2iileBr or I are
involved in mutiple events such the selective (100) facet stabilization, the oxidative etching of twin
defects and the reduction rate deceleratidmough oxidative etching it is also possible to obtain
Pd nanobarsin one synthesis, nanobars wergplied by the polyl reduction ofNaPdCl with
ethylene glycol (EG) in presence of PVP and RBiThe anisotropic growttis associatedo the
selective oxidative etching of Bons by oxygen which exposes specific cubic Pd facets and allows
the deposition of new metatoms?'® 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 conditiorfd’

Most of the Pd octahedrand tetrahediaNPs can bgreparedy vaious procedures and some of
them are suitable for both shapes which can be selectnl®binedby minor changes in the
reaction conditionsFor example, Wanget al. reported a seedhediated synthesis of both Pd
octahedrhand tetrahedfaNPs selecting anshape with respect to the other by simply changing the
platinum precurso(Figure 1.15a)?'® Here, Pdcuboctahedra seedBigure 1.15b) were used as

substrate for the deposition of Pd atoms in a solution of Pd¢aéddlP and TetraEG to generate
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tetrehedral Pd NP§Figure1.15d). Shifting toNa.PdCk as metal precursor, octahedral NPgure
1.15c) were obtained thamskio the slow reduction rate of BRJClL that ensures thermodynamic
control on the growthThe weak coordination @fcetylacetonate to Pig on the other hand, leads to

a much faster reduction of Pdavouring the kinetic product.

B (100}
8

Polyol
PVP

Pd(acac).
S —

micrographs ofuboctahedral seeds (b) and the final octathddyaand tetrahedrdd) NPs. Insets show the
particles at higher magnification. Scale bars insets: 5 nm. Reproduced with permission fréth ref.
Copyright 2013 American Chemical Society.

Commonly, Pd oethedra camlsobe obtained by onpot synthesislowly aging the nanoparticles
to allow achieving thehermodynamic product&or example20 nm Pd octahedrparticles were
produced from N&dCl salt after 26hoursof aging at 90 °C with PVP and citric acid as capping
agentsn water?*® Citric acid is known to strongly adsorb on Pd(111) fapetsiding stabilization
thus favouring the growth along <100> directioknother strategy for the preparation of Pd
octehedra relies on oxidative etching has been demonstrated that by using HCI and oxi{Agen
atomscan be redeposited on (100) facktsm cornersitesallowing the evolutionfrom cubc to
octahedrNPs22°

Contrary to nanocubes and octahedra, Pd rhombiecahedra are not so common in literature,
although a few examples have been reporfedceedmediated synthesis provided Pd rhombic
dodecahedral NPs starting from cubes! using CTAB and Kl as capping agents, which the authors
considered to work syngically for the stabilization of (110) facet&:??2Another way to produce

rhombic dodecahedra Pd NPs has been reported using an aqueous solution of PVP arfd®glucose.
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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 icosahétkaDB)

STEM images of decahedral single particle seen from side (C) andjoanfl icosahedral single particle

from side (E) and top (FBcale bar inset A and B: 10 nm. Adapted with permission from?fe€opyright

2014 American Chemical Society.

Surprisingly, several Pd shapes deriving from engineered planar defects leaveeperted in
literature.Pd decahedra for example, have been producedidhyion of palladium salt in a mixture
of PVP, NaSQs and diethylene glycolReplacingNaxSQs with HCI resulted in the formation of
icosahedrhparticles(Figure 1.16).22* Nanopates also emerge from planar defebtst areparallel

to thebasal plane of the plates. In general, their production requires a low reduction rate for the
construction of the -B structure.Pd nanoplates have be@btained both in triangular and
hexagonal shape. A protocol has been reported for both shapes that could be sgleetiaedgby
tuning the concentration of Feh an EG solution of N&#dChk, PVP and HC[Figure1.17). Low
concentrations of Fe€lproducedPd triangular plates, while high concentrations of the salt
delivered hexagonal plates. Both shapes were enclosed in (111) facets that arede thanké*
and Clions acting as etchanitsthe presence of oxygeft® Pd plates with a reduced thicknéss/e
been reported by Hareg al. Hexagonal Pd nanoplatesade of few atomic layers were reported in a
synthetic protocol based on the reduction of Pd(acsith CO using PVP and CTAB as capping

agents irN,N-dimethypropionamidévater mixture?2®
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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 ref25. Copyright 2005 Anerican Chemical Society.

Silver

Silver is another noble metal that was subjected to extensive studtbe iield of selective
formation of shaped nanostructurbecause ofthe availability andmodestcost of the metal
precursorsVarious protocols foshaped Ag NPs rely on the polyol or aqueous synthesis although
procedures employing organic solvents halg®been developed. Cubic Ag nanocrystase been
synthetized employing different polyols including EG, DEG, -dy8ylene glycol andl,5
pentanedib??"23! The typical polyol protocol involves the use of capping agents kgt
temperature to ensure an appropriate reductionAatemmon procedure for the production of Ag
nanocubes is carried out by reducing AghitOpresence afg spherical or cubic seeds aRWP, in

a EG solution, at high temperatdfé.PVP concentration was reported to be crucial for the
morphology selectio with only high concentrations afapping agenteading tothe formation of
nanocubeg&igure (1.18f3? Extremely uniform Ag nanocubes were also obtained by introducing CI
ions in the reaction (NaCl or HCI) to enhance oxidative etching and preveiorthation of
twinned seed while privileging only singteystal seeds formaticit® 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 Ajclusers which then rapidly grow in the final particfé3d

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 tltehtsimption by protons thus
favouring he formation of AgS. NaBr, on the other hand, served as capping agent for the
stabilization of (100) facets. Surprisingly, changing the Ag precursor from AgINSYTFA (TFA:
trifluoroacetate) revealed an improved control on the reproducibility. The fuggTdA also
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demonstrated the scalability for the production of Ag nanocubes by working under a blanket of inert

atmospheré3*

— 100 nm

Figure 1.18. TEM images of Pd nanocubes (B, D) obtained by a polyol-semtiated protocol in EG with
PVP using both spherical (A) and cubic (C) seeds. Reproduced with permission fré¥h @efpyright 2010
American Chemical Society.

Octahedral Ag NPs have beenoguced both by homogeneous nucleation and-sestiated
growth. For example, Ag octahedra have been reported by reduction of:Aglde@sence of PVP
and CuCy at high temperature for Bours?3! A morphological transition was observed during the

reaction progress going from cubes to cuboctahedra and finally octaRiggna 1.19)

8o
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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)ctalmmra (C), truncated octahedra (D)

and octahedra (E), respectively. Scale bars: 100 nm. Adapted with permission fré¥n @efpyright 2006
Wiley-VCH.
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Citrateit is known to selectively bind (111) facets of fcc metgistals, and it was also successfully
employed for the synthesis of Ag octahedfide protocol consistedf the use of Ag seeds
(spherical of cubic}o deliver octahedtaNPs by the reduction of gV FA with ascorbic acid in

presence of sodium citrat&
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As discusse@bove shaped NPs with planar defects are obtained by a prelinsf@mnucleation

that allows the formation of twinned defects in the e ayStal structure, followed by moderae
growth process With this approach various Ag twinned NPs have been reported such as
bipyramids, decahedra, icosahedrantatwinned rodsand platedy the use of different surfactants

and reducing agentg?®243

Gold

The use of gold fothe prepaation ofshaped 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 bee
provided along the years feomeshaped Au nanocrystal&u nanocubes were firstly reported by a
polyol reduction of HAuG! in EG and shapdirected by Ag ions with PVP as stabilizéf! The
addition of AgNQ to deliver Ag was suggested to positively influence the directional growth over
(111) facetsthus stabilizing (100) ones and increasing amounts of Ag salt resulted in a
morphological transition going through octahedra, cuboctahedra to fpraltlue cubes as final
shae. Additionally, a seednediated procedure was also reported forealaped Au NP§Figure

1.20). In this protocol, Au nanospheres were employed as seeds and H&a€Ireducedy
ascorbic acid in an aqueous solution of CTAC and N&BBromide ions wre suggested to be

involved in the (100) facet stabilization.

Figure 1.20. SEM image showing Au nanocubes sedtembled in ordered domains (A) and TEM images of
the Au nanocubesbtainedat increasing Brconcentratiorby the seeenediated protocol in water with
CTACandNaBrScal e bars: 1 @adaptddith perndission froomret’{ @opyright 2018
American Chemical Society.
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A seedmediated approach was also adopted for the synthesis ajctaledra starting from
spherical seeds, it was possible to obtain octahedra by reducing the Au precursor in presence of
PVP.2%6 Other methods fothe preparation ofu octahedra rely on homogeneous growth, like the
polyol synthesis in presence pbly(diallyldimethylammonium) chloridéPDDA), which stabilized

Au(111) facets$*® The pH control was essential obtain a higlyield of nanocrystals. The authors
suggested an adduct formation between PDDA and Aultht decreased the reduction rate
favouing the formation obctahedral particle@igure 1.21, left panel) Moreover, size selectivity

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 e€m (A) 200 nm (B
with increasing volume additions of HCI 1M to the reaction. &dadrs: 200 nm (D), 500 nm (EH).

Adapted with permission from refi’. Copyright 2008 American Chemical Society.

Another interesting procedure for the production of Au octahedtassribed by simpleprotocol
requiringthe use of HO- to boost theascorbic acid reduction ability. The synthesis was performed
in water with CTAB as stabilizelascorbic acid as reductaatldng trace amountsf H.O.. The
reaction mixturevas incubated for Boursat RT, after which, the solution was sonicated at 40 °C
for 90 mirutesto finally provide octahedral particlesith a mean edge length of 52 rRfi.By
employing the previously discussed protocol for Au nanocubes aided by AghM due
modifications, 1 is also possible tobtainAu tetrahedranclosed in (111) facet#/ith thecomplete
exclusion of Ag salt and a small variation of the Au precursor andd®viEentration# is possible

to select octahedral NPs as main prodfftt.

Au rhombic dodecahed, enclosed in (110) facets, have been described by botpatrend seed
mediated synthese®/orth of mention, a surfactant free epet protocol for rhombic dodecahedral
Au NPs has beedevisedin DMF (Figure 1.22). Here, the solvenactedboth as reduant and
plausibly as stabilizer for the Au particlé$AuCls was heated in DMF at 90 °C for hbursfor a
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slow reduction process that favoured kinetic control over the particles gftiwih. interesting
alternative to this onpot approach is the seedkdiated procedure based on the use of
cetylpyridinium chloride (CPC) to selectively generate Au rhombic dodecaffédra.low
concentration of CP€ombined with a high concentration of ascorbic acid (reductant) resulted on
the blockage of (110) facetsd growth along <111> direction, while inverting the surfactant and

reductant concentrations provided octahedral Au particles.

500 nm
—

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 fréf @bpyright 2009 American
Chemical Society.

