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Introduction

Physical and chemical parameters determining the
formation of gold—sp metal (Al, Ga, In, and Pb)
nanoalloys

C

Vito Coviello, (2 2 Daniel Forrer, (2 @P Patrizia Canton and

Vincenzo Amendola (2 *@

Alloying is a key step towards the fabrication of advanced and unique nanomaterials demanded by the
next generation of nanotechnology solutions. In particular, the alloys of Au with the sp-metals are
expected to have several appealing plasmonic and electronic properties for a wide range of applications
in optics, catalysis, nanomedicine, sensing and quantum devices. However, little is known about the
thermodynamic and synthetic factors leading to the successful alloying of Au and sp-metals at the nano-
scale. In this work, Au—M nanoalloys, with M = Al, Ga, In, or Pb, have been synthesized by a green and
single step laser ablation in liquid (LAL) approach in two environments (pure ethanol and anhydrous
acetone). To delve deeper into the key parameters leading to successful alloying under the typical operat-
ing conditions of LAL, a multiparametric analysis was performed considering the mixing enthalpy from
DFT calculations and other alloying descriptors such as the Hume-Rothery parameters. The results
showed that the dominant factors for alloying change dramatically with the oxidative ability of the syn-
thesis environment. In this way, the tendency of the four sp metals to alloy with gold was accurately pre-
dicted (R? > 0.99) using only two and three parameters in anhydrous and non-anhydrous environments,
respectively. These results are important to produce nanoalloys using LAL and other physical methods
because they contribute to the understanding of factors leading to element mixing at the nanoscale
under real synthetic conditions, which is crucial for guiding the realization of next-generation multifunc-
tional metallic nanostructures.

elements for any specific physical or chemical property. This
means that the potential range of applications for nanoalloys

In the bulk and at the nanoscale, alloying is one of the most
convenient and ancient strategies to combine the properties of
different elements of the periodic table in a single multifunc-
tional material."* The research of new nanoalloys is in part
motivated by the unique properties exhibited by nanoparticles
(NPs), such as a high surface-to-volume ratio and the presence
of physicochemical processes specific to nanostructures. In
part, new nanoalloys are sought for the range of electronic,
magnetic, optical, catalytic, structural, environmental and
economic advantages brought about by the synergy of different
elements alloyed at the nanoscale.>? Ideally, by looking at the
periodic table, one can identify a proper combination of
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is broad and multi-sectorial."**~® Despite the remarkable pro-
gress in the synthesis of nanoalloys with complex structures,
such as a mesoporous surface,” or with unconventional com-
positions, such as multinary high entropy alloys,® the number
of unexplored compositions remains extremely high.>*°"*
Besides, obtaining multimetallic nanomaterials with a
well-defined composition, size and shape is in most cases
difficult.>>°'" For instance, there are significant issues
related to the structural stability over time and in the operating
environments, and in many cases it is necessary to overcome
the thermodynamic miscibility limits to achieve the desired
composition.>'>"*  Furthermore, obtaining homogeneous
structures, such as solid solution (SS) or intermetallic nanoal-
loys, may be hampered by segregation due to immiscibility
and/or by passivation due to different chemical reactivities of
one of the elements with the surrounding environment,
leading to heterostructures (i.e. core-shell, Janus) or even
amorphous Nps,”'*8
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The prediction of alloying versus dealloying or passivation
is still under debate, for instance concerning the preferential
tendency of one specific element to create a shell or to segre-
gate, and important results were obtained in describing the
behaviors of various nanoalloys."®** Guisbiers et al. proposed
two general rules to identify the element that segregates in a
bimetallic alloy based on the melting temperature and surface
energy in the pure elemental state.”! The first rule states that
the element with the highest bulk melting point will segregate
to the surface if the difference between the melting tempera-
tures of the two bulk elements is larger than 10% of the
highest melting point. If the difference is <10%, the surface
segregation depends on the surface energy of the massive
material, leading to surface segregation of the element with
the lowest surface energy.”"*® Despite multiple pieces of evi-
dence about their applicability, these rules are not valid for all
possible nanoalloys, and some exceptions have also been
demonstrated,”** as expected, considering the complexity of
the problem. Regarding the morphology and topology of bi-
metallic NPs, intense computational efforts have been devoted
to understanding the chemical ordering and the structural
evolution by using DFT calculations and Monte Carlo
simulations.'®**?*?57 These efforts received several experi-
mental confirmations, indicating the good accuracy of the
theoretical results.'®?*?>?*?7 Clearly, not all real-world fea-
tures can be considered, such as the presence and types of sol-
vents in colloidal synthesis or the oxidation path promoted by
the environment. Accounting for these aspects is challenging
or impossible in terms of computational capabilities and
identification of an accurate multiscale modelling framework
for the complex synthetic methods.>*'92%22:25-28 Gonsequently,
much uncertainty remains about the predictability of nanoal-
loy formation under real synthetic conditions, and it is still
not well understood how the latter introduce additional vari-
ables and other competitive processes against alloying.

