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Abstract

Alloy nanoparticles are characterized by the comitom of multiple interesting properties which
are attractive for technological and scientific gmges. A frontier topic of this field is represehte
by nanoalloys with composition not thermodynamicadlllowed at ordinary temperature and
pressure (i.e. metastable), because they requirefaquilibrium synthetic approaches. Recently,
laser ablation synthesis in solution (LASIS) hagrbasuccessfully applied to the realization of
metastable nanoalloys thanks to the fast kinetfceamoparticles formation. However, the role
played by the chemical environment on the final position and structure of laser generated
nanoalloys still has to be fully elucidated. Here mvestigated the influence of different synthetic
conditions on the LASIS of metastable nanoalloysgosed by Au and Fe, such as the use of water
instead of ethanol, the bubbling of inert gasesthedaddition of few vol% of kD, and HO. The
two elements showed different reactivity when LASi&s performed in water instead of ethanol,
while minor effects are observed by bubbling puases such as;NAr and CQ in the liquid
solution. Besides, the plasmonic response andtthetgre of nanoalloys was sensibly modified by
adding BHO, to water. We also found that nanoparticles praditgtis dramatically influenced just
by adding 0.2% of kD in ethanol. These results suggest that the foomatf a cavitation bubble
with long lifetime and large size during LASIS iseful for the preservation of metastable alloy
composition, whereas an oxidative environment hamipe formation of metastable alloy
nanoparticles. Overall, by acting on the type d¥eat and solutes, we were able to switch from a
synthetic approach conservative for the compostioAiu-Fe nanoalloys to a reactive environment
which gives unconventional structures such as r@@Etah-oxide nanoshells and nanocrescents of
oxide supported on metal nanospheres. These resylénd the knowledge about the mechanism of
formation of nanoalloys by LASIS, and show how tmtaon multielement nanoparticles of huge

interest for nanomedicine, plasmonics, magnetonpbexscs and catalysis.
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I ntroduction

The field of alloy nanoparticles (NPs) is in raggpansion due to the large number of possible
applications such as in cataly$iésensing, energy storage and conversfoand nanomedicin®’

In fact, multiple properties are brought by thetidit elements composing the alloy, which are
interesting also for the investigation of new pmtp magnetic, plasmonic and chemical
phenomené At the same time, the use of computational metfiodthe prediction of structure and
physical-chemical properties of nanoalloys has grewponentially in recent yeat:

A special position in this panorama is occupied bgnoalloys with composition not
thermodynamically allowed at ordinary temperaturd pressure (i.e. metastable). The synthesis o1
metastable nanoalloys is challenging and requitgsoBequilibrium synthetic approaches, which
usually relies on very short NPs formation tifn€ The preparation of metastable alloys composed
by elements with similar lattice parameters, etsutr configuration and chemical reactivity is
sometimes possible by wet chemistry methods. Fiamnte PdAu and PtAu nanoalloys have been
produced and investigated for catalytic applicaidn® In the most critical cases, where electronic
structure and different reactivity of the elementahstituents in the alloy prevents the use of
traditional synthetic approaches, nanoalloys carolit@ined by physical methods, such as spark
dischargée? inert gas condensation within sputtering chambevsicuum co-evaporatiof,laser
sputtering in vacuufor, in liquid phase, by radiolysis of chemical presors®*?*

The payback of out-of-equilibrium synthetic efforgshigh, because it consists in the realization of
NPs with unprecedented composition, structure, gntegs and applications, which can not be found
simply by building composite nanostructures likee@shell, core@satellite or dumbbells NP%.
Recently, laser ablation synthesis in solution (iYShas been successfully applied to the
realization of metastable nanoalloys thanks toféist kinetics of nanoparticles formatiéh? In
LASIS, NPs are generated as a colloidal solutioralhation of a bulk material dipped in a liquid
solution?®* % This technique gives the access to a wide libm@iryNPs just by varying the
composition of the bulk target and of the liquidusion.® LASIS avoids most typical problems of
chemical synthesis, such as the use and disposahwfonmentally unfriendly, toxic or costly
reagent$> # In addition, LASIS has a simple experimental sgtwhich requires only limited
manual operation, can be performed in continuoow fand requires raw materials such as bulk
targets and common solvents, maintaining low thedpction cost$®> #* Another important
advantage is the possibility to conjugate nanoglagiwith polymers, biomolecules or other organic
moieties in one stefd.?®

The chemical environment during LASIS plays a aluble on the formation of NPs, although this

is still an open topic with several unclear pofitsdeed, only few reports considered the effect of
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the synthetic environment on the LASIS of nanoalloffor instance, different effects on the
composition of NiFe and SmCo alloy NPs were obskrdaring LASIS in cyclopentanorig.
Morphological differences in Ag-Cu alloys were aleported as a function of the composition of
the bulk target used for LASIS in wafénn addition, the modification of the solvent wased to
tune the composition of metastable Au-Fe nanoaffblysother experiments, core@shell structures
with minimal interfacial alloying were obtained kgser ablation of Ag in a reactive environment
containing Pd(ll) ion$; or elongated alloy structures were produced by iBAS superfluid HE?
Therefore, the control of LASIS chemical environmén crucial to disclose a wide library of
nanoalloys and to improve the control over thecstme of already achievable alloy NPs.