Apart from singlecrystal shaped Au NPs, rmaerystalsembedding twin defects hawadso been
reported. One of the first reports provided by-Marzan and cavorkers exploited the DMF
reducing properties to grow Au decahedra starting from 3 nm $gedkrasonication procegs’

An additionalexanple of Au decahedra relies on the homogeneous nucleation of twinnedrseeds
diethylene glycol (DEG) capped with P\(Pigure 1.23).25! Of vital importance for the synthesis
success is the large excess of PVP used, useful for the protection of twinleedomard oxidative
etching The same procedure was applied to the synthesis of Au icosdkéeglree 1.23K) and
singlecrystalline triangular plategFigure 1.23lo) by significantly lowering the surfactant

concentration.
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Figure 1.23. Schematic representation of the growth process for the productimnltiftwinned and single
crystal shapedu nanocrystalsn presence of PVP (upper pandVicroscopic characterization of the as

prepared Audecahedra g), icosahedra (R) and triangular plates-@). Scale bars: 500 nm (a, I, m), 200
nm (h, n, 0), 100 nm (b, d, j), 2 nm (f, g, k). Adapted with permission from réf. 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 higdissociation bond energy and surfacesfenergy of the NPs. In this
section only copper and rhodium will be treatécause fothese two metalshere arewell
documented studies on faceted NPs.

Copper has been widely investigated in the formation of nanostrai¢kigeire 1.24), particularly

those enclosed in loimdex facets. Cubic Cu NRse typically produced in organic phase at high
temperatureby the reduction of Cu(l) salts. For instance, the synthesis of Cu nanocubes in high
purity was reported usinQLAM, trioctylphosphine (TOP) and tadecylamine (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 atdMsCu nanocubes were also syrdbed at lower
temperature (260 °Chy treating CuB in OLAM and trioctylphosphine oxidéTOPO)?>3 The
weaker coordination energy of TOPO (compared to TOP) could induce a faster reduction promoting
the nucleation of seeds at lower temperatlreaddition waterbased syntheses of Cu nanocubes
were repoted aswell. In one study, CuGlwas reduced by glucose in a refluxing aqueous solution

of hexadecylamine (HDA3* This procedure allowed the production of cubic Cu particles at 100
°C which is far more convenient with respect to the organic phaseaapprA combination of
oxidative etching (ClO.) and HDA stabilizatioraccounted for the successful synthesis. Similar to
the organic phase synthesis of Cu nanocubes, octahedral Cu NPs were also. diitareeidiction

of CuCl was carried out at 335 °C m solution of OLAM and TOPR?® 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, Buonsamidacoworkers reported the synthesis of Cu tetrahedral
NPs performed in inert atmosphere by-pecting a solution of CuBr, TOPO in OLAM (solvent)

to a preheated (300 °C) OLAM solutid¥.Concerning the production of twinned Cu NPs, a major
obstacle imits 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-phaske by alsw reduction of
Cu(acac) with ascorbic acid in OLAM?’ 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 pentawinned seeds. As fadCu decahedrons, the synthesis of péwianed 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), petw@anned wires (E) and 2D plates (F). Adapted with permission from ref.
252 (A) (Copyright 2014 American Chemical Society), réf. (B) (Copyright 2015 American Chemical
Society), ref.?5¢ (C) (Copyright 2019 American Chemical Society), r&f. (D) (Copyright 2019 Wiley
VCH), ref. %8 (E) (Copyright 2017 WileyvCH) and ref2>° (F) (Copyright 2018 WileyvCH).

One particular protocol for pentwinned Cu rods involves the decomposition ofGGuin an
aqueous solution of HDA and glucose at 120 °C fdwo8rs?°® A high reductant concentration
favoured the initial formation of decahedral seeds that evolved HikedCu NPs. The authors
further studied the reaction to elucidate the mechanism involved firaliogrrelation between
chlorideions and anisotropic growth of the Cu petwénned rods that was initially attributed to
HDA.2%9 Cu platesincorporating planadefectswith stacking faults on theide facets have been
widely documented. It has been demonstrateditiazde ions combined with a slow reduction rate
delivered triangular and hexagonal plates, selectifélyThe slow reduction performed with
glucose was fundamental in stabilizing the twinned se@d®ther weltknown method for the
production of Cu nanoplates involves a slow reduction of Cu precursor with hydr&zone.
example, an aerobic synthesis of hexagonal Cu platedosed in (111) facetsvas reported in
DMF at 60 °C by reduction of Cu(OAcyith hydrazine?®!

As for copper, alsdor rhodiumthere has been a lack of sofidotocols toachievenanomaterials
with precise morphology. Nevertheless, acknowledgestegies applied to othdnaped metal NPs
can also be transposed to rhodium. For instance, thekm@ln polyol synthesis was applied to the
assembly of Rh nanocubes through a seediated growthRhCk was subjected to reduction by
EG with PVP as stabilizer at 190 °C deliverimgncated cubes with a lack in shape definifith.
The protocol was later improved by the usetetfadecyltrimethylammonium bromidd TAB)
which provided Br ions, known to stabilize (100) facets in feuoetals, into the reaction

environment® Rh nanocubebavealso benproduced by the use of RhBas precursoin another
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polyol protocol where the reductant is DEGWith the same protocol, Rh octahedra were reported
by simply switching from DEG to PEG3@Batcontributed in modifying the reduction rate thus the
kinetics of the reaction favouring octahedral NPs as product. Another stedsegeffective for
controlling Rh NPs shape is the introduction of foreign metal ions to the reautiture The use

of AgNGQs significantly improved the polyol synthesis of Rh octahedra in EG and PVP, increasing
the NPs yield up to 909%° Tetrahedral Rh NPs were also reported by the reduction of
[Rh(COXCI]2 in OLAM?®® or Rh(acac)in a mixture of glucose, OLAM andMF .2’

Recently, decahedral Rh NPs have been synthetizéetinEGwhich acted as both reducing agent
and solvent®® Here, wiform Rhdecahedravith controllable size ranging from 5 to 28 nm were
obtained by finely tuning the Rh precursor &P concentration® modification in the protocol

for Rh nanocubesllowed to obtainsmall icosahedral NPs (5 nm) in a polyol reduction of
Rhp(TFA)s with EG2%4 Larger icosahedra were also produced applying a protocol in which
Rh(acac was slowly redued by PVP (acting as both stabilizer and mild reducgeniin benzyl
alcohol?®°

The extensive production bbth singlecrystal and twinnedhetal NPs enclosed in leimdex facets

has generated a considerable variety of shapes,shistikto the lowsurface free energy of these

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

1.2.1.3.2High-index faceted metal NPs

Metal NPs exposing higimdex facets are usually characterized by uncommon polyhedral shapes,
most of which are concave and convex nanostructures, multipods, nanostars and branched
structures. Thehighndex f acets decorating such NPs <can
with at least one index being greater than 1. Four varieties ofriiglx faets that are (hk0), (hkk),

(hhl) and (hkl) can be built which generatetrahexahedral (THH), trapezohedral (TPH),
trisoctahedral (TOH), and hexoctahedral (HOHPs respectivelyFigure 1.25) These NPs usually

bear lowcoordinated atoms on the surfacattltonsecutively 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 agekgsfor
low-index faceted NPs, only selected monometallic tiglexed NPs will be concisely discussed

in this subchapter.
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Figure 1.25. Schematic representation of polyhedral NPs enclosed byitigx facets. Adapted with
permission from reft®®, Copyright 2012 American Chemical Society.

Palladium

Pd NPs exposing higindex facets have been reportad eitherconcaveor convex structures
adopting various strategiéBigure1.26). For the generation of concave surfa@hkigh deposition

rate is usually needed order to overcome surface diffusidmat leadsto the formation of more

stable lowindexed structures. Concave Pd nanocubes enclosed in (730) facets were achieved
through a seedhediated procedure by deposition of Pd atoms on the surface of Pd nanocubes
waterin the presence ®VP, ascorbic acid and KB’ 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 nanocube®d nanocubes with concave morphology and Hmglex facets wre also
obtainedby onepot homogeneous nucleation stratetfye synthesis involved the reduction of
H.PdClk by ascorbic acid in an aqueous solution of CTAC and CTAB at 30 °C fiouia?' In

this study, ashape transition was observed going from wabes to elongated nanocubes and
finally concave nanocubes enclosed in (736}10), (410) and310) facetsOther more complex
concave Pd structures were also prepared by electrochemical methods applying avageare
potential to aqueous solutions contag the Pd salt precursorWith this method oxygen
adsorptiordesorption cyads wereinduced to selectively direct the nanocrystals grothtiough

periodic oxidation/dissolution and reduction/crystallizatidfith the squarevave potential method
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concaveHOH, enclosed ir{321) facetsgoncavedisdyakis triacontahedragnclosed in (631) facets
convex trapezohedrahnd tetrahexahedralPd NPs werealso reportect’?274 Recently, the
preparation ofetrahexahedral Pd NRgasreported by a dealloying protocol, without the use of any
capping agent, in which bimetallic NPs of -Bd, PdBi or PdTe were deallged at hgh
temperature leaving shaped Pd nanostructures covered in (210) planes. The shape seldusvity of

procedureesulted from the evaporative process of Sb, Bi, o¥Te

h

Figure 1.26.Representative TEM (STEM) images of hiigldex faceted Pd THH (A), HOH (B), TPH (C),
DTH (D) and elongated cubes (E). Adapted with permission fromi’PéfCopyright 2011 WileyWCH), ref.

272 (Copyright 2009 Royal Society of Chemistry), réf.(Copyright 2016 American Chemical Society) and
ref. 274 (Copyright 2010 American Chemical Society).

Platinum

Pt shares a similarity with Pd since its concave nanoparticles ardymanocubegnclosedn the
high-index facets NPs. The development of concave structure depends on the tuning of reduction
kinetics with a reduction procesthat has to be fastombined with a high concentration of Pt
precursorthatis of paramount importance for teappression of Pt surface diffusion. For example,
a high concentration of NRtCk and glucose in CTAB and OLAM resulted in the formation of
concave Pt nanocubesclosed in (720) facets afteeatment at 160 °C for Bours?’® In another
example, Pt concave cubes weld#ainedby hydrothermal synthesreducing HPtCk with glycine

in presence of PVP at 200 %®.Both glycine and PVP served as reductants Gagping agents
favouring the formationof highrindex facets on theoncave nanostructure&lectrochemical
protocok with the application of squaiwave potentials were also used for the synthesis of concave
tetrahexahedral Pt NPs in deep eutectic solvgDtsS). The combination of electrochemical
method and DES delivered uniform nanostructures covered in (910) (Rampise 1.27A).2’" The
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same approach was used also for the synthesis of triambic icosahedral &iddiRed in (771)
facets and trapezohed Pt NPs enclosed in (522) fac@gure1.27B, C)278:279

Figure 1.27.Microscopic characterization of highdex faceted Pt THH (A), triambic icosahedra (B) and
TPH (C) NPs prepared by electrochemical square wave potential methods. Adapted with permission from
ref. 2/7 (Copyright 2011 American Chemical Society), r&f.(Copyright 2013 Royal society of Chemistry)

and ref.2’® (Copyright 2012 Royal Society of Chemistry).

Similarly, the firstsynthesis for the tetrahexahedral Pt NPs was performexh blectrochemical
protocol using squasreave potentials to shape potystalline spherical NPE° The highindex
facets exposed on the nanocrystals were determined to be Pt3®trahexahedra weraso
obtainedby the samalealloying procesasedfor Pd tetrahexahedra. &lprotocolwas found to be
suitable also for laje scale production of Pt THH’ 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. PNA©OWere
electrodeposited ta glassycarbonelectrode by applying SWP #mn acidic solution of KPtCk.?8!

