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Abstract

In this thesis different synthetic approaches for obtaining copper sulphide nanoparticles have been studied
with particular attention to the condition for obtaining covellite phase and monodisperse nanoparticles.
Mainly oval shaped copper sulphide nanopeles have been obtained via a synthesis at low temperature in
water medium. This study shows that by varying the organic capping ligand the nanoparticles produced have
different size distribution, morphology and crystallographic phases.

The synthesis afopper sulphide nanocrystals with a digée morphology has also been studied.

The plasmonic behaviour for all the synthesized nanoparttdes been experimentally investigated by-UV

VIS absorption, their morphology and average size by means of TEMar8EDLS together with-bay
diffraction to understand their crystallographic phases.

The copper sulphide nanoparticles synthesized in this work can be used as photothermal mediators and so
employed in the treatment of tumours.
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Nanotechnadgy

Over the last several decades the research area of nanotdobyn has been developed amspacted on
many aspects of the modern sociefihe nanotechnology is the study and the control of matter with at least
one nanometric dimension {100nm) that shws different physicalchemical and bioldgal properties
compared tabulk materialsand to molecules or atomg§Zhang et al. 2008; Xie, Carbone, et al. 2(N&jonal
Nanotechnology Initiative 2018)

In nanotechnologywo approaches arenainly used:

- Bottom-up approach:starting from molecular components, nanomaterials gneduced by their
spontaneous chemical interaction

- Topdown approach nanomaterials are produced via higbntrolled miniaturization of bulk
materials

For materials wth nanometric dimensionproperties such as fluorescence, electrical conductivity, melting
point, magnetic permeability and chemical reactivitypend onparticle size and it is called quantusize
effects. Quantum effects makéunability of propertiespossible i.e. by changingthe particle size @pecific
material property can be finguned.

Another characteristic of nanoscale materjadsthe largesurface area per mass of materthit makes these
particles more reactive and usable in numerousiieduch as in catalysis or drug delivery.

Nanotechnology is applieth medical research and give the opportunity to develop a more precise and
personalized treatment for patients.

Plasmonic nanocrystals

Plasmonic nanocsfals (NCs)are nanoparticles orwhich collective osciltion of free charge carriers
(plasmon) can be induced by an incident light. This phenomenon is called, at nanometric scale, localized
surface plasmon resonances (LSPR) and it is showed by particles with smaller dimension thaeléregita

of the incident light.

Since there are numerous different ways to askie population of free carrien a nanoparticle, there are
many useable materialdvietals like copper, silver and gold have been widely used to obtain plasmonic
nanocrystas; they are characterized by easy synthesimparing to other metals and @nvenient energy
range of LSPR. For these reasaranocrystals of Cu, Ag and Aave beenextensively studied andre
suitable for several application$he major issue of #tssemetal nanocrystal is their high optical losses due
to electronic transitionsPossiblenaterials that can be used afternativeto metakfor producingplasmonic
nanocrystad have been developed and can be grouped into theategories

1. Extrinsically doped semiconductors and metal oxides NCs

In this NCs dopant atoms are introduced to provide the extra carriers. Generally, since a certain number of
the extra carries can be trapped o0 | tyi&e enough mobility, their number resultéol be comparable in

terms of orderof magnitudeto the number of impurities but a bit lowef he tuning of these material is
possible both during the synthesis and psgnthesis.

2. Selfdoped materials, i.e. copper deficient copper chalcogertidas oxygen deficient metal oxides NCs.
SIf-doped materialdhiave a norstoichiometric phase anfiee carrierare presentas aresult of the variation
of the oxidation state of generally one of their elements that result in extra electrons in the conductidn ban

L Chemical compound which contains at least chalcogen anion. A chalcogen is an element of the 16 group of periodic
table i.e. O, S, Se, Te, Po.



or in holes in an otherwise filled valence band. This condition can also be achieved by a post synthesis redox
reaction.

3. Metal Oxides NCs
These materials have a conductive behaviour due to their electronic structures

For the firsts twacategoresthe free carrie€zoncentration can be tuned, this is not possible with metals.

Drude Model

The Drude Model is the first model developiedl900for the dielectric permittivity in metalsin this model
electrons are considered afee particles of gjas (plasmajndit usesthe classical statistical distribution of
Boltzmann to describe them. This model is an oversimplification of the systdrhas some limits but is an
eag/tool to understand LSPR in nanocrystalielectric permittivity is descriloeby a complex function of the
SEGSNYLEt St SOGNRO FASEtRQAa FNBIdSyoey
“ 1 1T
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8, background dielectric constant
1 Dumping parameter

This parameter describes the dumping of the collective oscillationBrude modelwhich usesa classical
approach this parameter represents carriers scatteringe dumping parameter is the resit of different
contributes of scattering between electron and phonons, other electrons, defects and the surface.
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material because the carriers scattering with the surface is relevant.
. p Plasma frequency

. nee*  necarrier density
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€N m* carrier effective mass

Free carrierscan be excited by an external electric field af electromagnetic radiation, causing their
displacementfrom the equilibrium position in the lattice. Free carriers (plasma) genecateerent and
collective oscillationvith a particular frequency called plasma frequency. The oscillation of the casriduie
to the external electric field applied and to thesteringforce that ionsin the lattice exert on free carriers
returning them to their eqilibrium position LSPR can be considered as a spmags harmonic oscillator
where free electrosdensity is the equivalent masghile coulomb restoring force is the spring constant.
Theoscillating movemenof carriers is defined as plasmonic mode smon.



Figurel illustration of a LSPR excited by light in a splaénanoparticlebove, LSPR is representad a springnass harmonic
oscillator where free electron density is the equivalent maslow (Amendola et al. 2017)

Necessary conditions foBER in nanocrystals

To show LSPRNC needs to be bigger than a couplenahometrest Y R a Yl f f SNJ GKI Yy MK
wavelength. In that casaside the nanocrystal the diele polarizationcan be assumed as uniform and the
electronic structure of the partle can be regarded dke one in bulk materia These approximations allo

to describe the coherent response of free carrierthwine laws of electrostatics and therefore the electson
(considering a metal) cloud distavh caused by an incident light radiation can be expressed by polarizability

of the metalh.

Fa a spherical particte
h electronic polarization
3 &E— Em R radius of the particle
— A~ ®mdielectricpermittivity of embedding medium
E+28m w6.0 Oeledde Bristion

From thisequationit is possible to arrive to the expression of tixeinction crosssection™ of a particle and
it resultsthat this parameter scales with particle volume, the plasmonipprties of materials are described
bytheirs 6. 0 FyR GKIFG [ { frequerdcydof teka@iationSsR ¢ KSy (KS

6 U ¢ - O, 8FFolich condition
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. geometricalfactor (2 for a sphere)

The Fréichconditionis valid if the imaginary component Bf sinall or weakly dependent on frequency.
Frdichconditionis a clear explanation diie LSPR sensitivity to the local environméfiith the increase of

the Rnthe Coulomb restoring force decreasaisd so does the LSPR. The displacement of the charges, that
occurs in the LSPR, can be seen as an oscillating dipole that gives rise to an oscillating field that reach the
surrounding of the particle. That field decays exponentially with distance aroungdtticle surface and is

orders of magnitude enhanced with respect to the incoming electric figds explain the high sensitivity of

LSPR to the surrounding medium that is useful in the application of plasmonics as sensors. The influence of
RnoOnN the ISPRs clearly evidenced in the equation forspdthat shows the fulfil of theesonance conditiop
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The equation reported above is valid only for spherical particles when the-giadisi approximation is valid
(Kriegel, Scotognella, and Manna 2Q17)

This is valid foall materials with free carrierand metallic behaviourTo exhibit metallic behaviowr 4 das 0
to be negative. Sinc@rude model defing 4 6. 0 | avY

5 U6 T2/ % )]

From this equatiorit is clear that exist a crossver frequency: ¢ below whichs 4 A& yS3lt A @S d
with its formula a minimum number of free carriers for havingetallic behaviour ab . can be calculated
as:

Eaebgm®
Hmin Xe—j("”cj T }12_\]
Hence, the higher the density of the carriers # broader will be the range o &£ O xEEAE OEA
behaves as a metal.

Losses iplasmonic nanocrystals

The persistence of plasmonic oscillations is limited in time by losses. Losses are due to different process and
are described, in Drude model, by the imaginary component of the dielectric permitiify.dcSome of the
possible process causing losses are structompérfection, radiative damping arigbating but in the majority

of cases for plasmonic system the most important process is intraband trangitibis simultaneous to the
excitation of LSPRrude model does not take into account the actual band structure of materials since it
uses a classical approacAnyway, the imaginary term in the Drude modain describe losses due to
intraband transitions in wide range of frequencies since these cawbemplated by the classical scattering

theory. Indeed, intraband transitionprocess creates electreimole couples and this increases the rate of
electronelectron scatterindconsidering a metal nanoparticle)

I =e /[ (um*) damping parameter in Driegdmodel

m* effective mass
p carrier mobility

In doped and selfloped semiconductors, thearrier mobility decreases @ I NNderSityEn€ease For

doped semiconductor to increase the carrier density a larger concentration of dopants is requirddsand
causes impuritiescattering while for selloped semiconductors the dumping parameter increase since the
vacancies are distributed in the lattice in a disordered mode. If the ris$econtaindomains of multiple
phases additional complication haslbe taken into account.

Losses influence the LSPR width (and the dephasing time thmaeisely proportional)The higher is the
dumping factor the broader would be the LSPR band. The quality factor is defined as the ratio between the
LSPR peak energy and thdl width at half maximumthe stronger is the LSPR response the higher is the
factor.

Mie theory

Mie theory is the easiest theory that allows to define the optical properties for a spherical, homogenous
particle embedded in a dielectric medium. Beside to spherical particles this theory can be applied to other
spheroids such amods, wires and also tplatelets and disks which are extreme case of spheroids. For
particles with circular cross section two modes are possible for their plasmon resonance:

- Transverse or out of plane mode



- Longitudinal or in plane mode

This can be understood since the field aridimgn charge displacement due to LSPR, is strongly affected by
the nanocrystal shape and it would experience a stronger localization around tips oraismhpexesMie

theory is valid only under certain conditions such as not interacting particleseddy medium
transparent in the region of LSPR, and if the size effects are negligible. If these conditions are not respected
more complex theory should be taken into acco(@dmin and Manna 2014)

Further information will be given in the experimental part.

Qolloidalsynthetic methods

Since physical and chemical properties of nanocrystals aralsfndent in the last two decades a huge
number of researcles focused on obtaining monodisperse nanocrystals. Throughclvemical colloidal
synthesisit is possible to produca wide range of particlegsontrolling their size andninimizing their
polydispersity The hotinjection method has been the first developatkthod, it relay on a rapid injection

of one of precursor solution in the heated reaction ves$éke solution obtained right after the injection is
supersaturated since the injection of the precursor solution allows a fast and good mixing and raake th
temperature drop and therefore &urstlike nucleation event takes placé lot of different synthetic
protocols with this method are reported in literatuXie, Carbone, et al. 2013; Zhang et al. 2008 hot
injection method is still the most useful for producing homogeneoasocrystals. Nowadays the growing
number of possible applicatienof nanocrystals require production methods which can be scaled for
producing large quantities of nanoparticles. The intrinsic process that sitlag&énot injection methoca way

to achieve maodispersbn also prevent it from be scaled. In order to develop scalapighesisthe hea up
technique (or nornjection) has been settled.

Heat up method

In the heat up method all the reagents are mixed into the reaction vessel and after h@agedontrolled
wayto induce nucleation and growth process.

Nanocrystals

5 N\ Precursors
/
L
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Figure2 illustration of the stage in aheat upsynthesigVan Embden, Chesman, and Jasieniak 2015)

Precursors are the initial reagents or complex tlaaé formed from reagents and ligands in solution.
Precursors are the species present at low temperature, with the heating of tlitioceasessel thegonvert
into monomers With the temperature increaste nucleation is induced and the domued heating makes
the nucleito growth.



In order to achieve monodispersithe nucleation processas to occur in a short timeyenerate a large
number of nuclei andhe growth process have to follow the nucleatiom an ideal process when the
concentration exceeds the saturation concentration the nucleation occurs producing a large number of nuclei
in a short time. With the fast growth of these nuclei the concentration drops below the nucleation level
(critical syersaturation level) and therefore the nucleation ends while the growth can continue and in this
way nucleation step is parated from growth. This process is represented in diagram, reporté&dgiare2.

This nucleation condition is neither a necessary nor sufficient condition for monodip@viswanatha and
Sarma 2007)however, the key idea of separating gith and nucleation stage is widely seek in literature for
synthesis of monodisperse nanocrystal (hot injection with estoucleation event permit the separation of

this process from growth).

Critical Limiting Supersaturation

“max

Growth by
Diffusion

Concentration

Solubility

e e o e Es o s o Es Es s Es Es Es Es

Time
Figure3La Merdiagramshowingthe idealprocess to achieve monodispergi¥fiswanatha and Sarma 2007)

In a het up syritesis in order to achieviast, and separated from growth, nucleation the chemistry of ligands
and precursordias to be taken into accounfor obtaining the desired composition and phase purity of the
product the reactivity of each componehas to be fixed

Stages of heatip synthesis

1A Monomersformation

Nanocrystals require monomerto nucleate and growAt low temperature reagents arpresent as
precursos and so bonded to ligarsd Precursors have talisassociate from ligands to form monomers.
Precursos NE I OGA@AGe A& NBEFGISR (2 GKS fA3FYyRQ& O0AYRA)
calculation reported in literaturéVan Embden, Chesman, andidagmk 20153uring the heating stage the
conversion of precursors to monomers increases exponentially. Knowing that supersaturation S=|[M]/[M
where [M] is the concentration of free monomer andMoncentration of monomer in equilibrium wita

bulk surface this parameter increases exponentially with the exponential conversion of precurstirs.
heat up method monomeyare generated gradually during the heating and this is the main difference from
hot injection where precursors act directly as momers since their transformation is fast.