Here we investigated the influence of differentthgtic conditions on the LASIS of metastable
nanoalloys composed by Au and Fe. These two elenrepresent an useful case-study because
show different reactivity in oxidising environmenénd the Au-Fe alloys with Fe content exceeding
ca. 3% are not thermodynamically stable at roonptature and pressuteTherefore, we tested
how the products are influenced by the presencxidants such asJ®, or by bubbling pure gases
such as K Ar and CQ in the liquid solution. The experiments consideiteltwo opposite cases of
an oxidising liquid such as water and of a lessligkig, i.e. “conservative”, liquid such as ethanol
We observed that the synthetic environment infleenseveral features of the NPs, ranging from
the size distribution to the plasmonic response,diwface structure and even the productivity of
nanoalloys. In particular, by acting on the typesolivent and solutes, we show how to switch from
a conservative synthetic procedure for the comioosibf metastable Au-Fe nanoalloys to the
preparation of more complex structures such as@ehell metal@iron-oxide nanoparticles.
Overall, this study evidenced the importance ofnaical interactions between solution species and
ablated materials, as well as the influence oftsmludecomposition on the rise of the cavitation
bubble, which affects the coalescence and growttanbparticles.

On the one hand, these results contribute to exphadknowledge about the mechanism of
formation of nanoalloys by LASIS, and are helpfat the control and the predetermination of
products. On the other hand, the synthesis of laillieetAu-Fe nanoalloys is very important to
achieve both plasmonic and magnetic propertiehénsame NPs, and our results show how to
obtain multielement nanoparticles of huge intertst nanomedicine, plasmonics, magneto-

plasmonics and catalysis.

Experimental methods.
LASIS was performed with 6 ns (50 Hz) laser pulaed064 nm and 65 mJ/pulse focused with a

f:150mm lens on a glass cell containing a bulks&k&; alloy plate (99.9% pure, from Mateck)
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dipped in 4 mL of liquid solutioff: ® Each synthesis lasted for 30’, after which the K&#oidal
solutions were mixed with an equal amount of watentaining 4 mg/mL of disodium
ethylenediaminetetraacetic acid (EDTA, form Sigmdsikgh) and >0.01 mg/mL of thiolated
poly(ethylene glycol) methyl ether (PEG, 5000 DanirLaysan Bio) and heated at 60 °C for 1
hour, according to our previously established pdoce? ?* 32 Then, the NPs solutions were
dialysed with concentration tubes with a cut-offigle of 10000 Da (Sartorius). After multiple
washing cycles, NPs were recollected in distilledes.

For LASIS, either distilled water or HPLC gradeathl (from Sigma-Aldrich) were used. Solvents
were used as received or after bubbling differesteg. Bubbling was performed at 1.1 atm of gas
pressure for 30’ in 50 mL flasks filled with solwdorought to the boiling, followed by additional
30’ to reach equilibrium with room temperature aftwiling. Then, the liquid was immediately
used for LASIS.

LASIS was performed also in,B or ethanol containing 0.3% in volume of®4 (35vol% in water,
from Merck), and in ethanol containing 0.2% in vk of distilled water.

UV-Visibile absorption spectra were acquired withAgilent Cary 5000 spectrometer using 2 mm
optical path quartz cells.

Transmission electron microscopy (TEM) analysis vpasformed with a FEI Tecnai G2 12
operating at 100 kV and equipped with a TVIPS CGinera. Samples were prepared by drop
casting on copper grids coated with amorphous cefibus.

XPS analysis was performed at room temperaturggusinmal emission geometry with a modified
VG ESCALAB MKIl (Vacuum generators, Hastings, Engia equipped with a twin (Mg/Al)
anode X-ray source, a sputter gun, and a hemiggthegiectrostatic analyzer with a five channel
detector. We used the AleKradiation (1486.6 eV) as an excitation source.

Samples for the XPS analysis were synthesizeddgdme procedure described above, but without
the addition of PEG, in order to avoid shieldinglté NPs surface.

The sample composition has been determined by tsentheoretical photoionisation cross sections
by Yeh and Lindaii and the electron inelastic mean free path caledlasing the TPP-2 formuta.
Modelling of the optical properties was performeztading to previously published protocols
which exploit the Mie model for compact sphéted *> *°and its extension for core-shell sphefes.
3.3 These models were used to fit the experimentahigvabsorption spectrum in the 300-600nm
interval. As input data, we used the histograminéss measured by TEM analysis, while we used
the alloy composition as fitting parameter. In catthe Mie model for core-shell spheres, the shell
thickness was also used as the second fitting pesmlhe optical constants of the Au-Fe alloy

were obtained according to the procedure describa@f?* *® and corrected for size effects as
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described in previousR/. ** Optical constants for AuFe alloy were taken frafr, and for Au and
iron oxide (magnetite E®,) from ref’. For the surrounding matrix we used the refradiiniex of
the solvent (n=1.334).

Results

The UV-visible spectra of NPs generated by lasét@m in water solutions are reported in Figure
la. In all cases, a sharp absorption band at gisibtjuencies is observed, originated by the sarfac
plasmon resonance (SPR) of Au-Fe nanoalloys, tegetfith an absorption edge in the near UV
region, originated by single electron interbanasitons in metallic Au-Fe solid solutio%.?® %°
The SPR is a clear indication that nanometric gadiare formed} *®and its position in proximity

of 520 nm is compatible with spherical partictes®® in agreement with what is usually observed
during LASIS of noble metal NPs.