A shape evolution was observadhen tuning the upper and lower potential that resulted in the
formation of Pt THH and PtHH NPs asadditional shapes. The HOp4rticles were confirmed to
be bounded by (1% 3) facets after careful HRTEM measuremerits.accordancewith the
previously discussed shapes, multipods exposing-ihidgx facets are extremely appealing for
catalysis because tlie high specific surface aread the lowcoordination sitesThese multipods
are usually produced by wehemical approaches in presence of capping agesed for the
stabilization of the highly energetic facets emerging from a fast reduction précsskothermal
protocol for the synthesis of Pt multipoiasbeen reportetieatingPt(acac) in 1-octyamineat 200

°C for 3hours?®2 The amineserved as solventeductant andapping agenstabilizing monoatomic

step edges that resulted in the cortam 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 energgf Au nanostructures. It follows that also Au NPs with higtlex facets can

be easily obtained applyingpilder reaction conditionsvith respect to the other metal NA=or
example, concave Au nanocubes have been reported under very common reaction conditions for the
generation of other faceted metal NPs. In the protamherical Au seeds were introducedain

growth aqueous solution composed of HAYQAgNO;z, ascorbic acid, HCI and CTAC and left

react overnightwithout stirring?®® The generation of (720) highdex facets in the concave Au

cubes was attributed to a combination of*Aand Cl ions. Another common Au structures
decorated by higindex facets are TOH. Au TOH NPs can be produced bychemical methods
reducing a solution of HAu@lwith ascorbic acid in presence of CTAC as stabilidg@gure

1.28)%84

200 nm 50 nm

Figure 1.28.Low mag (a) and high magp) 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 HREM image highlighting (221) plane with (111) terraces and (1EpssiReproduced

with permission from ref® Copyright 2008 WileyvVCH.

Despite the large size of the NPs obtained by this mgtt@@200 nm) regular (221) facetaere
observed on the surfadeecently, Au TOH were reported with smaller sizes§20m) by a slow
reductionof Au(l)-EDTA complex(formed in situ)with ascorbic acid in presence of 10 nm Au
seedg®® The asprepared TOH NPs exposed a mixture(tf 11 J, (331), and(221) high-index
facetson the surfaceAu convex nanostructures like THH and TPH can be prepared with wet
chemicalseedmediated protocolas well. h one report, Au THH NPexposing (730) facetsere
deliveredby a seednediated growth of Au nanospheres in an aqusoligion of Au precursor,
ascorbic acid, AgN®and CTABZ® Importantly, keeping the pH value ahe growth solution

below 2was necessarp ensure the successful production of Au THHseedmediated approach
46



was also used to synsige Au TPH NPs with regular (311) facetsstarting from cubic or
octahedral seeds. The seeds solution was rapidly added tehagbeel SO solution containing
PVP, formic acid and HAuGland leftreactingfor 20 min at 120 °G8 With the same procedure,
Au bipyramids enclosed in (311) facets were obtained by switching to nanorodAseettier seed
mediated procedure, employing icosahedral Au seeds, was used for the productionimdexgh
faceted nanostarf&® In this studytwo DMF solutions ofAu seedsandHAuUCls were subsequently
added to a third DMF solution made of PVP, dimethylamine and HCkamdd at 80 °C for 4
hours delivering highly symmetrical nanostars enclosed in (321) fad€igure 1.29.

Dimethylamine was ugygested to be crucial in stabilizing these fadetsoncomitance with the

appropriate choice of solutigpH and temperature.
Y e TEE W

Figure 1.29 SEM and TEM micrographs of Au hanostars enclosed in (321) face}skigh magification

TEM image of a single goticle and SAED (d). SEM images and corresponding 3D models of the Au
nanostarviewed from different zone axes-je Growth evolution scheme showing the shape transition from
icosahedron to nanostar. Scal e bum(fsh;]). Repradmeed(wih) |, 2 (
permissiorfrom ref. 2%, Copyright 2015 American Chemical Society.

1.2.1.4 (MesoPorous/dendritic metal NPs

Nowadays, defined porous architectures have captured the attention because of the substantial
adsorptive capacitylue to thar high specific surface area. Unfortunately, many of the porous
nanomaterials have a restricted array of applicati@tauseheir pore sizewhich is below 2 nm

falls in the microporous rangDur i ng the 690, the di®sebavery
breakthrough for other mesoporous materials incrementing the interest toward these nanostructures
with high surface area and ale pore sizeMesopores have a diameter ranging from 2 to 50 nm

and arerelevant in processes requiritige transportation of guest species and incckasailability

of reaction sitesMaterials of various nature and composition can be obtained with a porous texture
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such as metal oxides, metals, hybrid orgamérganic materials, carbonaceous materials and so on.
Still, some aspectsuch as the pore tendency to collapse during crigstidin hinderthe successful
obtainment of a good porosity gradRarous metals have attracted enormous interests owing to their
physicochemical propertigeat makes them eligible for many applications such as catalysis, energy
storage, biosensors, SERSPR etc. Porousnd dendriticmetal nanostructureswith specific
properties can be produced by shape and morphology enginadaptingdifferent approachesn
particular, two strategies have risen among the atharst and softtemplating methods andet
chemical methods.

The hardtemplating method consssin depositing a metal on the surface of a porous temglete
assilica, carbon or other materials than can be easily decompwsesnoved to expose the metal
structure The approach involves senal steps includg the template preparatipdeposition of the
metal/metal precursor (usuallgliowed by a reduction step) and removal of the templating agent.
The final porousnetalstructure is the upturned reproduction of the tempRy®o and cevorkers

were the first tosuccessfully report this method for the production of pomusanostructures
(Figure 1.30) The synthesis was performed by impregnaf@NHs)s(NOs). into MCM-48 silica

that was then subjected hydrogenflow at 300 °C and lastlthe silica template was removed by
acidic treatment with HF 1096° Another interesting examplef hardtemplating synthesis was
reported by Lu and eworkers who obtained nanostructured porous Pd films by electrochemical
reduction/depositiorof PdCh into mesoporous silica which was removed by acidic washing

steps?®! Different types of mesostructured silica have been exploited as hard templates for the

Figure 1.30. TEM micrographs of the mesoporous Pt nanostructures obtained byehaptating protocol
using MCM48 as template {a). Schematic model showing the interconnected Pt structure (f). Adapted with
permission from ref®°, Copyright 2001 American Chemical Society.
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A common drawback in the hatdmplating approach is the control of the deposition process that if
not properly accomplished can drive to the growth of irregular metal strucfuresi\provement in

this direction wasifstly made by employing ascorbic acid as mild reducing agent in ordestoe

a slowreduction rateequired togive enough time to the metal precursor for a uniform diffusion in
the templateApplying this strategy, uniform and monodispersed porolFRthave been prepared
with ahigh reproducibility2%

Softtemplating methods, on the contrary, are based onlatimgp agents composed by organic
molecules that, depending on the concentration in water or organic solselfi@ssemblein
ordered and highly interconnected networksCommon softemplatessuch aslyotropic liquid
crystals (LLCs), block copolymers annicelles, have been exploited to achiewarious
nanoarchitecturemmcluding like nanowires, nanotubes, films and of course porous strucflirég.
LLCs are formed when two incompatible component are phase segregated on the nanoscale
generating longange ordered structure$ypically, a highly concentrated micellar or polymeric
agueous 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 metdaustsiwas applied

for the production of Pt film$&»° Since thenyarious softemplating systems have been prepared
and used in mesoporous materials synthesis. For examplélettBat al. reported the
electrochemical deposition of mesoporous Pd filmsLiiCs composed ofoctaethyleneglycol
monohexadecyl ether (6Es) and decaethylene glycol hexadecyl ether (Brij8&The resulting Pd

films contained regular hexagonal arrays of cylindrical pareshad a remarkable surface area of
91 nt g. Other stidies employing LLCs as templating agents have been reported for the synthesis
of mesostructured metals such as Cu, Ag, Cd, Ni an¥#’Sf%. Micellar confinements another
strategyreportedfor the synthesis of porous structuresng ionic surfactantor polymersfor the
constructionof nanoreactorsn water at determined concentrations. In contrast with LLC, the
micelleassembly approach does not néégh concentrations of surfactarsisice micelles can be
formed already at lowsurfactantconcentrationsOne of the first reports using surfactants as
stabilizers for porous NPs was describedUikah et al. They reported the synthesis of porous Pt
NPs in an acidic aqueous solution of CTABIdPtCk reduced by NaBk*® Yamauchi and co
workers have extended tlpeotocols for porous metal NPs produced in micelles made of different
surfactant®43% and polymers®’-3%® Other porous and branched NPs have been produced in
solution phasevith both surfactants and organic ligands for the stabilization of the porous/dendritic
structure for metals like Pt, Pd, Au, Ag and &h.
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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
preparedn liquid phase employing-ddamantanecarboxylic acid, dhexadecanediol and hexadecylamine
in diphenyl ether. Reproduced with permission from¥&f Copyright 2006 WileyvCH.

One interesting example is theoncomitant use of l-adamantanecarboxylic acid, 1,2
hexadecanediol and hexadecylamine for the synthesis of porous RFiyerse 1.31)7° A fast
autocatalytic process wapeculated athe driving force for the formation of the porous structure.

In general, the synthesid 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, aggbegation
growth, selective oxidative etching and templated methods have been developed for metal colloids
exhibiting porous structure or dendritic featut&sA last strategy for the synthesis of porous
particles andespeciallyfilms, is the dealloying témique in which a bimetallic nanostructure is
selectively depleted of one mef@he most electrochemically activby a corrosion processlhe

first example of dealloying process for the formation of porous nanostructures was reported in the
early 2000when Erlebacher and ewmorkers reported Au nanosponges with an interconnected
porous structure by electrochemical corrosiiiBince then various porous metal architectures have
been produced with this technigtié.

Overall porous metal nanostructurean be preided in great varietyby the use ofdifferent
approachescreasing the availability of such singular NFPse high surface are&h in pores and

active sites make thidPsideal candidate®or manyapplications especially in the catsifield 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, irose 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-sahometer 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 havinghetatliic
properties; very often these compounds are referred to as atomically precise clusters. Two main
approaches are used to obtain atomically precise metal nanocltistefisst 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 theassémbling process in

the synthesis of metal NP protected by organic ligands. Indeed, very often the synthesis of
monolayer protected nanoparticles is accompanied by the formation of metal NCs-définelt
stoichiometry comprising a core, in which the metal is in the zero oxidation state, arghait o

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 oxidationesta
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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.

Al t hough <cluster compl exes have beemunitgmheiwn s
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 sfartt o gain a | ot of attent
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 isolmtn 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. IndeedreNs@msidered

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 oxidatitatesclusters with a particular focus on the noble

metal clusters.