2A Nucleation

The nucleation process ocawhen [M] become higher than the critical nucleation concentration and
therefore the solutions supersaturate@énd temperature reach stcritical value During nucleatiorstage he
nucleation rate (fN]/dt where [N] is the nuclei concentratiprgrows from an infinitesimal value t@
maximum. The @ncentration of nuclei increasssignificantly As can be seen Figure4 nuclei grow little



above the monomer size and a polydisperse distributsombtaineddue to the presence of new formed and
growing nuclei.
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Figuredparameters evolution during a typical heat up synthesis. In the first graph the precursor conceififrfdioh the
supersaturatiorSare plotted against time, the second graph is the representation the nucleatie(dN/dt) andthe concentration
of nuckougNCs]development over time and the third one shows the trend of nanocrystal radtasid standard deviation SD of
size distribution(Van Embden, Chesman, and Jasieniak 2015)

3A Growth
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incorporation of monomer into the crystal bulk. Monomers reach the nuclei surface via diffusion. Hence,
monomers concentration decreaseand once its value would be belowhe critical concentration the
nucleation will stop. In thistage thestandard deviation SD of size distributidacrease since when [M]

<[M] the particles with r<rc dissolved back into solutiand the average size of nanostgls reach its
maximum.
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Figure5 illustration of the four stages occurring in the formation of hanochmh Embden, Chesman, and Jasieniak 2015)

In heat up synthesis nucleation and growth ocaurdimilar period of time, inantrast to what happen in
hot injection synthesis. This is due to the prolongshversion of precursor into monomers during the
heating that sustais[M] above the critical value for a long period before the number of nusgkegh enough
to causea significant decrease of [M] for their growthihe growth of existing nuclei Imgonomer addition
called heterogeneous nucleatiphas a lower energy barrier than the formation of a new phase (iggngy



demanding) from monomerdhibmogeneous nucleatignHencenucleationcan occur simultaneously with a
fastgrowth. For this reasorwhenthere isno separation in time between nucleation and grovitlis dificult

to obtain monodisperse distributiohn heat up synthesis the most important reaction parameters that allow
to balance nucleation and growth atlee heating rate and type of precsiors used.

C Heating rate
Sinceit is the heating that inducsthe conversion of precurseto monomess, the heating rate corresponds
to the monomer generation rate.

Slow heating rates cause slow conversion of precursor to monomer and therefore the nucleation is delayed.
When nuclei are formed and start to growthe production of monomes from precursos is slower that
monomels consumption and therefore the net decrea of monomes concentration stops the nucleation.

The growth can continue with the remaining monomers.

For apid heatingates the production of monomer is faster than the growth of existing nuclei and therefore
the available monomers contributes almastly to nucleation. This provide a higher number of nuclei and
therefore the final average size is reduced withaarow size distributionlndeed it is the nucleationtuning

that allow monodispersitynucleation tuning occurs when during the nucleat®rent <g> the size of the
nucleaked nanocrystals remains simil@r the mean of particles size distribution.

C Precursos
Ligands and coordinating solvents present in the reaction environndefine precursors. The kind of
precursors formed influence theiieactivity and so their transformation into monomemhe ideal precursors
are stable at low temperatures and show rapid reaction or thermal decomposition upon a certain (elevated)
temperature in order to obtain a uniform and short nucleation event.

Fa highly reactive precursors the conversion into monomers is fast and it can occur also at room
temperature. Hence supersaturation is reached eardynd thereforenucleation starts at low temperature.

Due to the high availability of monomehnggh rate nuaation and growth occusimultaneously. With the
growth of nuclei monomers concentration drops holding up the nucleation. This results in a low nanocrystal
concentration and polydispersity

Moderate reactive precursors are converted into monomers wittakibce rate during heating. During the
heating stage the supersaturation gradually increases but the availability of monomer is not enough high to
sustain growth during nucleation stag&Vith moderate reactive precursors is possible to obtain
monodispersenanocrystal in a good yield.

Low reactive precursors convert into monomers only at high temperaturetEmdonversioroccurs with a
slow rate, therefore the nucleation is delayed and extended for a long pefibd equilibrium condition
between clusters formation and dissolutiodastsuntil the supersaturationaach the level that allogthe
clusters larger than the critical radiuso growth. Growth cause monomers concentrationto drop and
therefore the critical size increasgpreventing the remaimg clusteis to growth. The biggestrystak can
growth with monomers in solution and for OstwdRpening This Ostwald Ripening leadsaqgoor yield of
large nanocrystals withroad size distribution

Copper sulphide

The copper sulphide system £8 ha many different possible stoichiometdompositiongangingbetween
aratio Cu S 1 2 andall the followingcompositionsare possible:

Tablel Cw.S phases

name formula
villamaninite Cu$%




covellite CuS

yarrowite Cu.1S
spionkopite Cu3sS
geerite Cu.eS
anilite Cu.7sS
digenite Cu.sS
djurleite Cu.06S

Copper sulphidenaterials arep-type semiconducta thanks to copper vacancies in thkittices and each
different compositionhas distinct free carrier densityThe top of valence banth copper sulphides is
characterized by a strong contribution of p orbital of S, while the bottom of the conduction band is dominated
by the contribution of Cu 4s and 4p orbitals. It can be assumaidtie bonding in copper sulphides is created

by one copper 4s electron and p electrons dBvarying stoichiometries the band gap can be tuffeidure

6).

As reported in literaturg the valence band of a fully stoichiometric compoundEC(E = chalcogenide), is
completely filled and the material behaskke an intrinsic semiconductoA hole an be crated in the top of

the valence band by removingcapper atom fromlattice.

Cub Cu, 5

Figure6: band structures of plasmonic copper sulphides nanocrystals. W is the intrinsic bandgap, Eg is the optical @onchgap.
and Manna 2014)

As can be seeim Figure6 copper sulhides materials are degenerapedoped semiconductors having the

Fermi level in the valence band degenerate semiconductor has the carrier density higher thahcho?®.

The carrier densityof Cu.S varies from 16 cm® for stoichiometric compound to & cm® for non-
stoichiometric compoundg&C. Beynis 2014)nd thereforethe latter are degeneratesemiconductorgZeni)

The difference between the bottom of the conduction band and the highest occupied state in the valence
band is the optical band gagince it corresponds to thghoton energy needed to promote an electronic
transition. In degenerate p doped semiconductaptical band gamlepends on the concentration of free
carriersandthis dependencés called BursteiMoss effect The optical band gap increases withiacreased

number of vacancies since th@ccupythe upper part of the valence barttiusloweringthe S NY A f S@S ¢
energy

Table2: values of energy band gap for different copper sulphide materiBtte energy grows if X increases

X value Energy of band gap
Chalcocitd CuS) 0 1.2eV
Digenite(Cu sS) 0.2 1.5eV
Covellite(CuS) 1 2.0eVv

Since the valence band is created with a predominant contribution of the chalcogen qrbitalkole is
created in this band the chalcogemalence will be mainly influenced. Considering that ieSCecompounds



thevalenceof -4 G KAf S O2 LIISNDA -dgbichiosgtrid Sompoandssimce thg valénkeSof & dzo
copper is still +1 the chalcogen has a valence higher tBaThis is refleded in the structures of sub
stoichiometric compounds where the fairs are present.

For the copper sulphides systemmineral covellite CuS is particular caseln covellitecrystalline phase
sulphur is present as both?Sand $. With regard to valence of copper, instead, it is petclearwhich it is

the oxidation state sinceome studis report that it should be +1, as (S?)(S) or (Cd*)s (S)(S), while
othersclaim that bot Cu+1 and +2 are presest (C&)(S?)(Cu")2(S) others claim thatcopper ions bind
tetrahedrally and trigonally to sulfur ions such as in total [{¢land Ctito S* and &, whereas &S bonds

are covalent(Lesyuk et al. 2018Ba®d on calculations the valence of Cu has been set between 1 and 1.5
(Comin and Manna 201&ie, Riedinger, et al. 2013)

The structure of covellite is hexagon@pace group Rnmc, a=3.79 A and ¢=16.34 A, Z46js formedby
triangularCus (green inFigure7) units sandwiched between two layers of tetrahed@iS4 (blu€igure?7).
Disulphide bond$ink eah triple layeito a bottom and a top triple layer, along ¢ axis. Basing on the fact that
covellite has an anisotropic conductivity this material can be described as a collection of 2d metal sheets
staked perpendicular to the-axis.

¢S
@Cu

CovelliteCuS

Figure7: Model representing covellite structu¢Rui, Tan, and Yan 2014)

Covellitestrong ptype metallic behaviour confirms thH@ighest concentration of free caers among all the
copper siphide materials

LSPR in copper sulphid&g.Ssystem

The NIR absorption of €18 system has been provédhao et al. 2009p be due to LSPR of free holes
these materials.

Stoichiometrydependence

The carrier i.e. holdensity increases with the increase of x. Plasma frequency depends on the carrier density
and increasewith this parameter. With a higher plasnr@quency the <of LSPR decrease atierefore the

LSPR moves to high&equency when x increasgblue shift) An increase in the holeensity is also
accompanied by an directly proportional increase in the LSPR peak intéreityheaux, Stanton, and Jain
2014)

The carrier concentratiofor CuyS system sets the LSPR eneavbichis in the NIRange.
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Figure8:NIR spectra of GuS(Xie, Carbone, et al. 28)L

If the CuxSnanoparticlesare a mixture of different stoichiometry and crystallippasegheir LSPR peak is
broadened since isomposed by the contribution due @l the different materials.

Surrounding medium

As expected by the Froligtondition the LSPRand positionis affected by thelielectric constant of the
surrounding mediunk, and hence by itsafractive index (njvhichis proportional to the square root of.
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Figure9: absorption spectra for GuS ranocrystal in different organic solvent

2 Refractive index (n) is proportional to the squaretr@f dielectric constant since it can be calculated aswm#/¢
where L is magnetic permeability
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Furthermore,solvent can influence LSPR alsdhsir adsorption on CuS nanocrystaExanple of this kind

of influenceis givenby oleic acidthat coordinatesthrough the surfaceusing thedeprotonatedcarboxyl
functional group and, in a less aggressive walgy oleylaminethat uses the amino grouffor surface
coordination Both carboxyl and amino groups can trap vacancies in the surface, thrfinsghits negative
charge and the latter with its lone pair electigrausing an increment of the LSPR wavelerdémce, beside

the role of thesolverts or ligandsefractive index on the LSPR position also the electron withdrawing abilities
of these molecules has to be taken into account. Furthermore, not only the type of anchoring group plays a
role on the LSPR position but also the reorganizatioth@fsurface ligand arrangement on the nanocrystal
surface.

A plasmonic nanoparticle LSPR can be influence bgetgbouringenvironment which surrourslit within

a distance of 1/5 of its diametefFaucheaux, Stanton, and Jain 201M4gnce, the environment that is
experienced by a small nanocrystal is the ligand environment and in that case the mamtifichthe LSPR
due to solvent change is very small.

Since LSPR of £8 nanocrystals lies in the IR region ligand and solvent may \@boational overtones. In
that case, the dielectric term of ligands and solvent has to be considered as frequencydepand LSPR
spectra perturbation is expected.

Size

Many parameters which influence the LSPR are size dependent:

- Whenthe nanocrystal size becomes smaller than the free path letigghsuface scattering of the
carriersincreasesand itcauses droadening and a slight red shift of LS#IRd

- The quantunsize effects cause ttenfinement of carriersvhich results in a significant modification
of the dielectric function and a blue shift of the LSFPRis phenomenon is shown by nanocrystal
with dimensions comparable téhe De Broglie wavelengtiof free carriers in the materialFor
semiconductorghe quantum size effects are operative in th&nm range.

- Nanocrystals with different size can have different free carrier concentration

- Effective massesf carriers can change with size
(Faucheaux, Stanton, and Jain 2014)

The blueshift of the LSPR peakth the increase of the diametaf spherical particlesn the 5 nm rangdas
been reported byZhu et al. 2015a)
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Figurell: NIR LSPR absorption of spherical djurleite nanocrystals with size ofta).8.1m b) 5.3 0.5 nm ¢) 6. 0.6 nm(Zhu et
al. 2015a)

Shape

Anisotropic nanocrystalare expected teshow separate LSPR modeseach unique axis.

The complete comprehension of the shape dependence of LSPR spectral positions and intexssitas/et
beenachieved. Indeedcopper sulphide nanocrystals with anisotropic morphologies eXb8mR in a spectral
range more limitedthan expected and often some LSPR modes can be overldotiedCarbone, et al.
2013put however there are some exceptior@halcocite to digenite nanodisks are sonfithese exceptions
and show two LSPR absorption peaks due to thgdne and oubf-plane modes.

in-plane out-of-plane

0 0.0
. o O

Figurel2: two expected LSPR for nanodisk; in plaBER that occur when the illumination wave is polarized parallel tartiséut
of planewhen it is normal to the disk.

Interactions between particles

If particles are close together, suchwabken they aggregatgheir LSPRan couple. Hence, LSP&akcan
shift quite considerably for interparticle coupling. Téiect has been used to tune the LSPR of particles that
can fom assemblies such as copper sulphide nanodisks. Nanodisks are able to fornpadked

superlattices.
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Figurel3: NIR absorption spectf colloidal solution of and films of covellite nanodisks. Nanodisks can form films orienttiviy

different ways side by side and stak@tsu, Ngo, and Tao 2014)



Uses and challenges

Copper sulphide systemanocrystals are particularly useful thanks to their LSPR tunablbtyce, for CuS
nanostructures the carrier concentration can be rdified via in situpost synthesishus changing the LSPR
spectrum. Post synthesis processhat allow the changing ofcariier density are redox reacti@nor
electrochemical process In this way,an on/off switching of LSPBan be obtained in an oxidizing
environment the LSPR is favourited by the creation of vacarmesersely, in a reducing environment the
vacancies are filled and the LSPR is turnedof.possibility to obtain a on off LSPR offers wide opportunities

to apply these materialin the field of photonicsThanks to the cuprus sulphide high sensitivity to redox
reaction and electrochemistry processthese materials can be used also as analytical devices using LSPR as
a probe.

The characteristic structure of &% materials mak#hem suitable to cation exchange and that may be useful

for sequestering of toxic metal ions in solution. Covellite is the most suitable material, for this purpose, since
the incorporation of and extra ion in its crydtaé structureis not accompaniedybthe expulsion of Cu(l) as

it happens foiother Cu.S.
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Figurel4: on off control of LSPR in &2 system. Above the schematic illustration of holes formation and filling, below the change
of the absorption spectra imeoxidizing or reducing environment. The oxidizing environment is due to iodine while the reducing to
sodium biphenyl(Faucheaux, Stanton, and Jain 2014)

Thanks to GuSnanocrystalanarkedNIR absorption, low cytotoxicity and low cost these materials can be
used ad photothermal agents in photothermal therapy. Photothermal therapy is a technique for cancer
treatment in which temperatures locally raise to the 428°C range in cancer cellBhe incrementof
temperature inside a cell caus#és death. The increment of temperature is due to the conversion of light to



heat carried out by the photothermal agent. In photothermal therapy the photothermal agent is accumulated
at the tumour site as @il the irradiationwhichisfocused only in this area and therefore the cytotoxic effect
is limited to the ill tissue. The N[(R=7001100)radiation is preferable to visible light because its potential

for deep penetration in biological tiss@ad therebre sub cutaneous tumours can be treated
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Figurel5: schematic representation of penetration depth of light into skin ti§Ruggygiero et al. 2016)

Cuw.S are suitable photothermal agent since they absorb NIR radiation thanks to LSPR and release the energy
asheat in the deexcitation throughnon-radiative process Cu-«S nanocrystaleave the advantage dfeing

low cost materials, odbsorbinglight over a broad NIR spectral rangébeing stable undeoptical excitation

and therefore are more suitable photothermal agents than gold nanopatrticle that have been already widely
studied. Since covellite has the strongest LSPR than the kith#s ofcopper sulphides, it has also an high

heat conversion effiencythat is the ratio betwen the energy converted in heéty the particle and the
incoming radiative energfMarin et al. 2018)

In conclusionthanks to the possible variations in composition, morphologies and valence states and to their
low cost and lack of toxicity €% materials can be applied in in a wide range ofdiglth as photocatalysis,
optoelectronic devices, sensors, binaging ad photothermal therapy.