In case of water solution (black line in Figure,lthe intensity and the shape of the SPR band is
compatible with gold-rich alloy NPs, according that reported recently for AuFe NPs containing
only about 3at% of F& The results obtained in,B treated with B Ar and CQ are very similar

to the reference # solution, suggesting that in all these casearthprity of Fe is lost during
LASIS. Only in case of the sample obtained in Wat€s, we observe a slightly larger absorbance
in the red spectral region, which is compatiblenviite presence of aggregates of KBS,

By laser ablation in presence of the oxidapDkmolecules, instead, a remarkable red shift up to a
wavelength of 560 nm and broadening of the SPRoaserved. Such a red shift in Au-based
nanostructure is compatible with the existence efatnanospheres surrounded by a dielectric shell
with refractive index larger than the solvent matiie. a core@shell metal@dielectric structiire.

. 41 To further substantiate the hypothesis about dnmdtion of nanoshells, we performed TEM
analysis on these NPs. As shown in Figure 1b, N@grevalently composed by an inner region
with high electronic contrast, which appears darkhe TEM image and is indicative of a metal
lattice rich of Au atoms, and an outer shell watvér electronic contrast, which appears grey and is
indicative of a non-metallic phase with low-Z elert®esuch as iron oxide. The size distribution,
reported in Figure 1c, is bimodal and can be deedriwith two gaussian cruves centred
respectively at 6 £ 1 nm and 24 + 13 nm. This iemarkable difference with the monomodal
lognormal size distribution usually observed in NiPgained by LASIS with ns laser pulses, and it
is a clear indication of the occurrence of two ididt synthetic environments during the formation
of NPs?* ® We also observed the presence of several NPsimtighmediate size (of the order of
10nm) with elongated and irregular corral-like stue, while smaller and bigger particles have a

more regular spherical shape.
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The UV-vis absorption spectrum of the wateflld sample was fitted with the Mie model for a
spherical nanoshell with metal core surrounded lolyegectric shell of iron oxide (Figure 1d). In
this fitting model, the nanoshell is isolated imater matrix and the experimentally measured size
histogram is provided as input data, while the cositpon of the alloy and the thickness of the
dielectric shell are used as fitting parametersd#llong the optical properties of Au-Fe NPs with
the Mie model is a reliable way to obtain informatiabout the alloy composition, because the SPF
is directly influenced by the electronic band stmue of gold alloyed with iroi* ?® **Conversely,
several other investigation techniques are sensifilleto the elemental abundance of iron and gold
in the NPs, but cannot discriminate between irod@®and metal iron actually included in the alloy.
Besides, by using the experimentally measuredhistegram as input data for Mie modelling, we
account for all the NPs in the samples, weightedifeir abundance and volume.

In the present case, the best agreement betweemnditexperiment was found for an alloy
composition of Au 96at% and Fe 4at% and a shetktfi.125 times the radius of the metal core
(red line in Figure 1d). This composition is cldsethat previously reported for AuFe nanoalloys
obtained by LASIS in aqueous environm&ntWe noticed that the experimental spectrum is not
well fitted in the red and near infrared range, seheorral like and aggregated NPs contribute to the
optical density of the sample, in fact these shapesot accounted by the Mie model for isolated
spherical nanoshelfs.

Importantly, when the same fitting procedure isfamned with a core of pure Au, i.e. limiting the
parameters to the thickness of the shell onlyfittieg result is far from the experiment (greendi

in Figure 1d), due to the superior intensity of 8i]2BR compared to interband transitions at short
wavelengths. We also performed the fit of the eixpental spectrum with the Mie model for simple
spheres (i.e. not nanoshells), by considering lloy aomposition as the fitting parameter, and we
found that the model fails in predicting the exposition of the SPR, further confirming that the

oxide shell is responsible for the red shift of pi@smon band.
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Figure 1. a) UV-Visible spectra of the AuFe NPs obtainedmater solutions. All spectra were
normalized at 400 nm for ease of comparison. b)ré&smtative TEM images of NPs in the
water/HO, sample, where the oxide shell surrounding the Ihezige is clearly visible. c) Size
histogram of NPs in the water/8, sample. The size distribution is bimodal and wtsd with
two gaussian curves. d) Mie fit of the experimehtstvis spectrum of the waterf@, sample. All
spectra are normalized at the SPR maximum for @asemparison.

The UV-visible spectra of NPs generated by lasdati@m in ethanol solutions are reported in
Figure 2a. The reference solution obtained in eth@characterized by the presence of an SPR
band much damped compared to those of NPs obtaineater solutions. This is in agreement with
what expected for the LASIS of AuFe NPs in purearth?* % and it is a clear indication of the
formation of nanoalloys with iron content of theder of 10-13%, according to what previously
observed?® # The damping of the SPR is observed also for NRairdd in ethanol treated withpyN

Ar and CQ, suggesting that synthesis results are similammRhe TEM analysis performed on the
sample obtained in ethanol/\Figure 2b), we observed that NPs are spherigaldannot have any
shell with lower electronic contrast, contrary e fparticles shown in Figure 1b. More in detail we
observed that some of the small (<10nm) NPs haggutar corals-like shape, while larger NPs all
have a well defined spherical shape. The sizeilligion (reported in Figure 2c¢) is monomodal
with average NPs size of 19 + 14 nm and lognorm@iilp, in agreement with what usually found
during LASIS of metal NPs.