1.2.2.1. Zerovalent Monolayeprotected NCs

As anticipated above, these clusters are characterized by a core where all the metal atoms are
positioned, exception made for metal atairectly 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 8ctagtrin method developed for

Au NPs? the sizefocusing®® and the ligand exchandeduced size transformation (LEIST)
methods, these last two have been both mainly developdihtgnd ceworkers. In this section,

four monometallic monolayer protected NCs will be discussed, although other metal NCs have been

described in literaturé-"320

Gold

Au NCs have been widely studied and constantly reported along the years bectngseobfist
protocols developed for their synthesis and to their high statitidu 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 interestingligptions3¥32° As mentioned above, the formation

of well-defined NCs often accompanies the preparation of polydispersed monolayer protected
nanoparticles. After the grousiiteaking work of Brust and Schiffritt} Murray and ceworkers
reported theifst in depth characterization study of thiolate protected ANRaile Whetten and
cowor kers pinpointed the presence of nanopart
crude NPs preparatio$ Murray and ceworkers reported in 2004 thealation of a molecular

cluster that was erroneously believed to besfRETps (PET: PhCHCH,S residue¥* while the

correct structure was later established ass@®ET)s by high resolution mass analysgy32®
Another breakthrough was made in 2005 when through the determination of the precise masses by
ESFMS of Aun(SG)n, distinct NCs were unambiguously identifiédand again allowed the

correction of some previous wrongly assigned structures. In 200#gherfistal structure of an Au
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NC, namely Auox{p-MBA) 44 (p-MBA: p-mercaptobenzoic acid) was reported by Kornberg and co
workers328 followed by the crystal structure of AgPET)s reported independently by the groups

of Murray and Jin?®3*These tudies unveiled the structure of the gold eligand 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 Ati NCs mostly produced polydispersed clusters mixed with
NPs that needed long purification steps like gel electrophoresis or ¥FPEGfter which clusters
were isolated in low yields. Things started to change with the development of the size faodsing
LEIST methodologies.
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distribution, Au,,
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Figure 1.33. Schematic illustration of the sifecusing protocol applied to Au NCs. Reproduces with
permission from ref'®. Copyright 2010 American Chemical Society.

Size focusing protocol is accompanied by fine tuning of the reaction conditions in order &séncre
the yield of atomically precise clusters (Figure 1.33). One of the first syntheses of this kind was
reported in 2008 by Jin and-gmrkers for the assembly of A4PET)s NCs in two phase solvent
(water/toluene) or in THF only using TOAB as phase fem&and PET as ligand (Figure
1.34A)331:332The 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 Aus(PEThsat670, 450 and 400 nm were visualized already in the crude product prior to
any purification steps. The authors suggested the formation of-BR(Ipolymeric complexes as

the key factor for the high yield of the reaction, thus maximising the formation s tdmmplexes

the yield of Aus NCs will dramatically increase. The size focusing protocol was extended to other
thiolated Au clusters such as &wand Auss. These two clusters, protected by dodecanethiolate,

were reported in 2008 by Chadi al. by the ug of the Brust method, but in poor yields ofiy.
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One year later Qiaat al.improved the yield of the two clusters by using the size focusing method
through aging of a narrowed mixture of Au NCs.3#8R)4 was prepared in high yield by first
synthesigig a mixture of Ad(SGh clusters that were subjected to size focusing in a mixture of

water/toluene in which a new thiol (docecanethiol or phenylethanethiol) was dis&I¥&d.
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Figure 1.34. Synthetic scheme for the preparation ofANCs (A), absorption spectrum of tlisolated
cluster with the main absorption bands indexed as a, b and c (B). Crystal structure ottREBis cluster

with the Aus core (left), core and exterior Au atoms (middle) and the complete structure with the sulfur
atoms in yellow (right) (C). Aapted with permission from ref° (Copyright 2008 American Chemical
Society) and ref*° (Copyright 2008 American Chemical Society).

The mixture was heated in presence of oxygen favouring the gold core etching and transforming the
Aun(SGh mixture in atomically precise Ag(SR}4 clusters. Relying on the same strategy, the
authors were able to improve the synthesis ofz&8R)0.3%¢ Also in this case, a twstep synthesis
was adopted with some changes with respect t@ preparation. Irthe first step, instead of using
SGH ligand, PET was selected to achieve a better control on the size distribution of the clusters.
Subsequently, the sizearrowed clusters were heated at 80 °C in toluene for thefagimsing to
Auiss The sizefocusingprocess was confirmed byW-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 prefleeddst
step of the sizéocusing 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 particulare &he 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 ptdcBem
focusingwas extended to the preparation of other Au clusters lika(8R)2, Augg(SR)2 and the
nanoparticle Assx(SR)¢**¥ 34! and it was also employed for aqueous synthesis with water soluble
ligands3423*3 Another peculiar example was reported by Céaeal.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
sizefocusing protocol at 890 °C (Figure 1.35}* They observed that the less sterically hindered
p-MBT deliveredthe larger cluster Aio(p-MBT)s0 while mMBT ando-MBT produced Auo(m-
MBT)41 and Auo(o-MBT)24, respectively, following the trend of size decrease with increased steric

hindrance of the methyl position respect to theAbond.
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Figure 1.35.Schemat representation of the synthetic protocol for the synthesis @f(BtMBT)so (A),
Au10M-MBT)41 (B) and Auo(o-MBT)24 (C) usingp-MBT, m-MBT ando-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 1l). Adapted with permission front*feCopyright 2015 American
Chanmical Society.

Overall, the sizdocusing 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 clustéth wespect 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 cluste?*4**>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 r&f. Copyright 2015 American Chemical Society.

The ligandexchange induced size/structure transformation (LEIST) is usuallyedppl clusters
prepared by the siz@cusing method for the generation of new magic sized NCs (Figure®1236).
Compared to the common ligand exchange that affects the monolayer composition without altering
the cluster core and atomicity, LEIST is a wieal 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 anc
enery (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 hkESRYo,
Auzs(SRPs and Ausi(SR)2. For instance, Aug(TBBT)20 was prepared starting from A(PET)s

by treating the latter at 80 °C with exces$ed-butylbenzenethiol (TBBT) obtaining the chiral
cluster Aug(TBBT) in high yield (Figure 1.37A¥* Interestingly, another chiral NCs was
assembled by performindgné LEIST on Aus with TBBT at 40 °C, instead of 80 °C, producing
Auzo(TBBT)16 (Figure 1.37B¥* The LEIST protocol was also applied to sAelusters to produce

Auss employing again TBBT (Figure 1.37€% Aus¢(TBBT)22 NCs were produced by reacting
Auszg(PETYs with TBBT at 80 °C for 12 hours favouring ligand exchange and Au atoms
rearrangement. Again, TBBT resulted suitable in convertingssRET)o in Auwzx(TBBT)s2 by

ligand exchange (Figure 1.378%). The approach used here is the same for the And Aus
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 A{TBBT)20 (A) and Awo(TBBT)16 (B), Auzs(TBBT)24 (C)

and Auz3iTBBT)s2 (D) synthetised by LEIST procedure. Carbon atoms are omitted for visual clarity and
sulfur atoms are depicted in yellow. Adapted with permission from?3téf(Copyright 2013 America
Chemical Society), ref*8 (Copyright 2014 American Chemical Society), ré&f.(Copyright 2012 Wiley
VCH) and ref3° (Copyright 2015).

Beside the fact that thiolate protected Au clusters are the most known and studied, other ligands
have been exploited in the constructionatdmically precise NCs. For example, phosphines have
been empl oyed | ong before thiols as I|-wodgasnds f
reported the synthesis and structural characterization of PRh)7(SCN)*! while Mingoset al.
reported the synthesis and-rXy structure of Ag(PMePhhCloPFs)s i n t he *%ar |y
Commonly, the synthesis of phosphine protected NCs is performed at room temperature and
involves a reduction step, usually performed with NaB8reat contribution to the phosphine
protected Au NCs has also been brought by Konishi and Hutchinson groups. In particular, Konishi
and ceworkers reported the first diphosphine protectedsAAus and Aw clusters employing a

size focusing protocol fofAuis(dppe}Clz]Cls and a LEIST protocol for [AsfdpppxClz]?* and
Au7(dpppl(BFa4)s. >¥3°The group has also studied clusters composed by fused core stffits.
Hutchinson, on the other hand has focused more on the ligand exchange of phosphine Au NCs with
thiols, particularly on Aw clusters®®83€0 Also, in the same period larger diphosphine protected Au
NCs such as AwW(PP)4«Cls (PP = tris(2(diphenylphospimo)ethyl)phosphine) bearing a
tetradentate phosphi®'**2and Aw(dppo} (dppo: diphenylphosphinooctane) composed of two
Au11 units were reported by other grouiss.

Alkynyl protected Au NCs have also been studied along the years. These chaterbeen
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 fP3The study reported A(C2Ph) clusters

with atomicity from 43 to 110 that were not isolated but characterized by MAIIH
spectrometry. One year later A(CoPhps was selectively prepared employing the same method for

polydispersed clustef€® In this study, PVReapped 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 eworkers reported the synthesis of a class of mixed phosphine gmylalk
protected Au clusters. Three atomically precise Au NCs were produced by the group, namely
Au19(CoPhp(Hdppa}(SbFs)z, Auzs(CoPh)(PhsP)s(SbFs)2 and Atba(C2Ph)ha(PP)a(SbFs)2.358 368 Al

the three clusters were synthetized by a similar procedure consisting in a first exchange of

counterion in the gold complex (@ith SbFs), followed by a reduction step with NaBH

Silver

Parallel to the development of Au NCs, siltusters (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 welldefined synthetic procedures and reliable characterisation data are av&il&bke first

repats of Ag NCs appeared in 2009 and 2010 where various Ag NCs were prepared and detected
by mass spectroscopies but not isoldf@d’! Later, Stellacci and eworkers reported the
preparation and characterization of 4(@R)¢" using 4fluorothiophend and 2thionaphtalene
(Figure1.38%723"® 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 NaBtHleaving

the crude product to age & °C for one week. In the same period-@dSA)7, Ags(MSA)s and
Ago(MSA)7 (MSA: mercaptosuccinic acid) were prepared through the reduction of AgINO

methanol, in presence of the thiol ligand, and isolated bylgetrephoresis’+37>

A e R F—>2 nm— F1.3 nm4

monolayer- H,0
—> SR
Ag nanoparticles -4°C Ag“( )

4
—Ag,(2-NPT),,
—Experimental

i
—Ag(4-FTP)y,
—Experimental

Relative abundance (%)
Relative abundance (%)

0
2136 2138 2140 2142 2144 2376 2378 2380 2382 2384 2386
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Figure 1.38.Synthetic scheme for the preparation oA8R)::* NCs (A) and corresponding mass spectra
for clusters protected by-#uorothiophenol and -2hionaphtalene obtained by EBIS (B). Adapted with
permission from reff’2 Copyright 2012 Royal Society of Chemistry.
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Interestingly, the LEIST process was employed for the synthesis o{4AgTPko (4-FTP: 4
fluorothiophenol) starting from Ag(SG)s.3’® In recent years, new Ag NCs have been identified
and isolated with various ligands. For example, 1fdppmy(CoPh)s(SbFs): (dppm:
diphenylphosphinomethane) and A@pppe}(C2PhOMedo(SbFe)z (dpppe:
diphenylphosphinopentane) were prepared by a slowianldif NaBH: at room temperature and
aging in absence of light and crystallized for structural characterization that revealeg &arAgl

with a particular anicuboctahedral symmet?y’ Bigger Ag NCs like Ags(CoPhhs and
Ag7e(dppp}(SPhCE)42 (dppp: diphenylphosphinopropane) were also synthetised with bidentate
phosphines or alkynes as ligarf#37° Of note, the Ags(C.Ph)a cluster was prepared employing
bidentate phosphines to firstly generate a sipfaysphine that delivers Ag(0) atonfimally
protected by phenylacetylene. AG® Agis®' Ag.5*®? and Ago®®® have been also prepared,
isolated and characterized by mass spectrometry techniques. Overall, the preparation and
identification/characterization of atomically precise R§s 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, ptatm and palladium NCs are less reported because of their
lower stability. Few studies can be found for Pt and Pd monefapéected clusters with the metals
in the zero oxidation state mostly because the difficulties faced in the synthesis and
characteriation. The first reported synthesis of Pt NCs protected by thiolates was described by
Chenet al. in a solution phase by reduction osf4Ck in presence of mercaptosuccinic acid with
NaBH.:.28* 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 Kaetelakis a mixture of
Pt, Pt and P¢ in DMF.2® 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 &u(MBT)7, PE(MBT)7 and P§MBT)7 by MALDI-MS. In this
study, 2mercaptobenzothiazole (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 undeanalysis; here MBT displaced the weakly bound DMF molecules that originally
protected the clusters. Another study by Schneider anslockers reported Pt NCs protected by
GSH with dimensions below 2 n#f The NCs were produced following the LEIST pges by
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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 tasetion issues of the Pt NCs with MALDI