Contributing to the predictability of nanoalloy formation
under real synthetic conditions is especially important for
the alloys of noble metals like Au with other non-noble
elements. The alloys of Au with other coinage or noble metals
have found a wide range of applications in optics, catalysis,
nanomedicine, sensing and quantum devices.*>*>?3° To date,
gold NPs have been a hotspot of research endeavors due to
their properties and applications, but Au is also listed among
the rare metals due to its limited Earth abundance, and limit-
ing its use by partial replacement with Earth-abundant
materials, as in a nanoalloy, is a necessity nowadays.!
Beyond the well-known bimetallic NPs with coinage metals
such as Cu®>*? and Ag*'?*° or noble metals such as Pt>***’
and Pd,***® many studies have also considered Au alloys with
d-metals such as Fe,'>'® Co,'®*° and Ni.*®*! These nanoal-
loys are interesting for plasmon-enhanced photocatalysis,®
magneto-optics,*” or theranostics,"® but they suffer from the
strong damping of the localized surface plasmon resonance
(LSPR), which limits their optical properties with the excep-
tion of Au-Ag and Au-rich Cu NPs.>*® Identifying new Au
alloys that reduce the content of the precious metal in favor
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of Earth-abundant compounds, while retaining appreciable
optical and plasmonic properties or introducing even new or
improved features, is still challenging. To this end, the sp-
metals are good candidates®**® because aluminum,*®*’
gallium,*®>° and indium*®°" are already well-known for their
good plasmonic properties and quality factors.”>*> Recently,
due to the low melting point of Ga and In, Clarysse et al. pro-
posed an amalgamation-seeded growth to synthesize inter-
metallic nanocrystals of Au-Ga, Ag-Ga, Cu-Ga, Ni-Ga,
Pd-Ga, Pd-In, and Pd-Zn with good size and compositional
control.'* They display a particular control toward the
production of Au-Ga intermetallics with a predetermined
composition and a narrow size distribution. Fonseca Guzman
et al exploited, instead, the seed-mediated method to
produce Au-Ga and Au-In NPs.'® They were able to obtain
Au-In alloy NPs with ~9% In and with detectable traces of
Ga. Despite the low amount of these metals in the NPs, the
shift of the LSPR position towards the UV region was
observed, confirming the interest in these binary NPs for the
study of optical properties.

In this work, the synthesis of four alloy nanosystems
(Au-Al, Au-Ga, Au-In, and Au-Pb) using a single-step pro-
cedure based on laser ablation in liquid (LAL) is investigated.
The purpose of employing this series of metals is to study
their effect on the composition, structure and morphology of
the products as we move along the 13™ group. Lead is pre-
ferred over thallium to avoid the use of a highly toxic material
with scarce interest for real applications,”® while maintaining
the most similar size, weight, and electronic configuration.
LAL is currently one of the reference techniques for the green
and straightforward preparation of colloids of nanoalloys with
conventional (e.g. Au-Ag®® and Au-Cu®*) or unconventional
(e.g., immiscible elements such as Au-Fe,'>'*°>°¢ Ag-Fe,>
Ag-Co,”® and Au-Co'®?*°) composition. In addition, LAL has
other advantages such as being a green, low-cost and self-
standing process.'>>*% Regarding Al, Ga, In, and Pb, these
elements form intermetallic phases or are miscible with Au,®!
but also form stable oxides with a strongly negative standard
formation enthalpy.®> Therefore, oxidation and passivation at
the surface of NPs, as well as segregation due to the oxidation
of the sp metal during the synthesis, may occur. This aspect
is elucidated in our study by using anhydrous (acetone) and
non-anhydrous (ethanol) liquid environments routinely
exploited for the LAL of nanoalloys.'>!6718:3%:58,63,64 The
different results in the composition and size of the Au-M
nanoalloys have been studied with a multiparametric analysis
to identify the leading physical and chemical descriptors for
the synthesis process. In this way, important indications
emerged on the production of nanoalloys by LAL and other
physical methods with similar conditions such as pulsed
laser deposition or sputtering techniques in reactive gaseous
environments. In addition, our study contributes to the
understanding of factors leading to element mixing at the
nanoscale under real synthetic conditions, which will be
crucial for guiding the realization of next-generation multi-
functional metallic nanostructures.