Over the years a whole host of possible synthesis of copper sulphide nanoparticles with different shape, size
and stoichiometric rate between Cu and S have been reported in literature, such as topochemical reaction,
aqueous collaal capping method, hrothermal method, hot injection and heat up method3he
morphologies of CLS nanostructures reported in literatu@hao et al. 2009re nanofibers, nanotubes,
nanowalls, nanaocages, flowerlikanoparticles hollow spheres, nanorods and nanowhiskers.

The fact that copper sulphide system is widelydalble makes these materials interestifmit on the other
hand ther tuning canbe difficult in the control of composition and impuritiemd in some casabere can

be critical reaction conditionsindeed, copper sulphide system has a rich phase diagrams with narrow
structural domains and therefore stoichiometric ratemd environmental coditions haveto be strictly
controlled during their synthesis to obtain a pure crystalline phase and matasialposition Copper
sulphides are reaflsensitive to mild changes ii@action conditionavhich is why theyare often obtained as

a mixture of compositions and crystalline phasendering their characterizationextremely difficult
(uncertain compositior{(zhao et al. 209). Pure covellite nanocrystals are particularly hard to obtain since
their thermodynamic stability domain is narrowarith respectthe other crystalline phases and, for this
reason,the most restrictive reaction conditions are required.

3Heat is produced by conversion of the LSPR energy through scattering with electrons and phonons that happens within
several hundreds of femtoseconds. This results in an efficient heating of the nanoparticle which can release the heat in
the surrounding emironment.



If the stoichometric ratio is different from the desired one the behaviour of the obtained material is different
too because it would have a different carrier density.

Aim of the thesis

The aim of this thesis work is to establish reproducible synthetic protocolzrdoiucingcopper sulphides
nanoparticleswhich can be used as photothermal mediatofdhe protocols used to produa@misotropic
particlesare heat up synthesis whit the aim of developing synthetic path which can be scaledilgto
establish sustainabl synthesis route for mainly oval shaped particles green approaches are Tised.
reaction parameters affecting the NPs morphology, size, plsse distribution@nd tendency to assembly
areindagatein order to achieve their control

In order to have garticles set available for further studies on heat conversion efficiency the particles have
been fully characterized.



Experi mental part

Characterization

Scanning Electron Microscopy (SEM)

Information on the sample is obtained by its interactioithxan electron beam that generates signals in the

form of secondary electrons, back scattered electrons amdyX. Secondary electrons are due to inelastic
interactions between the primary electron beam and the sample, these electrons are very befiefittial
AYyalLlSoidAazy 2F GKS (2L 3INI LKe -ee@trond BSE) aré dueJo @slic & dzN
collisions of electrons with atoms. The higher is the atomic number of the atom the higher will be the
scattering and hence a higher number déatrons are collected by the detector. When the electron beam

strikes the surface of a sample it causes the emissiorray Xhotons. Energy Dispersiveay Spectroscopy

(EDS) uses this emittedrays to obtain a localized chemical composition throughdnalysis of their energy
(CFAMM 2017; PhenoiVorld BV 2017; Joshi, Bhattacharyya, and Ali 2008).

The measures were performed with a ZESg#na VP FEEM

Sample preparation: the specimen is deposited on a sample holder (stub). First of all, tHeasttd be
properly cleaned, this can be done in an ultrasonic bath with acetone as solvent (two cycles of 15 minutes
each). A doublsided conductive tape is used to mount a silicon wafer on the sidpper sulphide
nanopatrticles purifieddescribed for ach particle in their respective paragrapylutions is then dropped

onto the silicon wafer.

Transmission Electron Microscopy (TEM)

In this case an electron beam passes through the sample and an image is formed from the transmitted
electrons that have interacted with the sample. Interactions between the atoms and the electrons allow to
observe sample characteristics such as crystalcgire but also its defects, for example in the High
Resolution TEM (HRTEM) mode. TEM allows to perform chemical analysis of the sample by EDX(Joshi,
Bhattacharyya, and Ali 2008)

The measures were performed with a JEM3010, Jeol microscope.

Sample prepration: CuS purifiedsolutions have been dropped to TEM grids (holey carbon filmickel
grid) placed above optical papeand then it has been left to dry.

X Ray Diffraction (XRD)

Xray diffraction (XRD) is a widely used technique for the stughyagerties of solids. A X ray beam striking
the sample, it is diffracted following the Bragg law:

op _E=
9'28(0

Where n is an integer, dhkl is the distance between crystalline planes with Miller indices (hkl) in the crystal,
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intensities of the diffracted X ray beams as a function of the angle.

The equation of Deby&cherrer allows to determine the grain dimension of crystallite
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The measures were performed with Philips XPert diffractiemand D8 Advance Brukeiffractometer both
with a Cu radiation.

Sample preparatiorsolution of Cu,Snanoparticlegpurified or not purified aslescribed for each particle in
their respective paragraphyere deposited to a zerbackground holder by subsequent drops deposition
until a good coverage of the holder was obtained.

FFIR Spectroscopy

IR spectra of GuS nanoparticles have been acquired to indagate their organic layer. From IR spectra it is
possible to establish which molecules are present in the organic layer hioth wf their possible chemical
groups bom the CuS surface.

IR measurements were performed with NexusIRT

UWVISNIR Spectroscopy
TheUW-VISNIR Spectroscofyas been used to indagate the LSPR of the&nanopatrticles.

UV-VISNIR spectra werebtained with Perkin Elmer Lambda 750.
DLS analysis

The size of the suspended particles was measured using the DLS (dynamic light scattering) technique.

The DLS technique is based on the scattering undergone by a laser beam that invests a colloidal suspension,
in which the particle size is suhicrometric(with the instrument particle size from ®c Y'Y carthec >Y
measured. DLS is based on the assumptitiat every particle is subjected to Brownian motions, and when

it is invested by the laser ligltie scattering phenomenonccurs Particles motiorspeedisrelated to their

size, so the particles that have a fast motion will have smaller dimensions than others that move more slowly.
The diffused lightintensity has dluctuation frequencywhich deperds on particlesdiffusion (in solution)

speed which in turrdepends on their sizeThus,particle size can be extrapolated by the analysis of the
fluctuations of thediffused lightintensity.

The laser light that invests the sample, is diffused by the particles in all directions and deigbtédthe
directionwhere the detector is positioned. Thight intensityfluctuations are converted into electrical signals

and these intadimensiondata.

The instrument measures the hydrodynamic diameter of the nanopatrticles, ie the diameter of the moving
kinetic unit, conprising the coordination sphere and any species adsorbed on the surface (for example
polymers or surfactants).

From the measurement a particle size distribution curve, a mean diameter value, and an index that provides
information on the polydispersion dege (PDI) of the suspensiane obtained This index is between 0 and

1, the closer it is to 0 the more the suspensionmenodispersed instead for indices equal to 1 the
suspensions are considered totally polydisperse. In general, a suspension caniderednsmonodisperse
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The particle size distribution curveliased on the scattering intensity. Moreover, from the results obtained

it is possik# to derive two different types of calculated distributions: the first provides the distribution with
respect to the volume occupied by the particles while the second with respect to the nufirdebtain the
calculate distributions the refractive indices the particles the absorption of the solutioand the solvent
viscosity have to be set on the instrument.

To perform the analysis the solution has been diluted.

DLS analyshsave been performed with Malvern Zetasizer nano series.



Chemicals

Cetyltrmethylammonium bromide (CTAB, Sigma, 98%, 364.45 g/mol)
Milli-Q Water

Sodium Sulphide nonahydrate (Na2SOHSigma,240.18 g/mol)
Copper(ll) chloride dihydrate (Ca€H0O, Sigma, 99%,170.48 g/mol)
Sodium citrate dihydrate (N@HsO7 2H0,Sigm#®9%,294.10 g/mol)
Oleylamine C18H35NH2Sigma70%,267.49/mol)
1-Octadecene@sHss, Sigma, 85%252.48g/mol)

Copper(l) Chloride (CuCl, Sigma, 99.99%, 99g/mol)

Poly(acrilic acid) (Sigma,molecular weigth 450 000)



Nanodisks

The term nanodisk is referdeto a nanocrystal with twalimensional diskike shape.

In this work CpS nanodisks have been obtained throuwgat up method. Basd on the concepts of this
method a copper and sulphur precursorare formed during the synthesis stepgsa source ofcopper, CuCl
and CuGlhave been used while sulphur powder has been used for obtaining thbusysrecursor. Solvents
used for the synthesis are oleylammi@&AMand LoctadeceneODE

Heat up nanodisks synthesis

Coppelprecursor

The interaction betweeropper and ligands can be evaluated with the hard and soft acid and(HSs€}
principle!. Hard metals associate more strongly with hard ligand than with a soft one and vice versa for soft
metals.

Character
Cu (ID borderline
Cu(l) soft
OLAM hard
Cl hard
ODE soft
Sulphur ligands soft

Since Cu(ll) and Cu(l) have different HSAB character their interactions with the possible ligands present in
solution have different strengthg.his influenceahe precursorgeactivity and therefordghe rate with which

they converinto monomes. Hence, thaucleationprocess which depends on the monomers concentration,

is also influenced by the HSAB character of the precurdansng the growth stagehe strength of the
copperligand bond influencethe ligandcoordinationon the surface of nuclie The ligand coordination on

the nuclei surfacds essential to form a stabilizing monolayer. This monolayer prevents the undedtro
growth and aggregationFurthermore the monolayerinfluences the anisotropic develpment into disk

shape The bond between ligands and nuclei surface has to be labile enougjlowo the permeation of
monomers from solution to the growing surface. Moreover, the affinity between ligands and metal influence
the final composition of the naodisk.

Ba®d on what isreportedin literature (Xie, Carbone, et al. 2013h the mixure of OLAM,ODE CuClis
present asneutral complex of Cu(l) whit all the others components tié mixture as ligands
Cu(OLAM)(ODEXCkwith stoichiometry dependent on reaction compositic@LAM coordinates the metallic
ion through its amino group wite ODEcoordinates throughhe electronic clouds double boundhe same
isexpected for Cu(ll).

Sulfur precursor

As widelyreportedin literature (He et al. 201§Xie, Carbone, et al. 201X)e, Riedinger, et al. 2018Yolf,
Kodanek, and Dorfs 2018)Iphur precursor is often prepared with QWAor other alkylamines) and sulphur
powder which exists asg 8ngsin its standard state. As reported lfyhomson et al. 2011 OLAM sulphtur
NAy3Ia 2LISya G2 F2N¥ 2t SetlYY2yAdzy LRfeadzZ LIKARSa®
growth the excess of OLAMagts with the polysulfides and generateSias shown irFigue 16. Further
formation of HS isdue to the by-products of the initial reactionH.S likely exists as leylammonium
hydrosulfide due to partial neutralization with OLAMence,in situ oleylammonium hydrosulfides the

specie that reagwith metallic ion in the metal complex and forms CuS nanocryskakskinetic of copper

4 This principle considers the interaction between metals (Lewis acids) and ligands (Lewis bases) basing on the concept
of hard and soft character. An acid or a base is defined as hard if it is weakly polarizable and vice versa it is flefined so
if it is highly polarizable.



sulphide nanocrystals formatiois slower using sulphur powder in OLAdith respect toother possible
precursorsuch ashe onesphosphinebased. Tis slow reactiomate can be useful for obtaining nanocrysal

with specificstructures and also it a way to avoid théormation of very small nanocrystalsery small size
nanocrystalscan be producedby using more reactive sulphur precursthrat produces a larger number of
nuclei. Furthermore, theeactionby-products of the reaction in the sulphur productiolike amidine$ can

act as stabilizing ligand during the nanocrystals synthesis and help in the formation of anisotropic structures.
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Figue 16: Reaction pathwagy of sulfur precursor in OLAM heated180°C. R=@Hss, R1=GHs1, R2= @Hyg. the oleylamonium
polysulphides react with the excess of OLAM producing hydrogen sul@fideson et al. 2011)

Suphur can react also with ODE thanks to its alkene gnobpse oxidation can be thermally activatéey
suphur. This oxidatiorproduces HS and2-Tetradecylthiophene

5 The reaction that leaslto the production of amidines may occur at lower temperature in presendewfs acid such
as Cu(l).
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Figurel7: lllustrationof nanocrystals formation stegdun, Choi, and Cheon 2006)

As can be seen iRigurel?, nucleation is an important step since during it the phase is formed lbeis
growth of embryos which allows to obtain nanocrystals with dilsk shape. Thisipossible thanks to an
intrinsic propensity of hexagonal covellite to develop anisotropically along or perpendicular to (Xiaxis
Carbone, et al. 2013lence, for the 2D growth, the lateral growth directions are perpendicular to-drdsc
of the hexaonal crystal, and the preferable cleavage pfam®uld be the one containing thecSu
bondqLesyuk et al. 2018)This isdue to difference among surfaces energynce the growth rate is
exponentiallycorrelatedto the surface energylhe anisotropic growth is further promoted BLAM thanks
to the stabilizatbn of the (001)face byits selectiveadhesion that goes t@ccentuate the growth rate
difference between different directiofLesyuk et al. 2018; Jun, Choi, and Cheon 2000& selective
stabilization of OLAM of (001) face has been widely mepoliterature for different reaction conditions
(Zhang et al. 2008; M. Liu &t 2015; Xie, Carbone, et al. 2013)

b
" selective capping of
molecules
on (001) surface
Sttt
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Figurel8:anisotropic growth promoted by surface selective surfactant

Further infamation will be given in the following paragraghEM and SE&

6 A crystal tends to break alorgpecificflat planar surface calledcleavage plang A clemage planes a 2D surface
characterized by theveaker bonds between atoms in the crystal lattice.