The UV-vis absorption spectrum of the ethangl®mple was fitted with the Mie model for
isolated spherical NPs in a water matrix (figurg, 2¢ing the composition of the alloy as fitting
parameter and the experimentally measured sizegn&gtn as input data. The best agreement wa
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found for an alloy composition of Au 90at% and Faato, as expected on the basis of previous
laser ablation synthesis in similar environnm@rit Also in this case, the experimental spectrum is
not well fitted in the red and near infrared regiarnere the plasmon absorption of nonspherical
and aggregated NPs are located. The optical piepedf pure Au NPs with the same size
distribution found experimentally is also reportedrigure 2d for comparison (green line), in order

to show that the SPR is much more intense in pur&lRs with same size.
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Figure 2. a) UV-Visible spectra of the AuFe NPs obtainedceihanol solutions. All spectra were
normalized at 400 nm for ease of comparison. b)ré&smtative TEM images of NPs in the
ethanol/N sample. c) Size histogram of NPs in the ethanof&mple. The size distribution is
monomodal and was fitted with a lognormal curveM# fit of the experimental UV-vis spectrum
of the ethanol/Blsample. All spectra are normalized at 400 nm feeed comparison.

Also in the ethanol/bkD, sample, the damping and the position of the SP&dmspatible with the
formation of alloy NPs. Interestingly, there is auidence of red shift like that observed after
LASIS in water/HO, solution. Therefore, the optical absorption speutrsuggests that a
nanometric oxide shell is not present around Nss 1B confirmed by TEM analysis (Figure 3a),
which instead showed the presence of sphericalwWithsregular shape and morphology similar to
the products obtained in ethanal/Bnvironment. The size distribution is lognormaig(fFe 3b),
with average size of 38 + 19 nm, correspondingviod the value found for the sample obtained in
ethanol/N.
The Mie fitting of the UV-vis absorption spectrurhtbe ethanol/HO, sample is reported in Figure
3c. Similar to the ethanolfNsample, also in this case the best agreement auasl ffor an alloy
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composition of Au 90at% and Fe 10at% (red line iguFe 3c). This means that the larger SPR
intensity is due to the larger size of NPs obtaimedethanol/HO,. Again, the experimental
spectrum is not well fitted in the red and nearardd region, likely due to the presence of
nonspherical and aggregated NPs. The differende tivé optical properties of pure Au NPs with
the same size (green line in Figure 3c) is remdekas in the ethanold\tase, further confirming
that our sample contains Au-Fe alloy NPs.

The HO; solution added to ethanol is 35% in volume, hahcentains two parts of 0 for each
part of HO,. In order to obtain more insights about the ddtirole of HO and HO,, we also
performed the synthesis in ethanol containing @86 of distilled water. Interestingly, we found
remarkable differences compared to the ethan@jitase for what concerns both the SPR and the
NPs morphology. Regarding the SPR (orange line igurE 2a), we observed a damping
comparable to the reference ethanol solution, wisdhdicative of the formation of alloy NPs. On
the other hand, the absorption band due to interla@msitions is more intense than in the other
samples (all the spectra are normalized at 400mmirfaplicity of comparison), and this can be due
to the presence of a large number of particles hwiaie too small to show appreciable SPR
absorption. In fact, the absorption tail in the esdl near infrared region is lower than in the othe
samples, which is again compatible with small NP wegligible scattering cross section. TEM
analysis supported the information extracted fron-vikible spectroscopy, showing that the
sample is composed by a multitude of small (<5 NR¥ and by a minority of larger nanospheres
with size of tens of nm (Figure 3d). Importantlypshof the large nanospheres are characterized by
an iron oxide crescent with low electronic contrast one side, which confers an asymmetric
structure to the NPs. The thickness of the nanoerggs of 1 - 4 nm and it is reminiscent of the
iron oxide shell of the sample obtained in wate@solution (Figure 1b), although asymmetric
and with smaller thickness. The size distributiBig(re 3e) is constituted by a sharp peak at 4 nm
followed by a plateaux in the 10 - 40 nm regiond @an be modelled with two gaussian profiles
centred respectively at 4 £ 4 nm and 20 * 21 nims Type of size distribution is different from the
previous cases of ethanoy/nd ethanol/kD,, while it has again some similarities with the NPs
obtained in water/bDs.

The UV-vis absorption spectrum of the ethang@rsample was fitted with both the Mie model for
simple spheres and spherical nanoshells (Figurer3fact the NPs are half way between these twc
simplified structures. Indeed, the results are Isimisince the best agreement was found for
Au89at% - Fellat% and Au 88at% - Fe 12at% usirgpedively, the simple sphere model (red
line in Figure 3f) or the nanoshell model (withhel thick 0.05 times the radius of the metal core,

blue line in Figure 1d). The composition is close that obtained for the ethanolyNand

9
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ethanol/HO, samples. Therefore, metal NPs in the ethan@/ldample are composed by Au-Fe
alloy, although they are partially coated by irofide nanocrescents. The quality of the fit in teé r
and near infrared range is superior to all the iptess cases, suggesting that the number of
nonspherical or aggregated NPs is negligible. ghrrconfirmation of the formation of AuFe alloy
is obtained by performing the fitting procedurehilhe optical constant of pure Au, since the best
result achievable is very far from the experimeg to the much larger intensity of the SPR (greer

and orange lines in Figure 1d for, respectivelyde spheres and nanoshells).
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Figure 3. a) Representative TEM images of NPs in the etiid@@2 sample. b) Size histogram of

NPs in the ethanol/H202 sample. The size distmoutis monomodal and was fitted with a

lognormal curve. c) Mie fit of the experimental UN& spectrum of the ethanol/H202 sample. All
spectra are normalized at 400 nm for ease of cdegrard) Representative TEM images of NPs in
the ethanol/H20 sample. Oxide nanocrescents arendas in larger nanoparticles e) Size
histogram of NPs in the ethanol/H20 sample. The distribution is bimodal and was fitted with

two gaussian curves. f) Mie fit of the experiment®l-vis spectrum of the ethanol/H20 sample.
The fit was performed with both the models for diengpheres and metal@oxide nanoshells. All
spectra are normalized at 400 nm for ease of casgrar