This journal is © The Royal Society of Chemistry 2024
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Experimental methods
Synthesis

Au NPs and Au-M (M = Al, Ga, In, or Pb) alloy NPs have been
obtained by LAL synthesis according to a previously estab-
lished procedure.’® In brief, pulses generated from a 1064 nm
Nd-YAG laser (50 Hz, 6 ns) have been focused with a lens
(f 10 cm) at a fluence of 9.5 ] cm™> on the bimetallic Au-M
75-25 at% alloy targets (from Mateck GmbH, purity >99.9%).
The target compositions were as follows: for Au-Al: AlAu, 40.2
+ 1.0 wt% and Al;Aug 59.8 + 1.0 wt%; for Au-Ga: Au,Ga 9.3 +
1.0 wt%, Au,Ga, 12.4 + 1.0 wt%, and AuyGa 78.3 * 1.0 wt%; for
Au-In: Au,In; 21.8 = 1.0 wt%, AusIn 30.9 + 1.0 wt%, Au,oln,
27.6 = 1.0 wt%; and Augln 19.7 + 1.0 wt%; and for Au-Pb:
AuPb, 15.7 + 1.0 wt%, Au,Pb 58.4 + 1.0 wt%, and Au 25.9 +
1.0 wt% (assessed by Rietveld refinement of the X-ray diffrac-
tion patterns; see below).

All syntheses were conducted in either ethanol (HPLC
grade, purity >99.8%, water <0.2%, from Sigma Aldrich) or
anhydrous acetone (purity >99.8%, water <0.01%, from VWR)
under a constant Ar atmosphere. The ablation cell was
mounted on a motorized XY scanning stage (Standa) equipped
with a 2-axis stepper and a DC motor controller, and the
targets were moved in a spiral path with a 6 mm diameter
during the synthesis, which lasted 90’ in all cases. Then, 7 mg
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Fig. 1
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of thiolated polyethylene glycol (PEG-SH, 2000 Da, Sigma-
Aldrich) were added to the batch colloidal solution to improve
the stability of NPs, and the mixture was placed in an ultra-
sonic bath for 30’ to ensure NPs coating with PEG-SH.
Afterwards, the colloidal solution was concentrated at a
volume of ~5 mL using a rotavapor at 40 °C. The concentrated
colloid was transferred into water and excess PEG was removed
by dialysis with 10 kDa concentration membranes (Sartorius)
at 750 rcf. The water environment is chosen to ensure optimal
colloidal stability for the PEG-coated NPs. A schematic illus-
tration of the synthetic procedure is provided in Fig. 1.

Characterization

Standard transmission electron microscopy (TEM) analysis
was performed using an FEI Tecnai G2 12 transmission elec-
tron microscope operating at 100 kV and equipped with a
TVIPS CCD camera.

High-resolution TEM (HRTEM) and electron diffraction
analyses were performed using a JEOL JEM-F200 TEM
equipped with a cold FEG gun and operating at 200 kV in
HREM and diffraction modes. Diffraction patterns were col-
lected in both selected area electron diffraction mode (SAED),
sampling a wide area in the specimen, and nano beam diffrac-
tion mode (NBD) when collecting diffraction data from a
single particle or a group made of a few particles.