Organic shell

The nanocrystals obtaindthve aorganic primary shell of OLAM directly bounded to the nanodisk, this has
been provedby the analysis oF FIR spectra. This confirms OLANMuenceon the nanocrystal growth as
already reported ODEis a noncoordinaing ligand for Cg,S nanocrgtals and therefore it can be present
only in the outer part of the organic shell due to hydrophobic attraction with O[&M et al. 2015a)

CusS nanodisk protocols

In this work two different protocols have been employed to obtain CuS narmbik via a surfactant
assisted nonaqueous route.

1) Heatingup synthesis. First dll, a clear yellow sphur precursor (sydhur powder 1mmol) is prepared

under vacuum in a three neck round bottom flask with 5 ml of OLAM and 5mL of ODE previously degassed at
130°C for 30 minutes. After the cooling to room temperature under nitrogemr®| of CuCl or Culre

added to the solution which igen kept under stirring in vacuum for 1 hour anthen heated up to 200°C
(8°C/min) the solution washen maintained for 30 minuteat this temperature The obtained green solution

is rapidly coold downto room temperature andhen purified.

2) Heating up synthesiwith subhur precursor injectionTwo solutions are separately prepared; apwir
precursor solution (1 mmol of S powder) is prepared in 2 mL of oleyla@bAM) while in a threaeck
round bottom flask the second solution is prepared with CuCl (0.5 mmol), 3 mL of OLAM and 8-mL of
octadeceng ODE) andhaintainedunder inert atmosphere. The flask is heatguito 130°C for 30 minutes in
order to obtain a aar yellow solution andhen cooleddown to 100°C in inert atmosphere. The glalir
precursor is now quickly injected in the flask followed by heating up toQ&0°30 minutes(the solution

has to become gregnFinally, the solution is quickly coolddwnto room temperature.

Both synthess hare been followed by a purification stefphe dark green solution is washed 3 times with 5ml
of ethanol and centrifugd at 3700cf for 20 minutes. The resulting solution is finally dissolved in 3.5ml of
tolueneand centrifuged at 10@f for 2 minutes to remove the larger particles.

The total amount of reagents and solvent are identical in both syntheses.
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Figurel9: graphical illustration of the two synthetic approach for obtagnCuS nanodisks, above number 2 below number 1

The first heatingstep is provided to solubilize sydhur (number } and CuGICuC} (humber 2)obtaining
respectively sulptr and copper precursor. For sulphprecursor, basd on whatis reported in literature
(Thomson et al. 2018t 130°C the production of:8 can occur biit can be assumed that this production is
not completed andhat a consistent part of sphur is still present as eylammonium polysudhides.In the



case of ODE the production of$isignificantly occurs at higher temperature than OLAM (after 50 minutes at
200°C less than the 0.3% of ghulr istransformed)McPhail ad Weiss 2014)This hypothesis is sustained
by the required step of controlled heating and by literature where the production.8fhds been studied
after 2h at 130°C.

After the addition of the second reagetite two protocols requirdifferentlength oftime of mixingto obtain

a homogeneous solutiobhefore proceedng with the heating stageln the secondrotocol the suphur is
addedtrough theinjection of asolutionand therefore the mixing is fast. This adding of a room temperature
solutioncausesthe temperaturedrop and,consequentlyin this casethe HS production occurs only during
the heating stageln the first protocol, ér the addition of Cu(l)/(I1) an hour of mixing is needed to solubilize
the salt.

In the second protocol the coppgrecursor has to be a GOLAM)(ODECL complexproduced at 130°C as
reported in literature(Xie, Carbone, et al. 201&)aracterized by a light yellow colour. The sulphur precursor
added to copper precursor contains oleylammonium polysulphi@egl)has a good affinitfyor sulphur
ligandg¢Cotton and Wilkinson 19883s reported inliterature (Wilcox and Hirshkowitz 2018ppper sulphide
complexes with N-donor ligands can be obtained with f@ifent coppernuclearitiesand sulphur oxidation
levels based on the specifieddnor ligand, sydhur source, copper salt, and reaction conditions used. This
copperaffinity for sulphur ligandsuggesthat the addition of the sulphur precursonodifiesthe complex
formed in the copper precurs@olutionchangingts colour from yellow tdolack When the sulphur precursor

is added complexes with also sulphur ligands have to be formed in the solution.

Similarly,in the first protocol,after the coper sdt addition at room temperaturecomplexes with sulphur
ligands have to be obtained in solution. Indeed, the solution colour gets black with the salt solubilization
the case of this protocol also a fraction of oleylammonipahysulphides is probably already converted in
oleylammonium hydrosphide and therefore the complex obtained is different from the one obtained with
the first protocoland the start of nucleation cannot be excluddelurthermore, also the oxidation statd

the copper has to strongly affect the nature of the complex since Cu(ll) affinity for sulphur ligands is lower
than Cu(l)and for nonchelating amines complex with Cu(l) are more stable than complex with Cu(ll) (in
agueous solutionfCotton and Wilkinson 1988J he diverse nature and reactivity of the complexes obtained
in the diferent conditionsare difficult to assess buhey influence the shape, size and composition of the
final products.

The colour of the solution tusifrom dark to dark green when covellite nanodisks are obtained while when
the obtainednanodisk$ave ahigher Cwcontent (Cu,S with x<<1) the colour of the solution is dgellowish
brown. The dark green colour is reported also as proof of the formation of nanocrystals in hot injection
method (Xie, Carbone, et al. 2018t in this case this colour is obtained just after the injection.

Figure20: picture of covelie nanodisks solution on the left and>G8 (with x<<1) nanodisks solution on the right



Materials

Sample name | Synthetic protocol | Copperoxidation state | Heating system

A 1 (I CuCl Oil bath

B 1 (I) CuCl Oil bath

C 1 (Incud Heating mantle with (internathermocouple
D 2 (I) CuCl Oil bath

E 1 (I cud Oil bath

Results and discussion
XRD
Sample A
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Figure21: X-ray diffraction pattern of sample @ndreference sticksf anilite, high syrdigenite, hexagonal covellite

Figure 20 shows the diffraction pattern of sample A where two intense and sharp peaks at 27° and 46.7° are
present, broader and weak peaks are visible at about 54°, 32°, there is also a shoulder at 29°. The peak at 27°
may beattributed to digenite as also the one at 46.7° but the latter is well matched also by anilite. The peak

at 54° may be attributed both to anilite and digenite but its large width may be a signal of a contribution of
another phase, namely covellite, twodad peaks of covellite are visible at 47.7° and 47.9°.

In conclusion, the sample A is a mixture of phases, probably containing covellite, anilitSjCdigenite

(CuS), in any case the final characterization of the phases cannot be completed theepoor quality of

the xray patterns as a consequence of very broad peaks.



Sample B
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Figure22: diffraction pattern of sample B arrdference stickef djurleite and high syn anilite

The most intense peaks in theray patternof sample B at about 26°, 37°, 46°,48°and 54° match with the
expected diffraction pattern of monoclinic djurleite (Gs5. The two reportecpatternsof djurleite’ show
some different expected peaks but their combination match thaypatternof sample B.

In conclusion, sample B contains djurleite but there are less intense peaks which cannot beaskignigd,
and it is not possible to exclude the presence of other phases in particular anilite.

Nonetheless, XRD is normally a powedbiracterization method, for GiS system often it is difficult to
assign the phase. This is due to the fact thatSthave 86 reported XRD pattertisese patterns are very
similar andcorrespond to materials with small differersia stoichiometric conposition. The assignation can

be supported by phase diagrams sincexS materials with diverseomposition have different stability
related to temperature and phase space.

Ba®d on phase diagramand taking into account that the nanodisks have begnthetizedat 200°C, sample

A should be composed bynly covellite and digenite since they have a wide range of stabilityle anilite
aK2dz Ry Qi 0 8spuidNtBasSayidimixa@diwthzSvallitss stable at lower temperaturéBlachnik

and Miller 2001) On the other handthe fact that sample B contains djurleite which is stable at low
temperature suggest that nanodisks, or the first nuclei, may form also at low temperature and therefore
anilite could be present in sample 3ince djurleite has a narrow phase space it is highly probakisdhaple

B contains also others €% compounds and the possible presence of anilite is supported by the fact that
djurleite can be obtained by the conversion of digenite which at 93°C is in equilibrium with anilite and
djurleite (D.J. Chakrabarti and Laughlin 1983)

Some other problems that caaffect the assignment in XRD patterns are the presence of metastable phases
which cannot be found in libraries and the fact that the dikk shape alters peak intensities and widths in
the XRD pattern. For all these reasons, sometimes in literatureolit@ined compounds are defined as
generic CpiS or the stoichiometric composition is determined via ICP method.

CKS 2yfeée RAFFSNBYOS 0SG6SSy G(KS (62 KRNI SENP KF & (68F;
§KNRdzZAK SELISNAYSYyGEt YSIEadNB sKAES aRedNI SAGSE LI GdSNY
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Figure23: diffraction patterrs of sampleC, D E andreferencepattern of covellitereportinghklindices

Reference pattern of covellite matches all the peaks of the experimental patterns and therefore samples C,
D, E are constituted of hexagonal covellite.

XRD patterns of the three samples C, D, E are different from the bulk covellite pattern. Indeed, in these
samples the XRD peak intensities and widths are altered by the nanometric dimensions of nanocrystals. As
reported in literature(Xie, Carbone, et al. 201)e (110) reflection becomes more prominent and sharp if

the average volume and asgt ratio of the nanocrystals increase; this happens in less perceivable extent
also to (100) and (102) reflections. The other signals, instead, are attenuated by the increase of these
parameters of the nanodisks. With the analysis of the (110) and (&€@6gtions it is possible to estimate the
nanodisk diameter while with (006) reflection the nanodisk thicknedstisrminable

In the synthetized samples the XRD patterns show that the (110) reflection is the only clearly discernible one
and thereforeonly diameters can be estimated.

sample D (110 (NmM)
C 14.7+ 0.2
D 1297+ 04
E 11.37£ 0.7

NanodisksN D3 final composition

In nanocrystals formation their compositiondstermined duringhe nucleationstep (Jun, Choi, and Cheon
2006) Detailed mechanisms for &&NDs nucleation and growth are not present in literature. Some studies
of the reactions between copper and sulphurciolloidal aqueous solutiocan be found in literature but the

still unclear ionic composition of covellite affetihese works. Nevertheless, keson the work of Luther et

al. 2002in the presence of sulphidend a cupric salt a six membered ri@gS consisting of Cu(ll) and 5
should be theproduct of thenucleation stepThe following collisions between these rings lead to covellite
with the copper reduction and the formation of disulphide bonds. What reported by Luther et al.( 2002 ) has
been considered valid also using OLAM as solgdntLiu et al. 2015)In hot injection method the ratio
between the amount otopper and sulphur sources in the reaction environment after the injection strongly
influences the final NDs compositi¢Xie, Carbone, et al. 2013; Lekyet al. 2018) In heat up method,
instead, the mutual reactivity of precursors influences the final ND composition. This is due to the fact that
the more reactive a precursor is, the higher its monomer concentration would be, which is the actuakreagen
concentration. Thus, the ratio which influences the final ND composition is the ratio between monomers.




Monomers concentration changes during the heating step along théfr reactivity which is influenced by
temperature Hence the temperaturerange atwhich nucleation occurs influensthe finaINDscomposition.

From another point of viewavolume energy term and surfaceenergy term contribute tahe total free
energyfor the nanocrystal formationThe volume energy term depends on the chemical potential of the
solution while the surface energy term on the geometry of the nanocrystal and on the presence of
coordinating ligands. Hence, in order to obtain covellite its pkameeific chemical poterdal and surface
energy domain has to be identifidry adjustmenbf a large number of factors such as temperature, solvents,
oxidation states of copper arkinds ofligands present in the reaction environment.

Xie, Carbone, et #12013) reported that for their synthesis of covellite NDs with hot injection approach,
CuCl, S powdeand OLAM ODE and oleic acid as solvetite phase stability order is the same as the
calculatedone for bulk CuS system at ambient pressure. Accordinglyteatperatures betweerl20°C and

500°C in a sulphur rialegion covellite is the equilibrium phase with liquiddsie to nanometric dimension

of the materials the differences in thermodynamic stability among possibleSCare lower than for bulk
phases andherefore reaction temperature is the most influential phadiscriminating synthesis parameter.

M. Liu et al. (2015)eported thatin their work conditions i.e. ammonium sulphide as sulphur source and
OLAM as solvent the oxidation state of the coppercpirsor is the factor that derminesthe phase adopted

by NDs and the use of Cu(l) instead of Cu(ll) leads to much higi&na@aiin thefinal product.

The conclusions of M. Liu et al. are valid also for samples A, B in comparison with E (whicbntifiarthe
oxidation state of copper ion used) despite what it is reported in literature the synthesis occurs at room
temperature. This could be a confirmation of the presence of sulphides as oleylammonium hydrosulphide
after the first heating stageat 8¢ / & !' > . |yR 9 al YL Sa KI @S 06SSy LN
a good temperature control but, anyway, only when copper (Il) is used NDs show the XRD patterns of
covellite. Furthermore, sample C which has been synthetized with a better tempereantrol than sample

E is characterized by a narrower diameter distribution, but its NDs phase is the same. This suggest that in the
first protocol conditions copper oxidation state is the key factor to obtain covellite NDs.

It Is hard to postulate thdifference between Cu(l) and Cu(ll) according to HSAB; Cu(l) being a soft acid should
have a good affinity with double bonds in ODE, with sulphur ligands and OLAM. In particular, the non
chelating primary amino groups of OLAM despite being an hard basessh higher affinity for Cu(l) than

for Cu(ll) (in water)Cotton and Wilkinsori988) This means that Cu(l) should be strongly bounded as
required for a low ratio Cu/S in the final composition of NDs based on what it is reporteesyk et al.

(2018 but this is in contrast with our data. The higher Cu/S ratio in NDs in samples A and B miaytde d

the complexes that Cu(l) forms with the sulphur precursor after its heating. These complexes can be a first
step toward nucleation of nanocrystals which might occur, in some extent, also before the heating.

TEMSEM

TEM and SEM samples have beegppred by further purification of small sample aliquots by centrifugation

with ethanol for 30 minutes at 14000rpm. Then, the obtained precipitate has beeispersed in toluene

and SEM and TEM samples have been prepared by drop casting this solutma, sutistrate. Specimens

for SEM analysis have been dropped onto a Silicon wafer which was mounted on an Aluminium stub by using
a conductive carbon tape. For TEM analysis, a drop of the specimen solution was deposited on a Ni holey
carbon grid, then theavent was left to evaporate at room temperature.