According to TEM analysis, iron oxidation is moreident by LASIS in ethanol/D than in
ethanol/HO,, which instead gives results comparable to ethidpollo further asses this finding,
we investigated the surface chemical nature of BYPXPS. In all cases, we found an Au 4f doublet
located at the binding energy (BE) expected foraniPs (Figure 4a), and the peaks of C 1s are
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located at the BE proper of adventitious carbogyfeé 4b), while there are no signals compatible
with the presence of iron carbide, in agreemertt witat recently reported for these nanosysteéms.
The Fe 2p signal (Figure 4c) is also similar in theee samples and composed by multiple
contributions which span the BE range proper ofamieon (707-707.5 eV), iron(ll) oxide (709.5
eV) and iron(lll) oxide (711 eV). The presence bé tshoulder at BE of Fe(0) in all the three
samples is even more evident by comparison withFh&p spectrum collected on a reference of
magnetite (black circles in Figure 4b). Therefdhe, surface of the AuFe NPs is passivated by the
presence of metal Au and iron oxide, protectingnfriurther oxidation the metal iron inside the
nanoparticle. This is in agreement with previousdiings about AuFe NPs and explains the
excellent stability in water and air for indefintiene of the nanoalloy?.

Interestingly, we observed that the spectra cakban the ethanolfiNand ethanol/bD, samples
are well superimposable, while the peak of the reiliel,O sample shows a slightly larger iron
oxide component. However, the main difference ewed by XPS among the three samples
consists in the Fe/Au atomic ratio on the surfacs, which is of 20/80, 20/80 and 30/70 for the
samples obtained, respectively, in ethangl/dBthanol/HO, and ethanol/kD. This is a further
indication that iron oxidation and segregation dAsNsurface occurred in samples obtained in the
presence of bD, as well as that the chemical nature of NPs sariia ethanol/MNand ethanol/kD,
samples is very similar.

Overall, XPS results confirmed the previous obdsrmaabout structural analogies between
ethanol/N and ethanol/bD, samples, as well as the larger surface oxidatiothe ethanol/kD

sample.
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Figure 4. a) Au 4f doublet. b) C 1s peak. c) Fe 2p peak. Jpectrum collected on a iron oxide
(magnetite) sample is also shown for comparisoacfokircles). All spectra are vertically shifted
for clarity. Dashed lines show the BE of Fe(0),IFe&(nd Fe(lll).

The experiment performed in ethanalfH is characterized also by a remarkably high NPs
productivity compared to all the other ethanol avater solutions. In Figure 5 we reported the
productivity for the different solutions at parity all the other synthesis conditions, expressed in
pg/pulse. Although the productivity in water solutiluctuates around 0.003&g/pulse, i.e. 1.75
times larger than in ethanol, the addition of 0I2vef water to ethanol boosted the productivity to
0.008 ug/pulse, i.e. 2.3 times the water value. The sagsealtr is not obtained by the addition of

0.3vol% of B0, (35vol% solution in water).
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Figure 5. Productivity of metal NPs (expressedug/pulse) in the different solution studied in this

work. Black circles: water solutions; red circlethanol solutions.
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In summary, the experiments about LASIS in differememical environments showed the
following main results:

i) Water induces the formation of heterostructuwesposed by metal cores and iron oxide shells ol
crescents, together with a large majority (in nuploé small metal NPs (i.e. with bimodal size
distribution). Consequently, the quantity of Fetlwe AuFe alloy is reduced compared to ethanol.
However the same effect is not observed in ethBpOl environment.

i) Ethanol induces the formation of AuFe alloystwimonomodal (lognormal) size distribution,
and with average size and iron content larger thavater.

i) NPs productivity is enhanced by the additidn0d2vol% of HO to ethanol. However, the same
effect is not obtained by using®, (35vol% in water) instead of pure.®.

Discussion.

The control of nanoalloy composition and structdoeing LASIS is crucial to achieve metastable
phases, as well as for the design of multifunctlio@oparticles with optimal size and composition
for specific applications in nanomedicine, magngsmonics, sensing or catalysis.

The experimental set up of LASIS is relatively sienpnd allows the investigation of the role
played by the chemical environment on the struceamd composition of NPs by maintaining
unchanged all the other synthesis parameters.isnsthdy, laser ablation was performed in two
solvents which have opposite effects on the coniposof Au-Fe nanoalloys. In fact, according to

what recently reported; ?® “iron-rich” NPs (about 10-13at% Fe) are obtainadethanol, while
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“iron-poor” NPs (about 3at% Fe) are obtained inewateven by maintaining unchanged all the
other synthesis parameters.