TOF. P§(SCO:Me); NCs have also been reported and isolated by HPLC from a mixture of clusters
and NPs prepared by reduction of2RCk in presence of PAMAM (polyamidoamine)
dendrimers®’ Interestingly, atomicallprecise Pt NCs were reported by a solid state dry synthesis
performed by milling platinum salt-@ert-butyl)benzyl mercaptan (BBSH) and NaBid a mortar

to yield crude Rt&(BBS) that was purified by HPLC and characterized by MAINDS 388 Another
peculiar strategy to achieve Pt NCs with precise atomicity was developed by Yamamoto and co
workers38® These authors exploited the complexation ability of phenylazomethine dendrimers to
capture Pt ions at a maximum of 12 ions per dendrimer of assemigaylggtomethine units. The
complexed ions were then reduced to Pt(0) that aggregated in NCs with precise atomicity (Figure
1.39A). The abtained NCs cannot be described as monolpgaected because no ligand is
bound to the metal surface, in fact thendiemer 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 (Gure 1.39BF*° Recently, Zhuangt al. successfully produced 2MSA)21

NCs by treating an aqueous solution ofPKCL with mercaptosuccinic acid (MSA) at room
temperature and isolated the NCs by dialyiSmaller Pt clusters capped with phosphine ligands
such as R(PPh)sCls have been reported by a mild reduction ofPt€k with borane tert
butylamine complex®? Other Pt NCs have been reported although without strict control on the

atomicity 393397

TPM G4 (PtCl),,@TPM G4
dendrimer

Loading to
GMC

B e 9 ¢
.o P I eee » = o~
141516 181920 /’1,/ \b\
@ @ pyridyl-triphenyimethyl core
17
n ,
v _ A
— .:,ﬂir j
[ Atomiciy.controlied Pt custers | 2

phenylazomethine dendron

60



Figure 1.39.Schematic illustration of two protocols employing phenylazomethine dendrimers to control the
atomicity of Pt NCs. Synthesis of iPNCs (A) and synthesis of P(n: 1220) NCs (B). Adapted with
permission from ref® (Copyright 2013 WileywWCH) and ref3%° (Copyright 2015 WileyWCH).

Palladium

Similar to the case of platinum, also zerovalent monolpyatected palladium NCs are mostly
stabilized by thiolates, owing to the stability of$bond. In the early repomsostly polydispersed
clusters, often contaminated by bigger NPs were described. Only in the last decade the synthetic
protocols were refined to the point of obtaining atomically precise Pd NCs. The first study on Pd
NCs was reported in early 2000 by Zamhbbet al. in which the BrustSchiffrin protocol was
adopted to produce hexanethiol protected R€d$n the same period, Negishi and-workers
prepared and characterized Pd NCs protected with octadecanethiol. From the mixture of clusters
two major pralucts were detected by MALEMS, namely Pg(SCisH37)10 and Pdo(SCisHz7)12.3%°

More recently various atomically precise Pd NCs have been reported. For example, Jin and co
workers reported the or@ot synthesis of Re 17(SR)si 22 clusters by reduction d?d(OAc) in THF

and TOAB employing various thiolated ligands sueted-butylbenzenethiol, -hdamantanethiol,
1-naphthalenethiol, and-@aphthalenethidd®® Similarly, various Pd clusters protected with
acetytL-cysteine were synthetised amblated from the mixture by HPLC in the composition
range between Rgland Pdo.*°! With an optimized BrusSchiffrin protocol, Dass and e@orkers

were able to isolate PQPET)s in high yield?®> The synthesis was performed in two steps
consistingin the preparation of a crude mixture of clusters enriched intRdt were additionally
sizefocused by a thermal treatment in toluene and excess PET. In pursuing the synthesis of small
atomically precise clusters, Chen andvwarkers relied on a modéd procedure for the synthesis

of metal NPs to deliver R(5CizH25)11 NCs?% The procedure consisted in the reduction, under
mild conditions, of Pd(acac)in OLAM and excess -tlodecanethiol at room temperature for 4
hours. Worth to be mentioned, the waf Dahl and Mednikov, which have extensively studied
zerovalent Pd clusters coordinated to carbonyl ligands and phosffiffésAlong the years their

group have reported around 20 discrete Pd core geometries with Pd atoms ranging from 10 to 165.
All 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 presatyashder 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-metallic propertieslike 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 nuclgaamd ligands being investigated. Widely used
ligand for these complexes are thiols, phosphines, organosilanes, amines, carbon monoxide and so
on% |n keeping with the objective of this thesis, this -shlapter will be focused mainly on the
thiolate caordinated 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 mgtatiorstructures have been
named tiardike complexes for resembling a crown and are typically reported for the group 10
transition metals (Ni, Pd, Pt).

S..,_&pd / \\Pd/ \Pd __,_,..S

Figure 1.40.The first crystal structure of a B8R, tiaralike complex proposed by Hayter andworkers.
Reproduced with permission from réf. Copyright 1964 Elsevier.

The first report of such c%°eVen though stidied e tirea d a
metal mercaptides have predictedh e i r e xi st e n c ¢ Thd symhegisyof these t h e
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 étagten 1964,

Pd tiaralike complexes of stoichiometry R&R)> were formed by spontaneous complexation of
(NHa4)PdCl with ethanethiol, dpropanethiol and -propanethiol in chloroform or benzene in a

time span of 12 hour8® The complexes were recrystatid and characterized by singigstal %

ray analysis (Figure 1.40) that confirmed their rabgsed structure. One year later, Dahl, Crosse

and coeworkers similarly reported the crystal structure of(BCHs)12 (Figure 1.41) that was
prepared by reactina Ni(ll) salt with bis (alkylthio)dialkyltin compound$! The authors used the
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same approach to prepare other hexanuclearlik@&li complexes substituted by various thiolated

ligands, in the same periGtf

Figure 1.41.First crystal structwr of a Ni(SR). tiaralike complex reported by Dahl and -emrkers.
Reproduced with permission from réf.. Copyright 1965 American Chemical Society.

In the following years various groups reported the preparation and crystal structliversé Pd,

Ni, Cu, Ag, Fe, Co and Mn complexes enriching the library of thiolated-ltkwametal
complexes¥ 424 More recently the tiarlike metal complexes have witnessed a revival not only
because of their fascinating structure but also becalusieeim unusual properties. In particular,
thiolate coordinated complexes are of great interest because the strengif bbil confers to
these clusters great stability toward oxidations and reduc¢domdoreover, metal thiolates are
interesting alsdrom a bioinorganic aspect as they are involved in several key enZ$ffi€sThe
latest studies of tiarkke complexes have mainly focused on the ligand influence toward the ring
contraction or expansion, thus on the nuclearity of the clusters. Ap @sample of ligand
influence was reported by Tatsumi andworkers in 2006 where they studied the Ni complex
formation in presence of mixed thiolatB8 A Ni(mtet), (2-methylthioethanethiolate) complex was
first prepared and subsequently reactedhwibtassium propanathiolate or potassiutert-
butanethiolate to yield cycliNi(SiPr)(mtet)} and cycle[Ni(St-Bu)(mtet)Lo respectively (Figure
1.42). Expansion of the ring from 6 to 10 atoms of Ni was attributed to the ligand effect and
precisely to tk bulkiness of tefbutanethiolate, with respect tgpPopanethiolate, 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 cyeldli(SiPr)(mtet}] and cyclo[Ni(St-Bu)(mtet)o] and their
respective crystal structure (B). Adapted with permission fromt¥efopyright 2006 WileyVCH.

A similar study was reported also foreNiaralike clusters employing mixed thiolaté®. Four
complexes were prepared by treating Ni(gvith dimethyl disulfide (or diethyl disulfide) and 2
propanethiol ortert-butanethiol in ethanol at 12IB0 °C with reaction times that were very
sensitive to the nature of the ligand employed, spannarg & few hours to 24 hours. The obtained
tiaralike Ni clusters, cycld Ni-JieP fSMé)lg cyclo[ Ni-JteB uSMe)k, cyclo[ Ni- ( €
Si P#SEt(scand cycle] Ni-JteB uSEW)Ls, were characterized by singteystal Xray
diffraction highlighting the dierse NiNi bond distances and the-8iNi bond angles that changed
with the nature of the thiolated ligand. Another interesting example concerns RlikBara
complexes. Usually, Pt thiolates have the tendency to form polymeric complexes of indefinite
length with the generic formula [Pt(Sky) displaying an amorphous structure that makes these
polymers insoluble and challenging to charactefi?é3® By employing a derivatized symmetric
ligand bearing two sulfide functiong, P tSCkbCOMe)z]s was obtaned refluxing PtG and the
derivatized ligand in acetonitrile for 10 hours (Figure 148)Wi t h t he same- proc

SCHCO:Me);]s complexes were also reported.
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Pt tiara like clusters were also synthetised with nuclearities ranging from 5 to 13 (Figur&®1.44).

The complexe were achieved in two steps: Rt@las first treated with octanethiol aridiN-

diisopropylethylamine (DIPEA) in chlorobenzene/acetonitrile at 90 °C for 1 hour and the resulting

precipitate was refluxed again with excess octanethiol

in chlorobenzene &€ 200 1 hour.

[Pt(SGH17)2r]n (with n: 513) were isolated by preparative HPLC and characterized with MALDI

TOF spectrometry, and the single crystatay structure was solved for thesRhd P§ complexes.

Another cyclic Pt complex was isolated recently in the hexameric friRt(SG2H2s)2]6 Was

prepared by thermal treatment at 210 °C for 2 days of a mixture composedPb@kHand

docecanethiol in 4ert-butyltoluene. Singlerystal Xray diffraction confirmed the toroidal

structure of the complex with each Pt atom displayimgreximately a square planar configuration

with four S atoms pointing at the edges @ptS
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Figure 1.44.Chemical structure of the [Pt(8i7)2qn complexes (a), chromatogram of the preparative
HPLC separation by sizexclusion (b), MALDITOF mass spectra of the isolated Elusters and their
relative structure modelled with DFT calculations (d). Reproduced with permission frdfi. ref.
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Interesingly, PET, that was widely used as thiolated ligand for monolayer protected cluster (e.g.
Auxs(PET)s), has also been employed for the preparation of tiara like complexes. Remarkable
examples are P&437438and Nf*944 complexes coordinating PEirepared by different protocols
providing complexes with various nuclearities. For example, [Pd@ETn:520) have been
prepared both by the BruStchiffrin protocol where the NaBHacted as base on a solution of
Pd(OAc)*® in presence of PET, or hyiethylamine treatment of Pd(NJ also in presence of
PET®7 Although tiaralike 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 réptti@ierall, 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 emittintf® and catalytit®>44 properties of such complexes opening the door to a

multitude of future applications in various fields.
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1.3 Catalytic applications of transition metal NPs and NCs

The pervasive role of catalysis in chemical research cremical industry has led different

approaches such as thermal, electnod photecatalysis to become wefistablished independent

research areas with widespread applications. The central

role of catalysis in chemical

transformations is supported by tfact 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 hstorical advances (Figure 1.45). In particular, the concept of active site has been the focus

point in many studie®44’I n t he

620 Tayl or pinpointed

t he

whole, of surface atoms as active centres and Schisalisded 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 thBobel prize in Chemistry in 1912 and 1909, respectively, for their discoveries. In

1916, Langmuir introduced the theory of chemisorpffSrihat together with the other findings at

the beginning of the 2D century set the basis for the studies of gétalsystems and the

introduction to

facets and atomic scale featut®s.
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Figure 1.45.Historical and contemporary conceptual advances in heterogeneous catalysis. Reproduced with
permission from ref®®. Copyright 2021 America Chemical Society.