In the following section, results obtainéwm the analysiof SEM imagesf A and BsamplesandTEM images

of C, D, Bamples are reported.The presence of the nanodisks is proved by TEM and SEM invhges
particles are disposed with random orientation. The nanodisks that lay flat have shapes that range from
round to nearequilateralhexagons andlso truncate triangles shaped nanocrystals are visible. Nanodisks
show the natural tendency to organizearsuperlattices as a consequence mkrparticle attractive forces.
Hence,in all the sampls, nanodiskselfassembx into chairs where theystake faceto-face perpendicular

to the substrate sitting on their edges. Thanks to this orientatiohthe narodisks,it has been possible to
measure both their diameters (d) and their thickness (t) and therefore their aspect ratio (r =
diameter/thicknesshas been calculatedesideshanodisks that sit on their edgerming nanoribbos also
nanodisls lyingflat over the substrateare visible in images and their diameter have been meas(ijed

Smple E after the same purification stefmswhich the other samples were also subjectstbws a wide
polydisperse populatiof nanoparticlesvhose strong aggregadn makesit difficult to obtain useful TEM



images(Figure30). After an additionakentrifugation step (6 minutes at 16€f) a dark precipitate was
present and the supernatant has been analysed WiEM (Figure30). The value of parameters reported for
sample E have been obtained measuring nanodisks left in the supernatant.

As can be seen froffigure24 nanodisks bsample A andampleB have similaaveragesizeand distribution
widths. Sample€and D havehe samediamete d and itis the smallest value among tldevalues obtained
for all the samples Sample hows the smallest averagthicknesswhile t value ofsample E is the higher
among covellite NDs sampledth a small fraction of population present in both the tails of its distribution
As a consequence, sample E has the sistaiio of covellite samplesThe ratio distributionof sample D
shows the lack of the smallest populatiand the same applies to sample C ratio distributicamgle C has
the highest average diameter and ratio values

The smallest dimensions of sample(\hich unlike sample E, it is the direct product @ibed after the
(standard) purification ste@re explained taking into account thaauicle size depends on the passivation
of the growing crystal by surface protecting ligand and therefore in thislma®& AM. Packing of ligands are
muchdestroyed at lgher temperature and this easier loss of protecting ligands from the semiconductor core
surface lads toa faster growth of the semiconductor nanocrystgM/u and Chen 2011)

Ratio distribution widthsare more similar than thevidths ofother parameterswith exception ofsample C
that besides showing the largest ratiomedium valuehas also the largd distribution of r. Moreover, the
difference between sample &hd the other samplegtio distribution widths is the most important among
all. Indeed, higher reaction temperature (and longer duration) tend to produce higher aspect(tig
Bryks, and Tao 20123fter all, also sample E included higher aspect ratio particles that have been removed
by centrifugation.

Table3: parametes of sample A,B,C,D, obtained measuring nanodittksg on their edge, diameters obtained measuring
nanodisks lying flaand approximate diameter of sample E

Sample parameter value Minimum value Maximum value
Diameter d (nm) 15.0£0.5 10.837 22.582
A Thickness t (nm) 7.3+ 0.3 4,722 10.010
Ratio d/t 2.1+0.9 1.415 3.369
Flat diameterf (nm) | 14.0£0.5 8.810 20.137
Diameter d (nm) 15.3+0.8 10.237 22.015
B Thickness t (nm) 6.7£0.4 3.898 8.804
Ratio d/t 2.3+0.2 1.320 3.571
Flat diameterf (nm) 14+1 8.503 19.209
Diameter d (nm) 16.5+0.9 11.538 22.050
C Thickness t (nm) 49+0.3 2.457 6.805
Ratio d/t 3.4+0.3 1.997 7.003
Flat diameterf (nm) | 14.5+0.5 11.448 18.787
Diameter d (nm) 11.9+0.7 6.973 16.458
D Thickness t (nm) 45+0.2 3.245 6.173
Ratio d/t 2.6+£0.2 1.889 4.214
Flat diameterf (nm) | 11.5+0.7 8.472 14.195
Diameter d (nm) 12.1+0.7 9.661 16.009
E Thickness t (nm) 5.6£0.3 3.975 7.291
Ratio d/t 2.1+£0.1 1.604 3.031
Flat diameterf (nm) 11.1+0.7 8.668 14.976

8 This has been proved Iperforming T tesbn d values for E and D with= 0.01 p value 0.5419
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Figure24: graphical illustration of the values reportedTiable3. D, diameters are reported inside the green box, T thicknesses are
reported inside the blue box and R ratios are reported inside the violet box
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Figure25: Distributions of the parameters determined from the measure of nanodisks sitting on their edges. From right to left:
diameterd, thicknesd and ratior distributions for sample A, B, G,
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Figure26: graphical illustratiorof distribution widhs of values reborted iTable3 from r{ght to left:d diameters, tthicknesseand r
ratios.

The comparison between d and f distributiois reported in Figure 28. The bigge population in d
distributions (first row in the left image) is not present in f distributions (second row in the left imfage)
non-round shaped\Ds diametersvaluescan beslightly different when measured along different akdé
NDs which areoriented edgeon, sat on their longest dimension this dimensionwould be always the one
measurednfluendngthe difference between d and f distribution.

o

Figure27: illustration ofsome ofthe diversgpossiblemeasure directiosin a multifacet ND.

In order to evaluate the possible effectrmieasuring the dimension alomifferent axesthat canaffect f but
might not affect d for sample Ewhere TEM images show welefined multifaceted NDsthe largest
dimension ofa selection otlearly visibleNDslying flathasbeenmeasured andeportedin Figure28(second
row in the right image)The distribution of the longer dimensions presents thaek of the bigger population
and therefore this confirms that the difference of d and f distribncare not dugo the measure along
diverseaxesput it is due to the actual tendency of bigger NDs to sit on their edges and form nanschain

c D

A B

edgeon  u

flat

Figure28:Left: diameter distributions obtained by measuring nanodisks sitting onetigesd (above) and lying flatt (below) for
sample A,B,C,D. Rigsample E distributionsf d (above) andI-f longer diameter of mukfacet NDs lying flagbelow)

9 For clearly visible mulfaceted NDs the longer miension has been measured but, in some cases, it was not possible
to clearly distinguish between the diverse dimensions of the ND and therefore it is not excluded that shorter axes have

been sometimes measured.






Figure29: a,b,c,dSEM images of sampleohtained from further centrifugation of the initial solution; d is the precipitate obtained
in the last centrifugation stefl00g, 2 minutesjuring purification The supernatansubsequentlgentrifuged at 3706cf for 20
minutes divided in supernatashowedin a,b and e imagesand in the precipitate showed in imagef SEM image of sample B, g
TEM image of sample C, h ariltEilM images of sample D
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Figure33: HRTEM images of sample D shovdefpcts

Sample A
SEMimages a, b, ¢, d, e, reportedhigure29 have been obtainednalysinglifferent fractions of sample A

separatedby means ofcentrifugation. The largeparticles precipitatedin the last centrifugation step
foreseen in thepurification, at 100g for 2 minuteare visible in image d. In image d there aretdngular,
truncate triangularand hexagonal shaped 2D particles with diameters around 1l&mrhigh aspect ratio
along withsmallerdisklike particles Nanodisksn imagesa,b, ¢ seem tohave round shapéut thisis hard
to establishfrom SEM imageand therefore,it is not possible to exclude the hexagonal shape
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Figure34: diameter distribution of particles in image Tthe average diameter is 23.nm.

An aliquot of sample A solutipmamely the supernatant obtained after the centrifugation step foreseen
during purificationhas been further centfuged for 20 minutes at 3600gnagesa,b,e show the supernatant
Swhile image ¢ shows the precipitale The precipitated nanodisks show a strong tendency to stake face to
face and therefore the majority of thaubstrate, showed in image is covered byanodisks sitting on their
edges despite this alsareas of nanodisks lying flat are presénanodisks ling flat get separated from
nanodisks staking face to fgcé/ice versa nanodisks in the supernatant tends to orientate flat over the
substrate butamong these flat oriented nanodisthains of nandiskstacking face to face can be sdégure

29,a. In particularin the left side of image Im Figure29 long nanoribbons are clearly visible.
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Figure35:diameter (d left and f right) distribution of P precipitated nanasifsm sample A and nanodisk in the supegiant S.
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Ascanbe expectedthe smallest ppulation of sample As in Svhere itlies flat The larger populatioi20-

23 nm)of sample Asunexpectedlypresent in the supernataniherethese NDs form nanochasithey are

part of the population of ). Differently fromall the other cases, the largpopulationin Pliesflat. On the

other hand nanodisks with sizantil about 20nmare present inf distributions for all the samplesthat have
nanodisks with these dimensier{CB, A) Figure28. Moreover, nanodisks with diameter around 120 nm

lie flat in P and stack face to face inT8is can suggest that the nanoribbons formation occurs also in the
solution (and not onlyguring solvent evaporation over the substrate occurring for SEM (and TEM) samples
preparation) gaining a certain stability.



Asit can be seen iFigure29,e nanadisksstacking face to face can be oriented both perfectly perpendicular
and tilted (evidenced inside the red circleg}h respect to the substrate. These titlstructuresare a proof
of the fact that the chains are actually composed by nanodisks andyrods.

Sample B
Image fin Figure29is a SEM imagef sample B. The strong aggregation of this sample is due to the different

solvent in which nanodisks has beendisper®d after the centrifugation, ethanagiwhich is an antsolvent)
instead of toluene. Other SEM imamef aliquot of sample B treated dbe other samplas show the usual
distribution over the substrate. However, in image f nanodiskesboth oriented flat ad edge on over the
substrate,despite being aggregate. As reported for samplérdm SEM images it is difficult to understand
the nanodisks shape but probably it ranges from round to +ezprilateral hexagon while nethéiangle nor
truncate triangle arevisible.The clearest part in the centre of the imagedue to the presence of OLAM.
Aliquots of samples are subjected to a furthmirrification step precisely for reducing OLAM presence.

Sample C
Image dgn Figure29 shows nanodisks of samplel@.this case it can been clearly seen that nanodisks have

round, hexagonal and truncate triangular shaprethe centre nanodisks lies flat forming more than one
layer, in thisarea few chaisof nanodisks sitting on their edges can be seen. Vice versa towards the edges of
the image the majority of nanodisks form chsimhile few layes of nanodiskflat oriented are intercalate
amongthem.

Sample D
Images g and h iRigure29are TEM images of sample D. Nanodisks showed in images g and h have round to

hexagonal shape and are oriented both flat and edge on over the substratgure31l,a HRTEM image of

an edge view of sample D nanodisk is reported. In this image the crystal lattice is clearly visible and a 0.27
nm lattice spacing have been measured gsisig it to the (006) plar(®!. Liu et al. 203). Image c irFigure

31is an enlargement of a HRTEM images of a nanodisk lying flat; the lattice fringes, highlighted in white, are
characterized by 0.33nm lattice spag corresponding to the (100) planes of covellite. This suggest the
nanocrystal grows along the ¢ axis along with the fact that the average dimension calculated with the (110)
reflection in XRD patterns actually are in good agreement with the averagetlies calculated with TEM
(andSEN images. An HRTEM image of nanodisks staking face to face is repdéiigaat@31, b. The distance
between nanodisks in the chain @#bout 1.41.5nm which is close to the length of OLAWang et al.
2010)Zhang et al. 2008)

In Figure33, HRTEM images of nanodisks with defects in their crystalline lattice are shown. The white lines
evidence lattices fringes with 0.27nm of lattispacing

Sample E
TEM imagesni Figure30, ab and d show nanodisksn sample Bwvhich havehexagonal, spherical and

truncated triangular shapeAs reported for the other samples, some NDs lie flat while others are sitting on
their edgesin particular in the perimeter ofhe holesin the carbon film covering the TEM gridhere NDs

are more concentrated.

The HRTEM image reportedkigure32 shows two NDsitting on their edges and one lying flat. The white
lines evidence lattices fringes with 0.27nm of lattice spacing for the-edg#iented NDs and 0.33m for

the flat one Accordinglythe same growth of sample D has to be occurred.

Selfassembly of Ns

NDs tend to selssemble into chain like structures as result of Van der Waals attractive forces in equilibrium
with steric repulsive forces involving the organic shell. Raeace orientation allows a higher interfacial
contact area than edg&-edge orientation. (Wu and Chen 2011$eltassembly is favoured by narrow
distribution, by thicker organicdyer around the particleandit is more probable forlargeNDs as has been
verified by the comparison between f and@n this basissample D should have the highest propensity to




selfassemble sincé has the narrowest distributionand has been syntlieed at the lowest temperature

and therefore it should have ththicker OLAM layer

Thesuperlattice structures visible in TEM and SEM imageformed by drying mediated assembly of NDs.
During solvent evaporation the possible interactdretween paricles drive the organizatiormhe factors

that controls the process are the solvent dielectric constant, its volatility, polarity tantperature
furthermore also NDs size distribution and concentration give their contribution. Considering that the
preparation procedure of TEM and SEM samples affects these parameters and that it is not fully reproducible,
for example it is not possible to have a control on the temperature, it is not feasible to compare samples
tendency to aggregate from TEM and SEMges.

Shapes
The fact that copper suphides 2D nanocrystals can be obtained with different shrapes, hexagonal,

triangular and truncate triangular ieported in literaturgLesyuk et al. 2018). Liu et al. 201%Xhang et al.

2008; Xie, Carbone, et al. 20(\8u and Chen 2018nd thdr simultaneouspresencein colloidal approach

is common

The obtaining oNDs withdifferent shapes can bexplained with the kinetic and thermodynamic mode of
growth. Nanocrystals grow through a series of sequential reactions each of which brings to a product with a
determinate shape, only the product with the minimum of energy is the thermodynamic producteHiea
control of shape is achieved by the control of the kinatid thermodynamic mode of the growth.
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Figure36: illustration of thermodynamic versus kinetic control for a series of sequential redximnXia, and Peng 2015)

Besides the thermodynamic product that should be the expected one, other products deriving from growth
controlled by kinetic, can be trapped in many states and therefore shapes that correspond to others local
minima of energy can be found. Kinetic or thermodynamic modes of growth are determined by reaction
conditions such as temperature, pressure and reactiomirenment. The obtaining of the thermodynamic
product can be favoured by higher temperature and by aging the sample for long period of time. The shape
of the thermodynamic product can be oriented toward the desired shape by introducing ligands showing
sekctive adhesion to a particular facet of the growing crystal, as is done by OLAM. Through the binding of
the ligand to a particular facet its specific surface free energy decreases, and the final crystal shape will
maximize that facet. Knowing that the tN&v 2 R& y I YAO Y2RS NBTFTSNA (2 GKS T2
any information about the reactions that bring to this, the role of the active ligand can be also understood
by kinetic perspective and therefore when the ligand is absorbed to a spec#ictfecgrowth along that it

is slowed down giving rise to the formation of a shape that maximize that facet. The thermodynamically less
favourable products are obtained when atoms that initially added to the most active site in the crystal, are
not able tomigrate toward sites with lower surface energy. In this way products are trapped to the kinetic
controlled shapes. The kinetic parameters relative to the rate of atom deposition and surface diffusion are
the ones that influence atoms ability to migratdeafdeposition and therefore they are the ones to control



for obtaining kinetic products. The deposition rate is mainly influenced by monomers sapelat the
surface and therefore by monomers concentration, temperature, and coordinating ligands pr8sefatce
diffusion rate is influenced by temperature, strength of bond between the surface atom and the adatom, the
crystallographic plane of the surface, the accessibility of the surface (e.g., passivation by a capping agent),
and the chemical potentiajradient.