We investigated also the effect of bubbling witeringases or adding oxidant species such,&s H
to the LASIS of alloy NPs. Bubbling with inert gasis useful to investigate the role of solvent
molecules separately from that of the dissolvedoapheric gases in equilibrium with the liquid,
such as @or CO.?® For instance, the oxidation of iron can occur égation with @ molecules as
well as with solvent moleculéd.** ** “*The Henry constants of,(n water and ethanol at 298 K
are, respectively, 4.26E+4 atm and 0.17E+4"atfand, since a larger value means lower solubility
of the gas, the room pressure and temperature otwaten of Q in ethanol is larger than in
water** This is already an indication that the oxidatidnFe in water solution is due to the
interaction with solvent molecules, with minimafluence from atmospheric oxygen. This was
confirmed by our experiments, since similar produgere obtained in water, wateg/Nvater/Ar
and water/C@ In both solvents (ethanol and water), the Herogstants of Ar, B and Q are
comparable, while COvalues are one order of magnitude lafgérin particular, the solubility in
water is of the order of 0.002%-0.006% in weightAo, N, and Q and of 0.2% for CQ while it is
about 10 times larger in etharidf’ However, we found minimal or null effects on protuby
changing the type of gas in equilibrium with thguid. Therefore, our experiments suggest that the
concentration of @and other gases in the solvents used for LASI$ plsecondary role compared
to solvent molecules, and that €@olecules do not react in a appreciable way wighAu and Fe
atoms. In case of CQwe only observed an increase of the SPR absarjatidhe red spectral
range, which is compatible with the aggregatiorN®&fs. Indeed, it is known from literature that
CO, can lower the pH of the solution by reacting wityO molecules and forming carbonic aéid,

* which interferes with the colloidal stability ofatal NPs obtained by LASIS and promotes
particles aggregation.

The predominance of chemical interaction between ahlated material and reactive species at
relatively large concentration was further evidehty adding oxidant solutes such agOp] at
concentration of 0.1vol%, or by adding 0.2vol%CHto ethanol. Even a conceptually simple
experiment like this originated different resultg)ose interpretation can be attempted by invoking
the dynamics of LASIS.

The following main stages can be identified in L83i i) the absorption of the laser pulse by the
bulk target (timescale from 0 to ¥, i.e. the pulse duration); ii) formation of a@ha plume
containing the ablated material, which expands th&® surrounding liquid, accompanied by the

emission of a shockwave (timescale from"df ca. 10 s); iii) cooling of the plasma plume and

14
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release of its energy to the liquid solution, wgmeration of a cavitation bubble which expands in
the liquid and then collapses, by emission of @sdshockwave (timescale from3.@ 10* s).

The formation of NPs, which is believed to takecpldy nucleation, nuclei growth and nuclei
coalescence, occurs between stages ii) and lilstead, only minor processes of slow growth and,
eventually, agglomeration and chemical reactions@m temperature occurs after stage iii).

The achievement of AuFe metastable nanoalloysaah ri@mperature and pressure is possible only
by the fast cooling rate in stages ii) and iiihetwise the thermodynamically stable phases would
prevail (i.e. pure gold and pure iron, or iron axid oxidising environments§: 22

On the other hand, it is important to point out tehen NPs formation occurs in stages ii) and iii)
there are 4 main gradients in time and space adedcio the 4 parameters which primarily
determine the phase and structure of NPs (Figufétéinperature (T), pressure (p), concentration
of the ablated material (§ and concentration of solution speciess)(Cn fact, due to the
hemispherical symmetry of the laser ablation phestan the gradients of these 4 parameters are
not uniform in space neither constant in time: @hil p and @ increase by approaching the laser
spot on the bulk target,sGlecreases. In addition, the formation of a caweitabubble induces a
spatial discontinuity in the gradients of theseafligmeters and may originate non monotonic spatio-

temporal profiles.
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Liquid Solution | Laser Pulse

Cavitation
Bubble

Plasma Plume

Bulk Target Shockwave

Figure 6. Sketch of the main phenomena involved in LASiSeraAbsorption of the laser pulse, a
plasma is generated above the bulk target, whigases heat to the surrounding liquid promoting
the rise of a cavitation bubble. Absorption of tager pulse also generate a shockwave propagating
in two opposite directions. Four main parameters loa identified, whose gradients are rapidly
varying in time and space: temperature (T), pres$p), concentration of target species(@nd
concentration of solution speciessfCFrom ref.23.

Recently, small angle x-ray scattering was usecpédorm seminal investigations about the
localization of NPs in the surrounding of the catidn bubble?® ** The results showed that only
part of the NPs are located inside the cavitatiobble, i.e. in the gas phase, whereas part of the
NPs travels with the expanding front of the bubbled, hence, are surrounded by a liquid
environment? ' This observation is crucial to understand the raeigm of formation of NPs
because: i) & inside the bubble is larger thar,@e. chemical reactions with solution species are
more probable outside the bubble; ii) the heatsfienrate in gas is lower than in liquid, i.e. ¢ogl

of NPs is more rapid outside the bubble and NPg/irends earlier.

In particular for the metastable AuFe nanoalloybere iron atoms are prone to oxidation, the
formation of the bimetallic phase is possible obly limiting the probability of reaction with
oxidising species. At the same time, XPS measuresnehowed that surface iron atoms are
oxidised, forming a mixed passivating layer of ahétu and iron oxide which protects the metallic
interior of the particle at room temperature alsaxidising environments such as in pure water.
Numerical calculations showed that, at the nanesthé surface has a relevant stabilizing effect on

metastable phasé$,>thus it is likely that surface passivation helpshe stabilization of the inner

16



Page 17 of 25 Physical Chemistry Chemical Physics

AuFe metal alloy. However, if the temperature (thee atomic mobility) of NPs is large, surface
oxidation does not produce an efficient passivasffgct, and the metal phase is impoverished in
the most oxidizable element, which can migrateht® durface and there remains after oxidation.
Hence, a crucial role on the final composition atrdcture of AuFe alloy NPs is played by particles
temperature when they pass from the gas/plasmaroamvent to the most oxidising liquid
environment.