Among all the catalytic materials, transition metals arise thanks to their redox propatiemke

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 ebemmgre catalysts based on copper for

methanol productioft>#°? ruthenium for ammonia synthe$rs;*** palladium and platinum for
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hydrogenation of organic compourft!&#°® silver for the epoxidation of ethylet?é and so on.
Moreover, platinum,palladium and rhodium are widely used in catalytic converters for the
degradation of pollutarft® and in fuel cell$>® Although metal based catalysts have been used
since long time, their preparation has not varied much and these catalysts gm®diitled 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 someviolnaks. Firstly, a broad size distribution is often
associated to these procedures causing Ostwald ripening of th¥ tBsis one of the causes of
mass/specific activity loss. Additionally, irregular and polycrystalline NPs obtained by the
conventiorl 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 NH rate formation from Nand H on Fe surface facetacreases in the order of Fe(110) <
Fe(100) < Fe(111% For Pt nanostructures, it has been demonstrated that CO reduction is boosted
on (100) and (210) facéfé*%3*while electrochemical oxygen reduction rate in aqueous HGIO
singlecrystal Pt follows the trend (100) < (111) < (1#%).Despite these ral 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 surfafemtures on the mef&? 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
singlecrystal nanostructures studied in surface sciétfceReplacing the conventional
polycrystalline NPs with uniformly shaped ones allows to improve the activity, selectivity and
stability of a catalytic system. The concept of using monodispessetl shaped NPs in
heterogeneous catalysis has been explored since the early 2000 with the development of various
protocols for the syntheses of colloidal shaped &€/ 4%8According to this, many studies have
contributed to establish the relatiorsbetween surface structure and electronic properties enabling
the development of new characterization techniques for probing active surfaces in catalytic
reactions'894’°Another research line, based on the use on NCs, prompted the investigatiews of n
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 precisetsteu This drove the development of atomically
precise catalysts as models for new strueautivity studie$%4147%since the electronic properties

of metal NCs can significantly vary with the atomic composition of the cluster itself.
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In general, e 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 principt¥3 suggests that such interaction in aniropt 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, ithe 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 ratevs the heat of adsorption of an intermediate involved in #telimiting step a bell
shaped curve is obtained in which the position of the maximum corresponds to the most active
catalyst’* (Figure 1.46B).

A B C Pteorr logk=0.8

Sabatier maximum u

Gas diffusion

Py
P

Molecula\ Product

adsorption desorption

Surface reaction
b g4 4

Rate limiting
by dissociative
adsorption

Rate limiting *Ag \
by desorption 500 Co\ Fe

Rate of reaction

600

60 70 80 90 100 110
AH(kcal/equiv.)

!
Adsorption strength

Figure 1.46.Elementary steps in a heterogeneous catalytic reaction (A), bell shaped plot derivedefrom th
Sabatier principle (B) and volcano plot showing the reaction rate of various metals toward the decomposition
of formic acid (C). Adapted with permission from r&f. 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 constank kod.8) is plottedvs the heat of

f or mat j) of the iftephediate (Figure 1.46€7.At low v a | u e s theoréactignHproceeds
gradually, thus the adsorpti on it oppesitesituatient e r m
is favoured with desorption being the riitaiting step. Taken together, the plot shows metals
found in the intermad a t e valagesl 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-litand center*’® The dband

center theory describes the interaction of the metsthtks with the bonding and abtinding
molecular orbitals of an adsorbate. Particularly it states that-biamd position with respect to the
Fermi level of the metal determinesetisize of the bonding/arbonding energy shifts in the
intermediate and the degree of filling of the antibonding states that consecutively reflects on the
reaction rate. The-dand centre can be modulated through the engineering of the metal NPs and
NCs arface structure by means of size, shape twin defects and elemental composition. A

guantitative 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 teetf@mpance of a catalyst,
including activity and selectivity, by altering the adsorption and dissociation energies of molecules
on the surfacé’’ Because the CN is dictated by the size, lattice structure and the exposed facets,
NCs and shaped NPs arestherfect 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 #uivity (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 betreated in the following three subparagraphs.

1.3.1. Organic transformations

CO oxidation

Since the pioneering work of Haruta about the-temperature CO oxidation on gold cataly$ts
substantial number of studies have reported the development of new metal based heterogeneous
catalysts for the conversion of CO to £@lthough it has been widely demonstrated that Au NPs

with average size around32nm are very active in this transfeation, the activation process is still
unclear. Researchers have been focusing on various issues such as the\&gppu#draction, the

active charge state of the supported NPs and the active sites on the NPs to shine light on the
possible mechanismsvialved in the transformation. Nevertheless, the participation of smaller
particles (clusters and single atoms) in the reaction has been long debated triggering studies focused
on subnanometric catalytic systems-tnet ween t he end o02000tShrehedi 90 a |
al.*" reported studies for the CO oxidation on unprotecteglcAl u st er s (n Q@the 0) f
minimum size for nomegligible activity while Andersoet al*® used Au clusters with atomicity

from 1 to 7 for the same reactioserving that even smaller clusters down te Mmere active.

These studies validated the hypothesis of the possible involvement of smaller species in CO
oxidation. Later on, 0.5 nm Au N2 and even bigger ones-BLnm)*®? were reported as active
clugers in the oxidation process.

Even though nanoscale and sudmoscale 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 tlaetivity of Pd clusters supported on Bi@s a function of their
atomicity considering a range between 1 and 25 af&hBy XPS analysis, the authors observed a

nonmonotonic charge variation with the cluster size, especially at smaller sizes, anliliyrthtara
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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 temperatependent CO oxidation reactions for fundamental
studies aimed at assessing the effect of NCs sunfiadéication on the overall performance.
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Figure 1.47.CO oxidation activities for Rcclusters compared with the shifts in Pd 3d binding energy (A).

CO; production rates per Pt density as a function of cluster size and temperature amtlisteasize of Pt

after annealing in vacuum (black) and exposure to single (green and blue) and combined reactant gasses
(red) (B). Adapted with permission from réf (copyright 2009 American Association for the Advancement

of Science) and ref®* (copyright 2014 American Chemical Society).

Bonanniet al. determined the reaction rates for three diasters (n: 3, 7, 10) on Tgd10) that
decreased with the increasing atomicity (Figure 1.4?BBize 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 importancef 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 chemicakcpiotare also important
model catalysts in pursuing new insights into the mechanism of CO oxidation. Since the
breakthrough of supported A(PET)sin CO oxidation reactioff® various efforts have been made

to unveil the mechanistic details at the neolar scale. From this first study, an important role of

the interface (Figure 1.48A) was established as(8R)s/CeQ resulted in excellent conversion

while Auws(SRYg/TiO2 exhibited no activity at all. Additionally, oxygen pieatment of the
catalystresulted in the activation of the clusters since without thigrpggment the protected Ay

NCs displayed no activity. The importance of oxygentpeatment was also observed in another
study on protected and unprotectecsANCs*8 Computational idies have suggested triangular

Ausz sites as active sites for the generation of active oxygen (Figure 1.48B) that favoured the
oxidation of CO in Au NCs. However, Overbuey al. suggested an alternative perspective on the
active site in Au NCs, based alen the ligand effeéf’ By studying the Aps(SR)g/CeQ 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 exuesim
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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 gethus the catalysis was suggested to
proceed via the Mafgan Krevelen mechanism (Figure 1.48C) eatthan LangmuiHinshelwood

mechanism. The role ofGn the reaction was to replace the depleted lattice oxygen from ceria.
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Figure 1.48.Proposed model for CO oxidation at the interface sites af(8R)s/CeQ catalyst (A) and
generatiormechanism of active oxygen species and molecular model of thactive site (B). Proposed
CO oxidation mechanism on protected, partially protected and unprotectedN@s. Adapted with
permission from ref#8 (copyright 2012 American Chemical Socigtyef. 48 (copyright 2013 American
Chemical Society) and ref’ (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 a@die toward low temperature CO oxidation without

the need of ligand remov&® Auxx(dppo} (dppo: 1,8(diphenylphosphino) octane) with 8
uncoordinated Au atoms, that are not susceptible to the phosphine charge transfer, was supported on
different methoxides (CeQ@, TiO., Al20s) and used in the CO oxidation reaction demonstrating to

be superior with respect to the A(PET)s 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 ofatomically 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 diffgratits, 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 procesdthe interfac®® and more interestingly, belovi55

°C the CO can be directly adsorbed on Jf@m which it migrates at the interface to react with
oxygen?® A study by Cargnell@t al. on group 10 transition metals (Ni, Pd and Pt), supported on
CeQ, investigated the involvement of surface atoms at the interface during CO oxf8agyn.
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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 presentedosugeivity because enriched in low
coordinated corner atoms (Figure 1.49).
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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 theelz@sed samples. Reproduced from ref.
491 Copyright 2013 American Association for the Advancement of Science.

Contrary to polycrystalline NPs, for nanocrystals with vaefined geometry and facets the fraction

of atoms with a particulageometry 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 hav€Nbwe
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 variablé®%iEere, dramatic
increase in the CO conversion was observed when 3 nnttaligalral NPs were used instead of 6

nm NPs in keeping with the higher percentage oféowrdinated atoms at the vertexes and edges

of smaller Au cuboctahedral NPs.
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Figure 1.50.Fraction of surface atoms at the edges, vertexes, (111) and (100) facets at increasing size of Au
cuboctahedrons. Reproduced with permission front$efCopyright 2013 Elsevier.
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Because the shape control of metal NPs is quite challenging at theeweraequired 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 Cg thus NPs enclosdd high-indexed facets can be exploited for this purpose.

In 2011 Xia and cavorkers reported a synthetic protocol for Au f&feaped NPs covered in (611)
high-index facets with size around 50 i These Au NPs were supported on ZnO and tested for
CO widation demonstrating to be highly active and superior if compared to conventional Au
nanospheres with the same dimension. More recently, Vinod amrs@rs similarly compared

the activity of highindexes Pd NPs with Pd nanosphéféd.he 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),hile the use of smaller Pd nanospheres (6 nm) resulted in comparable
activity to the highindexed NPs (Figure 1.51A). Moreover, they performed size dependent tests on
concave nanocubes finding an inverse correlation between size confinement and aagurty (F
1.51B) that suggested the importance of stability in bigger particles toward sintering and the

presence of higindex facets for the boosting of CO oxidation.
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Figure 1.51.CO conversion activities of Pd concave cubes and nanoflowers comparedbveittd  nm
spherical NPs (A). CO oxidation profile for concave nanocubes with different sizes and respective Arrhenius
plots (inset) (B). Adapted with permission from 8f. Copyright 2016 Elsevier.