The obtaining of different shas has been studied for hot injection synthesis of covellite nanocrystals
(Lesyuk et al. 2018)n the case of hot injection method, the ratio between copper and sulphur is a key factor
for achieving the desireshapeof nanodiskgas well as their desired compositicamd thereforefor heat up
synthesighe mutual conversion rate from precursors to monomhss to play an important role

Triangles are kinetic products and therefore are promoted by high local concentration of monomers. As
already reported, when OLAM bindis a growing crystal, it modifies the growth rate of different facets
favouring the thermodynamic product shape. OLAM attitude for binding to the diverse facets can be
understood by considering its absorption energy on them. The selective adhesionMfd@@térs on (001)

facet, as already reported, but it can bind also to other facets. The absorption energy calculateditdr Cu
(100) facet is larger than for (110). This means that the (100) grows slower and this results in truncated
triangles and hexage with (100)like edge facets. Furthermore for (100) facets the absorption energy is
lower for Sterminated that for Ceterminated and therefore OLAM passivates preferentiallyriCiu facets
slowing down their growth. Vice versa, if there is a sulphunr gavironment the monomer addition is
promoted and so the growth will be under kinetic control thus leading to the formation of triangles

{100}
Cu-rich #1

Figure37: Atomic models: a. Cu&ceting and b. amine group of OLAM absorbed at the (100) taesyuk et al. 2018)

The most reactive sitare the triangletips, and those can be occupied in the case of a sufficient supply of
sulphur.Kinetics products are characterized thyp maximization of the surface areavhile when growth is
thermodynamically controlled particles develop 6 facets to minimize the surface enefdiith the
dissolution of the smaller particles also triangular tips dissolve since these are instable having the largest
curvature radius. To reta the triangular shapemonomershave to react at positions near and at the veets
andthisis possible only with a sufficient monomer supply rate. When this rate decséasegrowth occurs
at the side facetgorange arrows)eading to the developmentf other 3 facets from the corner with the
formation of truncated triangles and hexagons.

¥

Figure38: triangle of CuS with sulphur terminatiofisesyuk et al. 2018)



The illustration inFigure39 is referred to a hot injection approach and therefore in that case the ratio
between copper and sulphur can be assumed aspiteeursorratio since the conversion to monomers is
total after the injection. Neverthelesalso for hot injection method has been reportedLesyuk et al. 2018)

that ligands presenin the reaction environmentaninfluence the reativity of precursorsin the case of

heat up synthesis precursor reactivity defines their conversion and therefore monomer concentration and
the temperature at which they are obtained. For these reasons it is not possible to compare the hot injection
resuts with the ones of heat up methods.
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Figure39: Scheme of the shape transformations during OL&bhased hainjection CkS synthesis depicting ways to
control the shape. Blue arrows denote time flgvesyuk et al. 2018)

In the 2 protocols utilized in this work for the nanodiskstbgsis, the ratio between copper and sulphur is

in both cases 1:2. Nevertheless, in the first protocol the sulphur precursor is heated to 130°C for 30 minutes
before the copper addition and therefore a certain fraction of sulphur should be present glarotaonium
hydrosulfide thus increasing the concentration of sulphur monomers in the reaction environment; vice versa
in the second protocol the sulphur precursor is added to a copper precursor solution without any former
heating step and therefore the ti@a Cu monomers/ S monomer should be higher than in the first case. The
size distribution for sample D is the narrowest among the other sample size distributions (taking into account
sample E before the additional centrifugation step) and also, its NOzeshare quite homogeneous going

from round to almost hexagonal, without triangles or truncate triangles. This may suggest that, beside the
lower temperature, nanodisks of sample D are the result of a high ratio Cu/S characterizing the environment
reactionduring thesynthesisBasedon the presence of different shapes in sample C it can be said that the
kinetic mode has been more important for that sample and therefore this finding sustains the hypothesis of
a higher concentration of sulphur monomer. As regard to sample E, it isatbédred by triangles and
hexagons with huge dimensions (before the additional centrifugation step) suggesting beside the low ratio
Cu/S also the progressive formation of monomers. After the purification, the smaller population
characterizing sample E, slsown by TEM images, have NDs with shape similar to the ones of sample C and
this is a further confirmation of the greater importance of kinetic growth in the first protocol than in the



second on&. The comparison between sample E and C is an example aémnperature role during the
synthesis since the difference between them is the heating system used. Hence, in the case of sample E,
which has ben obtained using an oil bath as the heating source, the heating rate has been slower that the
8°C/min requied; the effect of this slower heating rate was the formation of a lower number of nuclei and

of many crystals having big dimensions. The resulting size distribution was broad enough to prevent the
separation between the smaller and bigger NDs populationugh the centrifugation in the purification

step.

In order to clarify precursors conversion rate and concentration during the reactions, samples collected at
different reaction times are needed.
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Figure40:a. oleylamire structural formulab. 1-octadecene structural formula

Table4: positions othe most important ligands groups ban(Silverstein, Webster, and Kiemle 2015)

Primary aliphatic amin¢ band position (cr¥l) Unsatumated carbon chain BandPosition(cm-1)

groups groups

Stretching NH 3300-3400two weak | Stretching =€H 3008

Bending NH 1650-1580 Bending €H ~1647 and ~1642

Stretching €N 12501020 stretching GH. 30002840
Bendingy =CH ~915
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Figure4l: FFIR spectum of pure OLAM

10 As regard as sample A and B, only SEMyémaare available and from these is hard to establish if triangular or
truncated triangular shaped NDs are present in the smallest population but these shape are clearly visible in the bigger
population
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Figure42: FFIR spetrum of pure ODE

TheFTIR spectra of sample B,C,D, E have been collectad the 6035000 cm' range.
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In order to clearly identify bands and to compare the sampledR-3pectra have been separated into two
acquisition ranges; the two ranges, 31R050cm! and 2000600 cmt, cover the regions where bands are

present.
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Figured4: First part of FIR spectra of sample A, B, DariEl C (below)dB more (redline) is the spectra of sample B with an
increased amount of nanodisks in the KBr pelietlilutede (blue line) is produced from a dilute solution of samfle
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Figue 45: Second part of FIR spectra of sample A, BCLE.dB moré (redline) is the spectra of sample B with an increased
amount of nanodisks in the KBr pelléE. diluted (blueline) is produced from a dilute solution of samfle

The spectra are influenced by the amount of NDs presents in thpéflBtanalysed. In order to understand
how the ND concentration influences the spectra and to evaluateeibrganic layer of NDs charngeith
dilution (of their solution) spectra oféB-more£, namely the spectra of sample B with an increased amount
of nanodisks in the KBr pell&nd ofd&dilutedé, produced from a dilute solution of sampletave been
reported.

In Figure44 the differences betweenoB-more¢ and B and betweedEdilutedé and E are comparahl@his
means thatthe difference betweerspectra ofsamples Ecannot be attribute to any variatioim the organic
shell due to the dilutiorbut only to the smaller quantity of nanodisks in the KBr pelldisis confirmed by
the fact that sample E ariE-dilute€ have the same band positions asdme ratio between band intensities
Consequently,the @l yA O &aKSff R2SayQi Y2RATFTE gAlGK inddgdtedzii A 2 y
with the IR spectra
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Figure46: comparison between the spectra of E and E diluted

From the comparisorbetweendB more¢ and Band E andE dluteg it results that when the signal due to

a less concentrategellet the bandat ~2870 cmt is lessintenseand appears like a really weak shoulder.
However, sample D is thexception, in factdespite having been obtained from a concentrated K&itet

(this can be understood from its second part of the spectra wihareds are clearly distinguishabjé has a

weak shoulder at~2870 cm'. Indeed,Sample D IR speaim is different from the spectra of all the other
samplesa A Yy OS A (i rRuiiBenygrnvi peakdetw@en~ 18001400 cmt; bandsintensitiesbetween
300-2800 cmt* are lower than fotthe other samples

The samples spectra compared to the spectra of pure ligands are different. -Fhstidtching band is
weaker and its frequency shifted to smaller wavenumbers (~2956¢énbased on what it is reported e,
Carbone, et al.( 2013Nevertheless, peaks present between 2&800 cm' should be assigned to-i&
stretching vibrations and therefore the band oftNstretching could be completely quenched and therefore

not presant in the spectrum. Anyway, both cases suggest that the amino group is linked to the CuS surface.
Another characteristic band of the amino group is thélMending band which is weak and broad at ~1620
cmtand it is clearly visible in the spectra of sampl and D. In the spectra of samples A, C, E this band is
hardly visible but it is present in the multiple narrow signals region. The bandNaft@tching is visible as a
weak and broad band at around 1238-¢and it is present in samples D, C, E afidh particular taking into
account the weakness of the signal) while it is not visible in sample B where it is probably covered by the
strong band at 1100 cth This band at 1100chcould be assigned to thelT stretching which can occur in

this position On the other hand, since the IR spectra of different CuS particles (reported in the following
chapter) show this band without containinghNCbounds this band has to be due to the particles. This band is
visible also in the spectra of the other samples ibslintensity is really low. The other 2 sharp and intense
bands at 1455 (CH2 bending) and 1378 (asymmetric bending CH®yesent in the spectrum of sample B

are visible also in the spectra of samples E and C. Only the band at 1346 mmesent inthe spectrum of
sample A and both bands in the spectrum of sample D where the band at 1455 broader than the band

at 1378cmt. The spectra of sample D and, less clearly, sample A show a band due to ODE &t 916cm

FFIR spectra of all the samplegggest the presence of a first layer of OLAM linked to the CuS particles. A
second layer composed of intercalated ODE and OLAM bonded via hydrophobic interactions is probably
present in sample D and sample A

Ba®d on what it is reported by(Boey et al. 2007pixit, Mahadeshwar, and Haram 1998)iSshould belR
inactive but on the other hangdthe multiple narrow signalbetween~18001400 cm' and the band at
~110cm'that are present also in the IR spectra of different copper sulphides particles with different organic



ligands, have to be due to thgarticle core ofCw-S.It can be said that when thedwndsare not present in
the IR spectra the organic shell has to be thicker avoiding the interaction between light goeattictescore.
Thus asit is expected from its lower temperature synthesgample B has the thicker organic layer. This
suggess the higher tendency to seklissembly since this is favoured the thick organic layer (further
discussion will follow in the next paragraph). This is confirmed by ivisagported byZhang et al. 200at

experimentally establigtd diverse IR spectra (reported figure47) for nanodisksi K I

assembd and nanoribbons which vice versa show a strong tendency to form nanochains.
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Besidathe diverse attributiorto the band at- 110cm the conclusions drawn by Zhang etale consistent

with what waspreviously reported.

UMWVIS Spectroscopy

For copper sulphides nanocrystals the relationsipongtheir structure and composition and their optical
properties are still poorly understoofKriegel, Scotognella, and Manna 2Q0p}ical modelling through
theoretical methodsallows to predict and understand the optical respons@ significant theory to
approximate the dielectric properties is tizrude-Somnerfeld model

DrudeSommerfeld model

The Drude modglDm)has been improved by Arnold Sommerfeld and the resulting moelgting the name
of both scientists. In Drud8ommerfeld model (DSnelectrons (for metals) are treated as quantum

mechanical particles rather than classical particles. As in Dm also in DSm carriers (electron in the model) are

not bounded to any atom in the lattice ansince the potential within the solid is assumed ® tniform,

St SOUNRYa

K @S yandiarelfrgedo malIithis th@\sBtiRe salih bbts modelsparticles are

identicalbut in DSntheseare indistinguishableunlike inthe Dm). MaxwellBoltzmann statistics is used in
Dm since it describes dsical particlednstead, sinceniDSm particles2 0 Se
these aredescribed with the FerrdDirac statisticsHence, in DSrio each energy levelre associate &tates
corresponding to the two spin orientationH the total number ofthe particles at two energy levels remains

the same, and a few particles from one energy level are simply swapped for the same number of particles
from the other energy level, this does not count as a new microstate for the system unlike whBra
particles are distinguishable. The Sommerfeld corrections allowed to address the anomalies in the estimation
of specific heat and roateansquare value of speed that occur using the Drude mddlen the number

of holes in the valence band or eleats in the conduction band is much smaller than the available states
O yBoltzm&in stafisyicd N& ROE uskdy Ror defehesaed f
semiconductors and metals which have a larger number of carriers the {béraai statistis has to be used.
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With regard to thedielectric function 6 . 0 YR LJ | & tidir eGudNidng deSwgdDftom the
assumptions of Dm are still valid atigerefore, as reported in the introduction section, are:

: " 1 : 0Q
Qran - a

The theoretical modelling €uS NDKIIR spectra

The theoretical modelling of NIR spean!! of covellite ND LSPR has been reporte(Kigy Carbone, et al.
2013)? based on electrodynamic scattering simulatioiperformed within the frame of the discrete dipole
approximation(DDA% and usinghe DSn¥.

With this approachit has been possible to assign the multiple LSPR maddesto shape anisotropyinding
theoretical curves that faithfully reproduce the experimental spectral featufdse good agreement
between experimental anthodelled LSPRith DSm means #it covellite NDs has to hold an actual metallic
like electronic structure that lead to inherently hole to behave like free carriers, delocalized within the
valence bandDrude type carriet)This behaviour is different from other ££8 where holes that give rise to
LSPR are characterizédy a substantial degree of localizatiomdeed, the calculated hole number for
covellite NDs is N 0.98x162 cm® (1) which is close to several metalalues of free carrier concentration
and 7 to 13times higher than the value determined for £8 with 1.93 <X < 2 Sin@, based on what is
reportedby Xie, Carbone, et ahe plasma frequency for different dimension NDs is the same, the free carrier
density does not depend on dimensions and therefthe tunability of the LSPR is due to the geometric
features.