Based on the above discussion, our experimentsiffareaht chemical environments can be
classified in four synthetic conditions progresimeariable from the most conservative to the most

hostile for the formation of the AuFe metastablaoaloys:

1) Ethanol/HO, (Figure 7a-b). During LASIS, temperatures of thden of 16 K are generated in
the ablation site, well above the threshold faiORHthermal decompositiof. Therefore, HO,
decomposition into O and Q is possible in the hot area around the ablatitey generating an
extra vapor pressure to be summed with that alrpaatyuced by solvent heating.

The physics of cavitation bubbles is describednayRayleigh-Plesset equation, which is a function
of the surface tension and the pressure differeetgeen liquid and the bubble interior, with minor
contributions from liquid density and viscosifyAccording to the Rayleigh-Plesset equation, the
increase of the internal pressure of the bubbleesponds to an increase of bubble size at any timc
during the cavitation process. *® Hence, the extra vapor pressure originated byD,H
decomposition contributes to the formation of aiteon bubble with larger size, and this
increases the probability that NPs are includeithénbubble instead of travelling in the liquid phas
on bubble front. Inside the bubble, the concertratbf solution species is lower and there is a
lower chance that iron oxidation occurs, thus AaHey can form. Since surface oxidation and
particle cooling are slower than in liquid, duethe lower G in the gas phase, nuclei growth and
coalescence is possible for a longer time and di@vs the production of NPs larger than in
ethanol/N. Conversely, NPs located in the liquid phase detshe gas bubble undergo to rapid
guenching and limited coalescence, and their 8imd will be smaller.

Since we observed lower surface oxidation thartharel/HO and water/KHO, samples, it is likely
that NPs of the ethanolf®, sample are relatively cold when they reach theidigphase, so that
only surface passivation with a protective effattloe inner metal phase occur.

One can not exclude also that the oxidising efficad H,O, is diminished by thermal
decomposition? In any case, the overall low concentration of @it species is favourable for

the formation of alloy NPs during LASIS.
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2) Ethanol/N (Figure 7c). In this case, the cavitation bubbées Hordinary” size and growth
dynamics, because the extra vapor pressure diretmal decomposition of J, is not present in
ethanol/N. Therefore, it is likely that NPs form part insided part outside the cavitation bubble,
similarly to what observed in réf.>. Due to the low €and cooling rate inside the bubble, larger
NPs are formed by coalescence of hot nuclei, waty Yow chance of iron oxidation. Conversely,
in the liquid solution, the cooling rate is mor@ichand NPs growth is quenched to lower size thar
in the gas phase. In addition, it is also posditie the larger concentration of oxidant specieén
liquid phase (such as,B and residuals Ocontaminants) produces a faster passivation of NPs
surface, which hampers nuclei coalescence ancclggrigrowth. This can explain why NPs size is
lower than in the ethanolf@, sample. The presence of some particles with iteegnd corral-like
shape is also compatible with the interruption w€lai coalescence by the rapid quenching and/or
passivation in liquid. However, the final size a@istition is lognormal, suggesting that no drastic
differences exists between NPs formation inside ami$ide the cavitation bubble, otherwise a
bimodal size distribution would be obsen/édn fact, the overall low concentration of oxidant
species is favourable for the formation of alloydNgiven the overall fast formation kinetics of
LASIS.

3) Ethanol/HO (Figure 7d). Fluidodynamic and thermodynamic prtips of ethanol with 0.2vol%
of H,O are basically equal to that of pure ethahdlence the dynamics and size of the cavitation
bubble is not different from the ethanoj/sblution, and NPs are located both inside anddritbe
cavitation bubble as in the previous case. Howeer,concentration of oxidising species during
NPs formation is larger than in ethanal/Mue to the presence ob® molecules, which makes
possible the formation of iron oxides and hydrogide

In case of the ethanolf®, solution, where the majority of NPs is supposedoton inside the
cavitation bubble and the concentration of oxidantecules is larger than in ethanal®solution,

no iron oxide shells or nanocrescents were obserSette in ethanol/tD sample, iron oxide
nanocrescents and small NPs are found, with bimeda distribution, we speculate that iron
oxidation is especially favoured in the liquid pha®/e suppose that the growth of NPs outside the
cavitation bubble is rapidly interrupted at sizessmall as few nm by the formation of iron oxide
and hydroxides on their surfa&e® **The formation of iron oxides and hydroxides is enbkely
here than in ethanolANwhere HO can be present only as trace impurity.

Besides, experimental evidences suggest that Alié [dPs obtained in ethanol{® have iron
content similar to NPs in ethanof/Nind ethanol/kD,. This supports the hypothesis that alloy

nuclei form in the first instants of LASIS in alhges, namely before the formation of a cavitation
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bubble, when T, p andyCare high while gis low (and oxidant concentration i G lower than in
water).

Regarding the fraction of larger NPs which are sgpp to form prevalently inside the cavitation
bubble, they arrive in the liquid phase with inertemperature and atomic mobility high enough to
react with water molecules. In this case, the asgtrim structure of the iron oxide crescent,
observed by TEM, may be the trace of the transiatidynamics of NPs from the ablation site to
the surrounding liquid phase, or just the imprih€Cg gradient. The iron oxide crescent do not form
in ethanol/N because there are ng® molecules. In ethanol, the iron oxide crescent is not
observed likely because the cavitation bubble ngelaand NPs spend more time in the gas phase
before encountering the liquid, hence nanoallysshave to cool down before meeting the oxidant
molecules in solution.