Beside gold and group 10 metals, also rutheniunoisidered a valid metal for CO oxidatiti.
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 thether in the formation of Ru nanocrystals is governed by reduction kinetics that can
be tuned through the use of different precursor and solvent. Kitagawa -avatlksrs reported the

synthesis of both crystal phases NPs employing Ra@tl EG (solvent) fohcp phase and
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Ru(acac) and TEG (solvent) for fcc phase (Figurel.52A,%8)The asprepared NPs were

s uppor tAle@ and tested for CO oxidation revealing a peculiar trend.
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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 fréth ref.
Copyright 2013 American Chemical Society.

The temperature reqeid for 50% conversion of CO to GQI'50) 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 catalysireadhenr
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 tfeg 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 th& flearsse of
molecular oxygen is encouraged and preferred as it is greener compared to organic/inorganic
oxidants and generates no toxicfmypducts during the catalytic oxidation. In heterogeneous phase
the oxidation takes place at the metal surface anthlfsgpport interface with initial OH
adsorption/ act i v a+tydae elimimatiori to gemerafe ahe cacbongl dyroup and
lastly, hydride abstraction by molecular oxygen closes the catalytic cycle (Scheme 1.1).

Conventional metals used in tlgeocess are gold, palladium and platinum.
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Scheme 1.1Catalytic cycle for the aerobic oxidation of alcohols on supported Au NPs. Reproduced with
permission from ref!®®, Copyright 2019 American Chemical Society.

Even though, most of the heterogen@aesobic oxidations are performed with polycrystalline
NPs#99501in the last decades tailored catalysts based on atomically precise metal NCs and shaped
NPs have been reporté®:**° Gold NCs have been widely studied for the aerobic oxidation of
alcchols with either ligand preservation on the cluster or with ligand removal before or during
catalysis??2°% An interesting study was reported by Tsukuda andverkers in which these
authors studied the selectivity of protected and unprotecteg{ Xti-Hzs)18 NCs toward benzyl
alcohol oxidatiorr® The authors observed that protectedsfalusters displayed very low activity

with 19% conversion of alcohol but at very high selectivity for benzaldehyde. With partial ligand
removal, a higher conversiomas observed, still favouring the benzaldehyde production with low
amounts of benzoic acid and benzyl benzoate. Conversely, calcinated and unproteothcsieus
resulted highly active with almost quantitative conversion, but dominant ckelactivity for
benzoic acid with benzaldehyde and benzyl benzoate being presenpesibgts (Figure 1.53).

The selective oxidation to benzaldehyde was attributed to the thiolated ligands that lowered the
oxidation ability of Aus by electron withdrawal, thus proriieg the formation of the less oxidised

product only.
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Figure 1.53.Conversion and selectivities for the protected, partially protected and unprotecteN@su
toward benzyl alcohol oxidation. Reproduced with permission from5Y&fCopyright 2014 American
Chemical Society.
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Unprotected platinum and palladium clusters have also been employed for the aerobic oxidation of
alcohols2*¥°%° An interesting study was described by Demal. on the oxidation of substituted
benzylic alcoholswith Pd clusters!® Pluronic P123 (E@PO,0EQ0) 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 subsbtriegl alcohols

with a remarkable selectivity (100%) for the aldehyde products.

R:Ph oA R
2-OHCgH, _Pd clusters, air
4-OHCgH4 ~pH=3.5,308K
4-CH3CgH,4
Ph-CH=CH

Figure 1.54. Aerobic oxidation of substituted benzyl alcohols promoted by polymer stabilized Pd cluster
colloids. Reproduced with permission from r8f. 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 oshaped NPs for thermal aerobic oxidation of alcohols can be found in literature.
One of the first examples was reported by Corma anevar&ers for the oxidation of -1
phenylethanol to acetophenone promoted by Pd nanostructures (Figure *#'5B8#)nanohrs,
nanorods and icosahedra were supported orn ®rOSiC; and tested at 110 °C until complete
conversion. Pd nanobars/Si@isplayed the highest activity compared to the other catalysts with a
good selectivity for benzaldehyde. In the same period, Taley ceworkers exploited icosahedral

Pd NPs with a gold core for the same reaction obtaining high selectivity for benzald&tpde.

NPs exposing (110) faceted and deposited on fléikerhydroxyapatite were used for the thermal
oxidation of neat prirary alcohols displaying good conversions and high selectivity for the less
oxidised product® Recently, rhodium nanocubes were used for the selective conversion to
aldehyde of benzyl alcohol through a room temperature photocatalytic prcaitsr 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 dphenylethanol/s reaction time with the different Pd nanostructures supported
on TiG; or SIG; (A). Representative scheme of the photocatalytic oxidation of benzyl alcohol promoted by
Rh nanocubes/Sinanospheres and conversion efficiency vs reaction time comparisotie fogaction
performed with light (blue), in dark (green) and without Rh nanocubes (black) (B). Adapted with permission
from ref. %! (copyright 2012 Elsevier) and rét? (copyright 2018 Elsevier)

Epoxidation reactions are one of the maseful reactions in terms of applicability because
epoxides, ethylene oxide in particular, are widely used building blocks in the polymer irtdfstry.

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
complexed'®>are applied for challenging epoxidations. In heterogenataysis the epoxidation
reactions are mostly catalysed by gold and silver because of their oxophilic behaviour, that at the
subnanoscale and nanoscale is not very marked, promotes a weak coordination of oxygen sufficient
for the nucleophilic attack by akene. The epoxidations over metallic surfaces have been studied
since the last century and a vast number of articles on this topic have been piHiiztiedore
recently the research is directed on the use of atomically precise NCs and NPddnrivied

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 decompos€@ and water during the catalytic reactiA.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 Y&dttant.

has been reported that pettanned Ag nanwires, covered in (100) facets have a higher
selectivity for ethylene epoxidation with respect to conventional polycrystalline Ag NPs (Figure
1.56A)>?° DFT calculations have been performed to investigate this behaviour and it has been
found that the fanation of a surface oxmetallacycle 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.@@d water as major productdure 1.56B).
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For Ag, also the NPs shape influence was investigated for the selectivity of the reaction by
comparing cubes, pentwinned wires andpolycrystalline NP$26 Experiments showed that Ag
nanocubes had the higher selectivity, followed by nanowires and polycrystalline particles. The
authors attributed this trend to the abundance ofdoardination number atoms that were present

on the peta-twinned wires and polycrystalline surfaces. Undeordinated atoms were responsible

for the diminished selectivity because their higher reactivity caused the formation.of CO

Gold NPs have also been reported for epoxidation reactions, in partioculgrdpeng?’:528
Nevertheless, atomically precise Au NCs have been exploited for the same reacti@fis As
peculiar study was conducted on the epoxidation of stilbene wit{PEl ) with n: 25, 38, 144.

All three Au NCs displayed good conversicarsd high selectivity (> 90%) for theans-epoxide
regardless of the use of- 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

actvity of Au NPs.

Hydrogenation reactions

Heterogeneous hydrogenations of organic compounds arekmemiin reactions, very used in
industry and academic research for the conversion of olefines to alkanes, carbonyls to alcohols,
nitro groups to amines an@duction 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 reductesnbatt

to the early years of the ®Qentury which additionally supports their importafteNowadays
heterogeneous hydrogenations are mainly studied as model reactions in surface science. Even
though the concept of selective hydrogenations was largeéstigated on solid phase during the
080 a P with the development of tailored procedures for the synthesis of NPs with

controlled morphology this concept was also transferred to the nanoscale. Somorjainammklece
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reported one of theirbt studies on the selective hydrogenation of benzene over shaped Pt NPs
(Figure 1.57¥° 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. Cubimitliesl 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 tatystudies®*°**however, activation energies on

NPs were much lower compared to single crystals.
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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.%5. Copyright 2007 American Chemical Setgi.

A similar study was conducted on the hydrogenation of pyrrole comparing the selectivityldf sub
nm Pt nanocubes with polyhedral Pt N&&For pyrrole hydrogenation three different products can
be obtained depending on the degree of reductionolmine, n-butylamine or butane and
ammonia. Here, Pt nanocubes gave higher selectivity and activity for the synthebistgimine

with respect to polyhedral NPs (Figure 1.58).
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Figure 1.58.Pyrrole hydrogenation selectivity (left axis) and activity (right axis) for Pt nanocrystals with

different size and shape plotted temperature. Reproduced with permission form &f.Copyright 2009
American Chemical Society.

80



Nanostructured Pd cryas can influence the selectivity of hydrogenations as well. A relevant study
by Kiwi-Minsker and ceworkers on the hydrogenation ofn2ethyl3-butyn2-ol compared the
selectivity of cubic, octahedral and cuboctahedral Pd NPs displaying (100), (111)0aj/1{1)

facets on the surface, respectivelyAt 50% conversion the selectivity toward the formation -of 2
methyl3-butenn2-ol was reported to be not regulated by the shape diversity of the particles.
However, at higher conversion (90%) a substasgédctivity variation was observed depending on

the shape of the nanocrystals. Because -bguafiogenation was promoted on the side facets,
regardless of the symmetry, NPs having higher fraction of uniform facets (cubes and octahedra)
were reported to be m® selective for Znethyl3-buten2-ol. Therefore, Pd cuboctahedra resulted
more active in delivering the ovlydrogenated -Pnethylbutar2-ol. According to the authors, the
sitedependent selectivity was attributed to the difference in CN of the surfaces:athe high
presence of corners and edges on the cuboctahedral Pd NPs made these shape the most effective i
reducing the alkynol to the corresponding saturated alcohol.

A comprehensive study on the influence of differently shaped Pt NPs toward thiéy astid
selectivity of enantioselective hydrogenations was proposed by Baiker amdrkers in 200937

Het erogeneous enantioselective hydrogenati ons
2000 and great efforts were méatfdo 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
deposite on AbOz or SiQ 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 qui@hg the rates and enantiomeric
excesses did not deviate from the results obtained with a commercialBtbwever, the use of

chiral modifiers increased the activity by a factor ef5twith QN giving better performance with

respect to CD.
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B chiral ee, TOF, rate
catalyst modifier % h™! enhancement
PUALO; - = 156 -
(reference) CcD 80 1200 7.7
QN 85 1480 9.5
Pt-1/Si0, 126
{100) CD 72 530 42
QN 77 850 6.7
Pt-1/A1,04 143
{100} CD 71 570 4.0
QN 76 840 59
Pt-2/Si0, 147
{100}+{111} CcD 78 730 50
QN 83 1380 94
Pt-3/Si0, = = 127 -
{11} CcDh 86 1350 10.6
QN 92 1890 14.8

Figure 1.59. Synthetic scheme for the enantioselective hydrogenation of ethyl pyruvate promoted by CD or
QN and Pt NPs used for this study-@Ptubic dominant, P2 cuboctahedral dominant,-Btoctahedral
dominant) (A). Performances of the three prepared casalgsmpared with commercial Pth8; as
reference (B). Adapted with permission from Péf. Copyright 2009 American Chemical Society.

Moreover, the chiral modifier has the role of transferring chirality to the reaction and it was
observed that enantidsetivity 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 obtbetvestes 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 aromatitgr that is the part adsorbing to Pt, favouring

desorption from the metal surface and deteriorating the overall performance.