NDsas plateletlike naneobjects are expected to show two peaks one for theplane mode and a second
for the outof-plane modeFor covellite CuS usually, only one peak is present ialikerption spectraSince,
the wavelengthvalues corresponding to the peaks maximuma.f of the in-plane and the oubf plane
modes are separated by a small energy #hrelfact that the out of plane LSPR mode has aitdensitythis
last can be hardlyseen only in larger NDs as a high frequency shoulder of tpaire peakThe different
LSPR showed by the two modes can be understood remembering that covellite structure has-tiket&itic
sheets staked perpendicular to theagis. For covellite, in@al, thed pis strongly anisotropic and therefore
its lower value for the out of plane mode implies that, compared to a same shaped-matde ND its bands

fall at longer wavelengths and have a further reduced intensity.

1 The DSm can be applied onlyladtigher than 500 nmindeed, at lower wavelengths interband transitions occur and
in this situation the function ok(5 ) foreseen by the model is highly inaccurate.

2 Cited and confirmed in literature for covellite CuS NiBsu, Ngo, and Tao 2014; Lesyuk et al. 2018)

13 Simulation technique for computing theattering of an electromagnetic radiation by metallic nanostructures. The

Mie theory is a simulation technique as well as the DDA and many other. These a@ Rigth T2 NJ 42t Ay 3 (i K
equations. The choice of the technique to use depends on accuracy, computation time and the range of geometries to
which it can be applied.

141n the DDAhe particlethat interacts with an incident lighis modelled as an asmbly of finite cubic elementThe

object is, hence modelled as an array of interacting point dipoles whose polarizability is describeckby the 1T £ OE /
bulk material. This alloe (i 2 &2t S G(KS al EgSff Q& Sljdz (A 2tyCk Forysial OF £ Od:
particles in a solution the extinction cross section can be considered as the absorption cross section since the scattering

is limited. Thus, the LambeBeer equation results As&*path length*Concentration. (&= Cabsorptiort Cscatering, if the

scattering contribution it is not negligible it has to be determined by integrating sphere and the absorbance has to be
corrected A=ltrasmittancereflectance).

% The DSm has been useglting r to change with the average diameter, impagilp to be independent of the ND
volume andri as 1. Thew represents the ion core polarization background and its real value is not known, under the
assumption that only valeneleand holes may affect the dielectric function it can be considered as 1.

16 Similar value have been calculated by another group, 1.¢2xb@(Hsu, Ngo, and Tao 2014)



With the increase of the aspecatio the <naxred shifs, the peak width becomgnarrower and the intensity

grows. The peak width is influenced by size distribution width and by the compositional homogeneity of the
ND population.
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Figure48: NIR extinction spectra of NDs in CCl4 (continuous lines), along with the correspondivasB®dfits (dashed linefXie,
Carbone, et al. 2013)

Cu,S ND LSPR

In contrast with whatit is above reported for covellitewhich has latticeconstitutional free holes, for the
other CuxSspeciedoles result from copper deficieneynd areaccommodate in crystal phasessince holes

in Cu.S experiment the effects of localizatitimey cannot be considered as full free carriei$e result is
that the DSm is not suitable to describe theSPR responsExperimental approaches have been used
indagate the LSPR of £8 NDsChalcocite to digenite GuS NDs show two broad LSRieakswidely
separated the outof-plane mode LSPR band can be found at low#ran the in planemode band.The
experimental results for GuS NDs have been refed (Hsu, Bryks, and Tao 2012; Hsu, Ngo, and Tao 2014)
to follow the Mie theory and Dnexpected trends
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Figure49: illustration of the expected change of LSPR maximum wavelength for the change of the aspect ratio and of the carrier
density, basing on Mie theory and Drude mddsu, Bryks, and Tao 2012)

It has to be said that for GuS NDs the assignation of in plane and out of plane modeetdwo peaks is still
debated.



Particlednteraction insolution

An interface is not necessafgr assembly and particles can coalesce in solutimrthe same interactions

that drives the drying mediate assembly. The superstructures formation followed the crystal growth
phenomena(Coughlan et al. 2017Hence, the first step is the formation of a small bundles of NDs that act
as nucleation sitewhich grow for the addition of other Nddhat reachthemthrough Brownian motion. With

the increaseof the dispersion concentration and controlled transition of NCs between the solvents,
equilibrium for the incoming NC (to find a site to attach on) can be achieved and stable superlattices can form
in the solutionNanocrystad assembly in solution is speedup with the addition of an antisolvent (ethanol)

but it can occur alst highly concentratel dispersion. Furthermore, the addition of additives as laitigyF
chainaminesled to the formation of complex nanostructures stable solution. This is pessiten the size

of the additive is larger than nanostructiweeparation In this case depletion interactions come into play
and when NDs move closer, excluding the additive from the space between them, the local concentration
gradient changs, leadingto an attractive osmotic pressure that induces the nucleation o MBsolution
followed by growth.

Ba®d on whatit isreported byCoughlan et alNDs ofCuS, G$and Cu, .Scan assembly in solution within

a range of 100nmMm2f m
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Figure50: top absorption spectra of sample A,B,C,E at the séave) concentration bottom absorption spectra of sample D and full
range spectra of sample C



The absorption that occsin the U\tblue region (below 500 nm) is related to excitdhtcansitions across a

direct band gap whichsreported in the introductive partis influenced by the MosBrusteineffect.

CuSwith different compositions havdifferent values oft maxof the LSPR ban@hishas been attributed

mainly to the different value of the effective hole mass rather thath@diverse carrier density. With the
increase of Cu content in the phasiee effective mass growsandasmall change of this value (smalthan

carrier densityvariation) significantly increasghe plasma frequencgHsu, Ngo, and Tao 201#) the spetra

reported inFigure50the two LSPRands of sample A and B are nmampletelyvisible in the spectral range
achievableand, consequentlyt is not possible to indagate sample composition with peaks positimgvay,

for sample A (anilite) and B (djurleitde phases assigned with XRD patterns are suppdayatie absorption

spectra since sample B shows a lower intensity above the 6GOmhthe intensity of ths signal increase

with the increase of x.

SampleCspectum has been registrest on a wider range and fully reported inFigure50 (bottom). The

two bumps at the top of the band are due to the instrumental lamp shift. [THet mais &t 1170nm. It is

not possible to compare band width of covellite samples since in the spectral ranges they are not complete,
but sample C is expected to have the larger band width based on its larger ratio distribution width. Comparing
the sigqrals of sample E and sample C in the region above 500nm the larger width of sample C may be proved.
{FYLX S 9 [ {t watdosgnR. TKd pasitichkfShe kand, at lower wavelenght than sample C, is

in accordance with the lower aspect ratio ohgale E.

SampleD spectum has been reported separately sinitds affected byparticlesaggregation. Sinceample

D aspect ratio value is smaller th@ample C valuand bigger than sample E valile LSPRmaxshould be
between sample C and BEample D LSRAfandis broad and its deconvolution shows that it is formed by
different peaks as reported iRigure51. Since sample D speatn has been registered in theme range of

sample E its LSPR band should not be completely showed, and the bands generated from the spectrum
deconvolution has to be reasonably assigned to particle assembly with diverse dimensions. To investigate
the size of the structures formed in sitibn, a DLS analysis is needed. However, based on what is reported

in literature (Chen et al. 2015)hen nanodisks form arrays a blue shift of the LSPR peak is expected. The
larger is the number of coupled nanodisks in an array, the larger is the resulting blue shift of the LSPR band.
Thus, it ca be assumed that the large LSPR absorption is due to different contributions (showed in the
deconvolution of the spectrum) which are originated from various size NDs arrays. This suggests that sample
D has a strong tendency to form assemblies in soludiiod this is in accordance its IR spectra and narrow
distribution.
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Figure51: deconvolution of sample D spectra

17 An exciton is a electrically mutral quasiparticle (as plasmons and plons), a bound statef an electron and an
electron hole which are attracted to each other by the electrostatic Coulomb fér@an transport energy without
transporting electric charge.

8The effective mass is inversely proportional to the mobilitha®s. For CuS holes that arise from copper vacancies,
carrier effective mass is highly dependent on the vacancy density and this is a further complication for their optical
modelling. Furthermore, when copper vacancies are responsible of hole dénisitdlifficult to distinguish between
contributions from shape effects and carrier density to the LSPR.



A comparable behaviour is showed for Highoncentratd solutions for whichwith the increase of the
concentration, the LSPR peak shifit lowerl and its intensity decreasgasit can be seen ifigure52.This
is reported for coupled nanodisks in arrays.

SAMPLE A SAMPLE E

\_/ % +concentration
+ concentration

1 1 1 1 1 1 T T T T T T T
500 600 700 800 900 1000 1100 500 600 700 800 900 1000 1100
nm nm
Figure52: spectra ohighly concentrated solutions sample A andampleE.The curves are referred to aitary concentration in
order to highlight the intensity decrease.
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These spectra highlight the importance of using diluted solutions to register the absorption spectra.

Synthesis of copper sulphides nanopatrticlesugh a green approach

Nanoparticlef copper sulphides (CU$Ps) with three different organic ligand®tyl trimethylammonium
bromide (CTAB)risodium citrate(CIT) and @ly acrylicacidPAA), have been synthetized through a g
approach in aqueous solution. Indeeid, order to apply nanoparticles in biomedical applications a key
challenge is to obtain reproducible, monodisperse and colloidal stable nanoparticles in the minimum number
of steps. The use of water as solvéstin favour in many respects since it is low cost, wigelailable,
environmental benign anid isthe solventof biochemical reaction in nature and therefdtésbiocompatible.

The acronym CulSPs is used to refer to particles obtained with this approach besides the fact that only using
CTAB as organicdigd it has been possible tdentify the particle phase which is covellite.

The CuPs synthesis forese@ steps. At first CuLsolution is mixed with organic ligand, then sodium
sulphide is added producingbeaown-yellowishsolution that turned greenvith heating the reaction vessel.
Thebrown-yellowishsolution owes its colour to the presence of,.£31 NPs which with heéthat speeds up

the reaction)conversinto CuS changing the colour into deep green.

The reaction thateads to the formation otopper rich NPsis

2 CW'ag+ 2@ CuS*S

ConsideringcwS which is the first composition of NRad thereforeit is considered to describe the reaction
occurring in solutiorfKore, Kulkarni, and Haram 2001, Silverstein, Webster, and Kiemle 2015)
Thetransformation fromCuS to CuSnvolves the disproportion of Cuto Cf and C@* with an electon
transfer betweerthem through an empty available surface staiedicated as (jKore, Kulkarni, and Haram
2001)

CUICWHS + ()} CUCHS+(e)0 #ARS++()
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Figure53: illustration of thereaction assisted by surface states

The presence of ligands influences the rate of the conversion into covellite since these molecules can absorb
on the surface.

CuSNPssyntheticprotocols

Batch solutions
Batch solutiors of CuCI2H0O, 2 mMandNa{ ~ #1100 mMhave been prepared in water. Sodium sulphide
has been kept in the fridge and used within one week.

Cu&CiTcitrate

25 mL of 2 mM coppesolutionis put irto a 50 mL three neck round bottom flask alongside véitB mg of
trisodium citratedi-hydrate The obtained solution istirred at room temperature for 5 minuteand then0.5
mL of a 100 MM N& solutioris added The mixturdurns brown-yellowish it is sirred at room temperature
for 10 minutesheforerisingthe temperature to 90 °@nd then leaving the reaction vessel at ttimperature
for 20 minutes: during this time theolour turnsdeep greenkFinally the heating andhe stirringare stopped,
andthe reaction igyuenctedin cold waterand then tansferedto a vial andstored in fridge

CuSCTARCetyl trimethylammonium bromide

25 mL of 2 mM coppesolutionis putted in &0 mL three neck round bottom flagkongside with6.3 mg of
CTABThe obtained solution igisred at room temperature for 5 minuteand then0.5 mL of 400 mM NaS
solution is added The mixtureturns brown-yellowish it is girred at room temperaturefor 15 minutes
purgingthe flask from air with a gentle argon flowefore rising the temperature to 90 °@nd then leaving
the reaction vessel at this tempature for 60 minutes: during this time the colir turns deep greenkFinally
the heating andhe stirringare stoppedandthe reaction isyjuenctedin cold waterand then tansferedto
a vial andstored in fridge

CuSPAAPoly(acrylicacid)

25 mL of 2 mMoppersolutionis put in &0 mL three neck round bottom flask alongside viishmg of PAA
(MW=450'000. The obtained solution igisred at room temperature forlO minutesand then0.5 mL of a
100 mM NasS solutioris added The mixturgurns brown-yellowish, it is sirred at room temperaturefor 10
minutesbeforerising the temperature to 90 °@nd then leaving the reaction vessel at this temperatiore
20 minutes: during this time the amlr turns deep greenFinally the heating andhe stirring are stopped
andthe reaction igquencledin cold waterand then tansfered to a vial andstored in fridge

Purification procedures are describbdlow for each CudNP.



CuSCIT ligand trisodiumcitrate

In order to evaluate the reproducibility of the protdspthreesampleshave been prepared and are reported
asCIT1, CIT2, CIF8r the DLS and AR analysis only one sample has been measured.

XRD

XRDpatternshave been obtained frompurified NPs as described below in the purification paragragir.
CuSCITNPsthere are not cledy visiblepeaks in the diffraction spectra. This due tothe presence of

different diffraction domainswithin particles(which can be seen in HRTEM imagesjtherefore, since they
aresmaller than the whole particletheptad = F2f f 26 Ay 3 { OK S RaBidEnson, &dimdz G A 2
the patternsthe phase of the crystas cannot be precisely allocate.

CIT1, CIT2, CIT3 have been measured wittPtiilps XPert diffractometeonly CIT2 has been measured

with D8 AdvanceBruker instrument inBraggBrentano mode XRD calculated pattern of the hexagonal
02@0SttAlST sKAOK Aa GKS SELISOGSR LKIFaSz YIFIGOK (g¢2
due to the presence of digenite as impurity phase as reportelllagin et al.

The Scherrer analysis performed on (110) reflection gave a crystallite diameter of 618+0.7
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Figure54: above, XRD patterns of CITIT2CIT3 in comparison, below the most useful XRD pattern registered with D8 Advance
Bruker instrument in braghrentano mode. Below sample XRD pattern reference stidiexafjonal covellite are reported in black



TEM

The solution obtained as described in the @IBNPsprotocol needto be purified (as described below) for
TEM grids preparation thought drop casting.