The occurrence of two NPs formation regimes (nside and outside the cavitation bubble) are

evidenced by the bimodal NPs size distribution.

4) Water/BO; (Figure 7e). This is the sample obtained in thetoaidising conditions, in fact NPs
show a thick iron oxide shell embedding metal N whe lowest content of iron among all the
samples. Thermal decomposition gfC] can sustain cavitation bubble growth and expansisiin

the ethanol/HO, solution. However, water has larger surface temsiwmeat capacity, vapour
pressure, density and viscosity than ethanol, hdresize of the cavitation bubble is lower than in
ethanol/HO, at parity of laser pulse energy. In any cased#resity of oxidant molecules inside the
cavitation bubble and before bubble formation &sldrgest of all the four cases considered, and the
chance of reaction with iron already in the firstaiter laser ablation is very high.

NPs outside cavitation bubble readily react witgOHand HO, molecules, forming a network of
iron oxide and hydroxide which block particles gthwo a size of only 2-4 nm. Larger NPs, which
form inside the cavitation bubble, have the chandateract with solvent species in the subsequent
stage of formation, when atomic mobility is largeoegh to form the thick iron oxide shell around
the iron-poor metal core. The final size distribatiis bimodal due to the different growth

mechanisms of NPs inside and outside the cavitétituble.
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Figure 7. After target ablation and nucleation (a), NPs fation prosecute in different ways
depending on the chemical environment selected Lib&iS of the nanoalloys: b) NPs in
ethanol/HO, forms prevalently inside the cavitation bubble,ichhis larger than in the other
samples, with scarce probability of iron oxidatigiglding the largest NPs among the four samples
and monomodal size distribution. ¢) NPs in ethasyofbrms both inside and outside the cavitation
bubble, with scarce probability of iron oxidatigmelding smaller NPs than in the previous case and
monomodal size distribution. d) NPs in ethangHorms both inside and outside the cavitation
bubble, with moderate probability of iron oxidatj@specially in the later stage of NPs formation,
yielding smaller NPs than in the previous casegjoogescent structures and bimodal size
distribution. e) NPs in waterd@®, forms both inside and outside the cavitation bephlith large
probability of iron oxidation, yielding the smalteblPs among all samples, metal@iron-oxide
nanoshell structures and bimodal size distribution.

Our experiments showed also that NPs productigitgmarkably larger in case of the ethangDH
solution. In LASIS, productivity is connected toaviactors?® 2°i) the efficiency of energy transfer
from laser pulses to the bulk target, and ii) tffeative confinement of the plasma plume on the
target by the liquid solution, which is responsifide plasma ablation of the target. The first facto
depends on the transparency of the solution atlaber wavelength of 1064 nm. All ethanol
solutions have the same absorbance at 1064 nm,vieovderring LASIS the NPs may add a
scattering contribution in the near infrared whidn decrease significantly the fraction of laser
energy delivered to the target. In case of ethbéh@l/we obtained the smallest NPs, therefore it is
possible that their scattering contribution wasligége. This hypothesis is in part supported bg th

generally larger yield of NPs in water solutionsnce we observed lower scattering as a
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consequence of the larger stability and minimiaragation of NPs synthesized in water compared
to ethanol, with the sole exception of the ethahl sample.

The plasma confinement on the target depends orflaldodynamic properties of the liquid
solution, such as density, surface tension anasisc?” * However, these properties are nearly the
same for all ethanol solutions, included the eth&h® sample, and can not justify the remarkable
difference in productivity observed only in one €alsistead, the larger surface tension, density ant'
viscosity of water compared to ethanol are also padrble with a more efficient plasma
confinement and the consequently larger produgtigported in Figure 5, with the sole exception

of the ethanol/LD solution.

Conclusions.

In summary, we investigated the effect of chemaratironment on structure and composition of
metastable nanoalloys generated by laser ablatiofiquid solution. In our experiments we
investigated different synthetic conditions for Li&Ssuch as the use of water instead of ethanol,
the bubbling of inert gases and the addition of e of HO, and HO. The importance of
chemical interactions between solution speciesadiated materials was demonstrated by the fact
that, by changing the composition of the solutidifferent nanostructures were obtained such as
metallic nanoalloys, metal nanoparticles coatedgle nanocrescents or metal@oxide nanoshells.
The results are interpreted with the interactiornthef ablated material with solvent molecules and
with oxidising compounds with concentration above/01%. We also evidenced a negligible effect
from atmospheric gases on the products. Converselytion decomposition is important for the
rise of the cavitation bubble, which affects thealescence and growth of nanoparticles. In
particular, a crucial role is played by the digttibn of NPs inside or outside the cavitation bebbl
which is generated by laser pulses, especially waeget species react with solution species. This
is reflected in the final stoichiometry, in theustiure and in the size distribution of nanoalloys.

The results give important information for the reation of metastable nanoalloys by LASIS, and
in particular suggest that the size and lifetiméhef cavitation bubble should be increased as much
as possible to preserve the alloy composition, dditaon to the obvious consideration that the
concentration of reactive species which can interfgth the alloy stoichiometry should be reduced
at minimum.

These results expand the knowledge about the meschasf formation of nanoalloys by LASIS,
and show how to obtain multielement nanoparticlelsuge interest for nanomedicine, plasmonics,

magneto-plasmonics and catalysis.
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TOC Text and Graph
Metastable nanoalloys, metal-oxide nanocrescerdsnagtal@oxide nanoshells are generated by
laser ablation in liquid solution (LASIS)
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