Cross coupling reations

Carboncarbon 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 indlistity 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. Heterogemas cross coupling have been widely investigated since the last
century>3 although a big debate has risen over the effective solid phase promotion of these

reactions:*® Nowadays it is generally accepted the homogeneous nature of the reactionttalso wi
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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 phadé>*?>Nevertheless, engineered NPs have been subjected to cross
coupling during the last two decades with remarkabseilts 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 towead this phenomenon. One of the first studies on cross coupling with shaped Pt NPs
was reported by Ebayed and cwvorkers focusing on the shape evolution of the particles after
being subjected to Suzuki coupling of phenylboronic acid with iodobenzenergFige0)>*
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 sheyaution 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 surfacet@ms provoking the detachment and leaching. Conversely, refluxing of NPs

in presence of phenylboronic acid only resulted in no morphology change.
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Figure 1.60. TEM micrographs, shape distribution (RT: regular tetrahedra, DT: distorted tetrahedra, S:
sphercal) and size distribution of the Pt NPs before catalys@,(after first (df) and second (g recycling
tests. Reproduced with permission from P&f. Copyright 2005 American Chemical Society.
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Motivated by these findings, the same grexpanded the study also to cubic and spherical Pt NPs
comparing the behaviour with the previously reported tetrahedral NPs toward the electron transfer
reactionbetween hexacyanoferrate (lll) ions and thiosulfate ions and Suzuki coupling re&ttions.
Bedde 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, Xiacanorkers exploited high

index facets Pd concave nanocubes for the Suzuki codpfi@pncave nanocubes, enclosed in
(730) highindex facets, exhibited a TOF 3.5 times higher than conventional Pd nanocubes toward
the coupling of phenylboronic acid Wwittodobenzene. The higher reactivity of lowordination

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 thepromotion 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 *6OA)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 adhalit, 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.

100

A C

(111}
l 0, 0,
O O 0O O

—e— octahedra

Ar-Ph PhB(OH),/'OH
PhB(OH),
—e— cuboctahedra o
*—cubes (10 nm) [/ X Br 71\‘
A | J | . ¢ \_J o
0 10 20 30 0 10 20 30
t (h) t (h) Ar Ar-Br

Figure 1.61.Conversion rates over time for shaped Pd NPs (A) and size effecbote$D and 20 nm cubic
particles (scale bar: 20 nm)(B). Mechanism scheme fgur@moted leaching on Pd NPs (C). Adapted with
permission from ref*%. Copyright 2014 WileyvCH.
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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 andrkers hae 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 Aups.>49 >4 The first example was reported for the promotion of Ullman coupling of aryl iodides

by the use on A(PET)s (Figure 1.62P* The Au NCs were first supported on various metal
oxides (CeQ@ TiOz, SiO;, Al03) and tested for the coupling reaction; from the screening
Aups(PET)xeg/Ce system resulted the most active. The deposited Au NCs displayed a sizable
activity also with substituted aryl iodides such agodoanisole, liodo-4-nitrobenzene, 4
iodobenzaldehyde and-iddonaphtalene. Later on, the same group reported the Sonogashira
coupling of substituted phenylacetylenes withodoanisole also promoted by A(PET)s.>*

Again the Aus(PET)g/CeQ resulted the most active delivering higher conversions and selectivities
(cross couplingrs homocoupling) with respect to the cluster deposited orp, T880, and MgO.
Moreover, DFT modeling suggested a flat adsorption of the reactants on the open facewathAu

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 therfor the Sonogashira coupling. Sonogashira

coupling reactions were also reported with Au NCs doped with Cu, Ag or Pt 2ffoms.
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Figure 1.62.HAADF-STEM image of Au25 NCs supported on Ti®) and proposed catalytic cycle for the
Ullman coupling of arylodides (B). Adapted with permission from r&f. Copyright 2012 Royal Society of
Chemistry.

Suzuki coupling reactions were also studied in presence gfPilys supported on Ti@and
ionic liquids (ILs) as solvent for the coupling ofieHoanisole with phenylboronic acitf The
reaction was tested with different solvents such as ethanol, xylene, toluene DMF and ILs with the
latter giving higher conversion compared to the fosneWith the use of -butyl-3-
methylimidazolium X, with X = Br or Cl or BHBMIM X) the conversion increased up t0-89%
suggesting the ILs as promoter for the cross coupling reaction. Interestingly, the role of the

counterion was pivotal in deliverindgdi conversions since BMIM BFresulted in no conversion.
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1.3.2. Electrochemical activation of small molecules

Noblemetal nanostructures are widely used catalysts for a large variety of electrochemical
reactions, including those applied to the enexgyversion devices such as fuel cells and rraatal
batteries>l t i s commonly accepted that the electro
with the reactants and intermediates involved in the-datermining step. Solid phase
electroc#alysis on defined crystallographic surfaces has been extensively investigated along the
decades by the use of single crystal métdl$>? however, a transition toward the use of metal
nanostructures is in progress since the advent of nanotechnologieplace’®¥>>° Nowadays

metal nanoparticles are considered to be an optimal alternative to the use etrgisigllesurfaces

thanks to their superior surface area and to the possibility of controlling the expression of surface
features. In this subhapter, different electrochemical reactions catalysed by-deéthed 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 batt€}iBEMFCs are seen as one of the
most appealing alternatives for the production of green energy dwitihge 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 currentrasty 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 transitaia>piet

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 largeesdale to the unfavourable ceaffectiveness.
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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 @ermiss
from ref.>%’. 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 pérticées
consequently affecting the interaction with reactants. Studies performed on Ptcsystpé
surfaces have demonstrated that the catalytic activity for ORR follows the trend of (100) << (111) <
(110)4%2 this was also corroborated by compuiatii 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 acti¥ty 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 HQA r adi c al i ntermedi at e on oRfmed dnlbat) , w
Pt(100) and Pt(110¥° 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 withgkarcrystal electrodes, great effort has been made also
with Pt NPs for the application in OR®.%%10ne of the first studies on the comparison of shaped

Pt NPs was reported by Waeg al. for the ORR catalyzed by Pt nanocubes, truncated nanocubes
andnanospheres in 0.5 M,BQu.>%2 The authors reported the shapependent 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), reft? (Copyright 2013 American Chemical Society), Féf.(Copyright 2017
Wiley-VCH) and ref2!3 (Copyright 2019 WileyVCH).

Pt nanocubes resulted in superior activity by 4 times compared to the spherical and truncated cubic
NPs. The comparison of culfi® octahedral’ and icosahedrd® 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 REC wh
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 bbusttl to the presence of twin
boundaries that cause tensile strain on the surface that additionally influence the electronic
structure.
Beside NPs enclosed in lewdex facets, those covered in higidex facets have also been
explored for ORR. Pt concavnanocubes with (720) facets have been used for this purpose
resulting in a very high SA that was 5.7 times higher that commerciafPtt@aust be pointed out
that despite the outstanding SAs arising from shaped NPs, mass activity (MA) of thésstscata
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 dmei635 nm.
Other very interesting and appealing nanostructures for ORR are porous metals that exhibit a high
surface area and increased number of active towgdinated sites with respect to the ypmmous
counterparts. These nanostructures have besnly explored for electrocatalytic applicatioifg.
%66 Ullah et al. reported one of the first studies for ORR with porous Pt NPs protected by CTAB
with marked activity’®® Later on, Yu and cavorkers studied the performances of Pd nanoflowers
(NFs) and nanodendrites (NDs) demonstrating their superior activities compared to commercial
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Pd/C%%° 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. Recentlygtlal. reported the synthesis of
porous Pt nanodendrites (NDs) with peculiar features arising from the use of halide s ()

and tested the NPs for ORR (Figure 1.B8Remarkably, both NPs resulted highly active for the
activation of oxygen with ND& having MA 1.88fold of NDs-Cl and 2.1#old of commercial

Pt/C. SAs followed the same trend with NB4..64 times higher than NBSl and 4.14 higher than
commercial Pt/CDurability tests highlighted the good stress tolerance of-N@sd NDsCI that

after 5000 voltammetric cycles (CV) retained respectively 90% and 81% of the initial

electrochemical surface areas (ECSASs) while commercial Pt/C retained 69% of initial ECSA.
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Figure 1.65. TEM images of Pt ND$ (A) and Pt ND<CI (B) prepared in presence of &d 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 commerciél PE) and stress tests showing the initial and final
ECSAs (F). Adapted with permission from 1&f.

Metal NCs have also been subjected to the ORR with promising results thanks to their different
electronic structure derived from the size confinengown to the sulmanometric scale. Early
studies on Pt NCs for ORR have been reported by Crooks andrkers for a series of dendrimer

stabilised NC$%7:5%8 They subjected 1.4 nm Pt clusters, encapsulated in PAMAM dendrimers, to
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ORR finding a stabilit up to 50 CV scans. In another work, the same group investigated the
atomicity effect of Rfclusters (n: 55, 100, 147, 200, 240) on the activity for ORR with the larger
clusters being more activé’ Yamamotoet al. also reported studies on,Riusters (n: 12, 28, 60)
where the smallest Btexhibited the highest activity for ORR (13 times higher than commercial
Pt/C)>% Clearly the catalytic activity of small NCs is not linearly dependent on the size and other
factors may influence the overall behaviour such as number of surface atoms, edge structures and
M-O binding energy. Contrary to Pt, Au NPs are less active in activating molecular oxygen,
however, atomically precise Au NCs have demonstrated to be suiblii$ reaction. For
example, Wanget al. recently reported a study on the activities of carbon supported thiolate
protected Aus(SR)s, Ausg(SRk4 and Au44SR)o NCs toward ORR where an increasing trend in
reactivity was observed with the decreasinghef NCs siz&’° Auzs? NCs (q:-1, 0, +1) were also
studied for the production of 8. in alkaline solutions with the use of a glassy carbon rotating
ring-disk electrode (RRDE) to probe the formation of products (Figure ¥"66)\s in saturated
nitrogen electrolyte showed no reduction current fopsAand 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 witksAlnowing a more posite onset potentiat@.115

V) with respect to Aes? (-0.15 V) and Aus" (-0.18 V) and also a larger current density.
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Figure 1.66.CVs or ORR for Aus with different charge state compared to Au NPs (in 0.1 M KOH) (A).
RRDE voltammograms in Osaturated 0.1 M KOH solution for blank glassy carbon and Au25 NCs
supported on glassy carbon; scan rate 10 mVriag potential 0.5 V, 1600 rpm (B). H202 percege
generation (C) and electron transfer number ofsAas a function of applied potentials (D). Reproduced
with permission from ret’*. Copyright 2014 Royal Society of Chemistry.
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Other studies reported for the ORR with protected or unprotected AA@MNLCs can be found in
literature deposited in supports and with remarkable acfi{Aty/®

Alcohol oxidation reaction

Direct alcohol fuel cells are also a great alternative for the production of clean energy and,
compared tohydrogenbased 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 consideredirgppe
Palladium is the most active metal but its performance is strongly related to the surface structure,
hence morphologgontrolled (size and shape) Pd NPs are to be privileged when performing
electrochemical alcohol oxidations. Various shaped Pd NRe Iheen 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 expo¥éd-or 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 rhoddrecahedral (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.shmilar 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 chronoampetdmeurves recorded at 0.67 V (B). Adapted
with permission from ref’’. Copyright 2013 Royal Society of Chemistry.
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