CuSCIT NPs of CIT1, CIT2, Ghrples areshowed in the following EMimages From TEM images it can be
saidthat for different samplesNPs haveaimilar dimensionand morphologyln the samples there aremall
nearly-spherical particlswith ~6nm of diameter, rodike particles which aréhe nanodisks sitting on their
edges There aréhexagonal nanoparticlesith size of about 6 nrand few NDs having bigger sizes along with
triangular shaped particles with rounded edgdhere are hexagonal particles wilzecomparable with
those of spherial nanoparticles and few bigger than thésalong with triangular shapegarticles with
rounded edges.

For the determination of particlsize round and hexagonal particles have been considesied since a large
part of the populatiorpresents 2 differendiameters fiereinafter referred to asonger and shorter lengths)
due to the irregular hexagonal shape andth@ more ovalthan roundshapeof particles both have been
measured

P

Figure55: TEM image o&n anisotropic parti@. The green line is the longer length while the orange one is the shorter length

Figure56: TEM image of CIT1

9 Since thexumber and the dimension of the bigger particiestrongly affected by the area showed by the TEM images
these have not been take intaceount during NPs dimension measurement.
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Figure58: TEM image of C3T



Figure60: HRTEM of CHSIT NPIn the left,the black ling highlight the (006) planes while the green lines highlight the (100)
planes.The image of a single particle composed by different crystalline dorizaiaported on the right

From HRTEM images it can be seen that single particles are composed Bntdfgstallinedomains

CIT1 and CIT8zesare notsignificantly different while CIT3 averagjeeisa bit larger. Allhiree samples have

the same average ratio and therefore particles shegoe averagely the same.

Asit can be seen ifrigure63 longer and shorter lengths have similar distribution patterns. CIT2 has the
narrower distributions. The larger ratio and shorter length distributions of CIT3 suggest that the thigger

particlesare themore anisotropic thg are.

Table5: CIT1CIT2CIT3, parameters determined from TEM images

sample parameter Value(nm) Minimum valug(lnm) | Maximum valugnm)
cin Longer length 9+1 6.0 16.1
Shorter length 8.2+£0.8 5.8 14.0




cie Longerength 9.2+0.8 6.3 13.2
Shorter length 78+0.7 5.3 119
CIB Longer length 10.4+0.8 6.5 15.0
Shorter length 8.9+0.8 54 14.0

shorter
Ratio length
3
= CIT1
+ CIT2
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Figure6l: graphicalillustration of the values reported Fable5.. Shorter lengthsre reported inside the green baatios (longer
length/shorter length)are reported inside theed boxandlonger lengthsare reported inside thgellowbox
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Figure62: distributions of parameters reported Trable5. Longer lengths, shorter letig and the ratio (longer/shorter) are
reported from left to right in each row which correspond from the first to the tioindto CIT1,CIT2,CIT3.
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Figure63: graphical illustratiorof distribution widths of/alues reported iTable5, from right to left:longerlength, shorterlength
andratio of CIT1CIR, CIB.

FTFIR

CuSCIT NPs has been purifiagl described below in the purification paragh. After desiccationprecipitate

NPs (during the purification) have been mixed with KBr to prepare the pellet. The purification is needed to
remove the noAbonded organic ligand/hich otherwise would cover the less intense signal of the bonded
ligand.
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Figure64:above illustration of citrate moleculbelowIR spectra of trisodium citrate-diydrate

Table6: expected banslfor citrate

Band position (cn)
#(OH) 3450
o # ( 28503000
#(-CQ) 15821385
1(CH) 13501480
M # -Q ~425

The broad band at 3240cmt in the spectra of citrate is due trystal water.



The amount of citrate bounded to particles is low and therefoaadsintensities are low. For this reason,
the spectrum of thesample has beesplit to show the three ranges so that to make bands visible
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Figure65: IR spectra of CuSIT NPs reported intor8nges
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the second part of the spectra, common bands to both NDs andNBs$Sare present, namely the signals
between ~180a1400 cm' and the sharp bandt 1100cm'. These bands are evidences of the presence of a

thin organic layer that allows the interaction between light and particles core. In the multiple narrow signals
region two bands can be seen, a broad one at ~146Qaumd a sharp one at 1386 cmThe broad band at
~1460cmOl'y 6S FaaA3dySR (G2 Ao6/Tho gKAOK Aa GKS Yzad A
to free citrate spectrum this band is shifted to lower wavenumbers and it is broader. In the third part of the
spectrum the band®@425cm* Oy 0S8 [ daAra@ySR G2 “/6Tho

The absence of some bands and the changes of positions and shapes of other ones due to carboxylic and
hydroxylic groups, prove that citrate bonds the particle through these groups. Furthermore, the spectrum of
CuSCIT NPs suggests that, after the purification only ligand molecules directly bonded to particles form the
organic layer.



DLSanalysis
An average diameterof 22 nm has been measured for CGET NPs in solution. #an be considered
compatible with thevalue determinedby TEM images taking hydrodynamic radius into account. Since the

Pdlvaluedeterminedis 0.489 the sample is averagely polydispetshas to be considered th#te sample

was one month old when it has been measuaedl therefore a certaimggregation between particles might
have influenced this analysis.

(Distribution by number has been obtained knowing that the-ClIENPs refractive index is 2.2)
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Figure66: size distribution by numbetog) and by intensitybottom) graphs



UWVIS Spectroscopy
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Figure67: CIT1, CIT2, CIT3 absorption spectra.

Table7: Jmaxvalue of LSPR bands

sample <YIE oY
CIT1 953
CIT2 957
CIT3 951

All three sample absorption specthave a comparable shape ahghx

Purification

Purification allows to isolate particles from the reaction solution and therefore to remove unreacted reagents
and urtbonded ligands from NPs. To remove the particles from the solution at the end of the reaction, these
are precipitated through centrifugain together with an antsolvent. The so obtained precipitate has been
used for preparing XRD samples; while two further purification steps are necessary for preparing TEM grids
in order to achieve good images. Also, for preparing KBr pellet to acquin&kthpectrum, CuSTAB NPs

have undergone two purification steps. Before the second purification step the precipitate obtained with the
first centrifugation step has been-disperse in solution.

Different conditions are required depending whether centgié (8000rpm, 15 ml Falcon) or ultracentrifuge
(1400, 2 ml Eppendorf) is used.

Table8: purification conditions

1° purification step Result of the 1° purification
Anti- solvent Sample/ | Time 8000rpm deposit Supernatant
solvent Time 14000rpm solution
isopropanol 1/3 40 min Falcon Stuck to the walls of the Falcon/ in th| Light green
20min Eppendorf | bottom of the Eppendorf




2° purification step Solvents to redisperse| Volume of | Time | Solvents for final
NPs solvents redispersion

800 rpm Water+ isopropanol 250 pl 250 ul | 40 Water/isopropanol

(Falcon) min

14000 rpm Isopropanol 2ml 20 Water/isopropanol

(Eppendorf) min

After the purification (especially after 2 steps) a bit of water is necessarydisperse the particles.
The fact that, after the purification (1 step), the particles are aggregated has been proved mmads 8n a

purified samplehaving amaverage dimeter of B.0nm (Pdl = 0.222).
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Figure68:size distribution by intensity of a CGEI NPs purified sample

CuSPAA ligand polyacrylic acid

In order toevaluate the reproducibility of the protocols, three samples have been prepared and are reported
as PAAL, PAA2, PAA3.For the DLS aiffid Biialysis only one sample has been measured.

XRD

All three samples have been used without any purificationdm@paring XRD samples but PAAL has been
measured also after two purification steps described below in the purification paragraph.

PAA1, PAA2, PAAAve been measured witthe Philips XPert diffractometemd onlyone sampléhas been
measured with D8 dvance Bruker instrument iBragg-Brentano mode

All XRD patterns showndntense peak at31.8 which matchswith the (103) reflection of covellite. In the
XRD pattern of nopurified PAAL there are two peaks at 28.7 and 45.7 which are not present pattezn

of purified PAA1L. This suggest that these two peaks might be dueteaated salts in the reaction solution
These peaks can be seen also in the PAA2 XRD pattern where they have a low jraadsitythe pattern
recorded with the D8 Advance Wker instrument.Because of the high level of similarity between different
phases of CuS, the numerous possible salts derived from the reaction environment and the poor quality of
XRD patterns it has not been possible to assign thesepwaks,but it can be said that, probabhpoth
digenite phase impurities (basing on what reported in literature) saltscontribute to them.
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Figure69: XRDpattern of purified (lottom) and nonrpurified fop) PAAL witlreferencepattern of hexagonal covelliten green
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Figure70: XRD pattar of non-purified (op) PAA2 and (ttom) PAA3, withreferencepattern of hexagonal covelliten green.
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Figure71: XRD pattern registered with P& vance Bruker instrument Biagg-Brentano modewith referencanarks of hexagonal
covellite in green.

As can be seen iRigure71 the XRD patterns matels covellite (102), (101), (110), (103) reflection$ie
reflection (110) was used in the Scherrer equation to determine the diameter, which has been calculated to
be of about 9 + 1 nm.

In conclusionbased on XRD analysithe presence of covellite phase can be confirmedCusPAA NPs
samples. Nevertheless, other impurity phases might be present.

TEM

The solution obtained as described in the @U8A protocol needs to be purified (as described below) for
preparingTEM gids. As described belown the purification paragraph, C#5AA Nps purification is hard to
achieve and it is proved by the PAA layer present in TEM images.

Different samples have similaNPdimensions and morphologyin TEM imagesNPs withsizerangingfrom
~4 to 22nmcan be seenParticles morphologes arethe same reported for CuSIT NPs and therefore
particles withtruncated triangulayhexagonabnd rodlike shapeare present the smaller particles have, in
the majority of case)earlysphericakhape.

To assespatrticle size the longer and shorter lengths afphericd and hexagonal particles have been
measued.

INHRTEM images it can be seen that single particles are composed by different crystalline domains.



Figure72: TEM image of PAAL

Figure73: TEM image oPAA2



Figure75: HRTEM image of GRPAA NPs. On the left the red circle highlight a&lthe right the spacing of a NDs edge has been
measured. It is equal to 0.27 nm corresponding to (006) plane of covellite sugglestgrgwth perpendicular to the-axis.



Figure76:HRTEM of CHSAA NPs whettbe épacing of B3 nm corresp ning't th
(006) plane of covellite are evidenced.

NPs longer length of three samples aoamparablewhile the shorter length of PAAS is a bit smaller compared
to the onesof other samplesAll ree samples haveomparableaverage ratio and therefore particles shapes
are on averagghe same. As can be seenhkigure78, longer and shorter lengths have similar distition
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Table9: PAAL1,PAA2,PAA3, parameters determined from TEM images
sample parameter Average wlue | Minimum valug(nm) | Maximum valugnm)
(hm)
PAAl Longer length 130+ 1 4.3 29.7
Shorter length 11+£1 38 27.3
PAA2 Longer length 13.8+£0.8 53 22.3
Shorter length 11.4+£0.2 49 21.6
PAA3 Longer length 12+1 6 22
Shorter length 9.5+0.8 41 183
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Figure77: graphical illustration of the values reportedTiable9. Shorter lengths are reported inside the green box, ratios (longer
length/shater length) are reported inside the red box and longer lengths are reported insideigtmx

Figure78: distributions of parameters reported Table9.Longer lengths, shorter lengths and the ratio (longer/shorter) are reported
from left to right in each row which correspond from the first to the third row to PAAL, PAA2, PAA3



Shorte

o o oo
Fan FAAE FE Fan FAAE FE Fan FAAE FE

Figure79: graphical illustratiorof distribution widths of/alues reported iTable9, from right to left:longer dimensions, shorter
dimensions andatios of PAAL,PAA2,PAAS.

FFIR
As reported in the purification paragraph, the separation of-€48 NPs from the reaction solution is hard
to achieve For this reason, the attempts to use purifiedSPAA NP&r the FFIR analysis have led to useless
spectra wihout any visible band due to the scarcity@iSPAA NP# the KBr pelletThus, FAIR has been
performed on IRCARD on which the reaction solution@iSPAA NP&as been deposited by dregasting.
In this conditionbands of both bonded and free PAA are expected.
IR speatum of free PAA containbroad bands due téhe multitude of possible local conformatisiof the
polymeric chaingTodica etl. 2015)

Tablel0: expected bands position for PAA

Bands positions (crh)

#(C=0) 1700
1/ ( -B0)A u 11701300
t(OH) 3450
H # ( 28503000
1 #( 13501480

H H
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Figure80: illustration of PAAtructure
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Figure8L1: IR spectra of free PAA (below) and-A3 NPs (above)

The IR spectrum of the nanoparticlegsgite being obtained from the post reaction solutioit is clearly
different when compared with thefree ligandspectum. The OH stretching band above 3000cia
influenced by intramolecular bonds which occur both in free PAA and in NPs organi&tayePshis band
is visibleat higherwavenumbersand correspond to a shoulder in the free ligand spaot. Thismeans that
part of the contributions to this bandre quenched by the bontbetween PAA and particle caréhanks to
the narrowerOH stretching band th&H stretching bands are clearly visible in the IR speuntof the NPs
(blue box). The red box Figure81 highlights the C=0 stretching band; in the NPs spet® close bands
can be assigned to this vibrational mode, the less intense one at the same wavenumber of figieeAsy
free polymer (present in the reaction solution) and a more intense shéted tolower wavenumbers due
to PAA in the organic layea €imilar shift has beealready reported for bonded citrate). Inside the green
boxthe CH bendindpands resultinaltered in NPs speatm. The broad double band at1300-1100 cm' due
to OHbendingand-GO stretching in the free ligand specim in the NPs spectruiis quenchedandspit into
two separated bang,one more intense adjacent the green box and anothessléntense at 1168 ctn Also,
for CuSPAA NPs the characteristic baadsigned to the particlessvisible at 110 crh

These changes in the IR spectra suggest that carboxylic groups are the anchoring groups of PAA.

DLS analysis

A fresh sample of &SPAA NPs has undergone DLS analysis without any purification/stegverage
diameter 0f48.2nm has been measured for GGST NPs in solution. It can be considered compatible with
the magnitude order determined with TEM images taking hydrodynamic sdadto account. Since the Pdl
value determined is 094, the sample is averagely polydisperse.



Figure82: size distribution by intensity of GR8A NPs

UMWVISSpetroscopy
Figure83: absorptionspectra of PAAL, PAA2, PAA3
TablellY <Yl E @Ftdz§ 2F al yvwisSa [{tw o0lYyRa
Sample I'max (cmb)
PAAL 1042
PAA2 102
PAA3 1060
Purification

Different conditions are required depending whether centrifuge (8000rpm, falcam}racentrifuge (1400,
eppendorf)for the purification, these are reported ifablel2.













