Nd:YAG Laser Source
(1064 nm, 50 Hz, 6 ns)

Au(75)M(25)
alloy target

PEG-Au-M NPs
% colloids in H,0
A~ XY
PEG-SH o /%
Dialysis
H,0 %

Illustration of LAL of bimetallic targets of Au alloyed with Al, Ga, In, or Pb in ethanol or anhydrous acetone. After the laser synthesis, NPs are

functionalized with PEG-SH (2000 Da) and transferred to water by dialysis for their characterization.

This journal is © The Royal Society of Chemistry 2024
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To prepare the sample, a drop of the colloidal solutions was
deposited on a copper TEM grid coated with an amorphous
carbon holey film. The size histograms of all samples were
obtained by analyzing the TEM images with the automatic
script particlesizer implemented in the Fiji software.®”> A
minimum of 500 NPs were counted from at least 10 different
images per sample, with a convexity threshold value set at 0.99
and a size threshold value at 1.5 nm, i.e., just above the resolu-
tion of the TEM for standard imaging.

Additional morphological inspection and elemental ana-
lyses were performed with scanning electron microscopy
(SEM) coupled with energy dispersive X-ray analysis (EDX)
using a Zeiss HD microscope equipped with an FEG source
operating at 5 keV (to avoid melting of the samples during the
analysis), an Oxford Instrument EDX detector, and working in
energy dispersive mode for X-ray microanalysis. The spectra
were collected on the same samples deposited on the TEM
grids.

UV-vis spectra were obtained using a Jasco V-770 spectro-
photometer, employing a quartz cuvette with a 2 mm optical
path. X-Ray powder diffraction (XRD) analyses were performed
on the samples deposited on silicon substrates by drop-casting
followed by drying at room temperature. The diffractograms
were recorded using a Panalytical XPERT-3 diffractometer
equipped with a Cu anode (40 kV, 40 mA). The crystalline
phases were identified by the Rietveld refinement of the XRD
diffractograms using the TOPAS V6 software and the COD
database.

DFT calculations

Density functional theory (DFT) calculations were performed
in order to compute the mixing enthalpy of the alloys.
Calculations were performed with a plane-wave-pseudopoten-
tial approach using the Quantum ESPRESSO®® package. The
PBE®” exchange-correlation functional was adopted and ultra-
soft pseudopotentials from the GBRV library®® were used.
Plane waves and electron density cut-offs were set to 35 and
300 Ry, respectively. All structures were relaxed until total ener-
gies were converged within 10~ Ry, forces were lower than
10~ Ry Bohr™ ", and stress was lower than 0.5 kbar. Alloys were
modelled using a 2 x 2 x 2 supercell containing 32 FCC sites,
where sp atoms occupied sites with only Au atoms as nearest
neighbors. A fixed composition of 12.5 at% of the sp element
was chosen. The mixing enthalpy was calculated as follows

AHpix = Epu,x,, — NEau — MEX

where X = Al, Ga, In, or Pb, E,, x, is the total energy of the
alloy model, and E,, and Ex are the total energies of the atoms
in their elements.

Results

It is well known that the nanosecond LAL of alloy targets in
liquid usually produces NPs with composition different from
the ablated target.'?'6718:35:63,:64.89 1n the NPs obtained from
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gold alloy targets, this is associated with the depletion of the
non-noble metal, as a result of its reactivity with oxidizing
species, even at trace levels in the solution, and immiscibility
with Au in the case of metastable alloys.**°>°%°% In these
cases, metal NPs are mixed with non-metallic compounds (less
electron opaque),®® which are usually eliminated after the LAL
with dedicated washing procedures.*>*®*® To this end, Au
nanoalloys with Al, Ga, In or Pb have been synthesized in two
standard solvents (ethanol and anhydrous acetone) for LAL of
multimetallic NPs, with comparable physical and chemical
properties”””" but with a different content of water (<0.2% for
ethanol and <0.01% for anhydrous acetone). In this way, the
role of sp metal oxidation can be better elucidated, because it
is evident from the morphology of the nanostructures in the
TEM images of the ten samples (Fig. 2). A majority of the NPs
have a spherical shape (Fig. 2A and D), although some
elongated particles are observed, with a higher frequency in
the Au samples. Several submicrometric (~500 nm) non-metal-
lic particles are found in the sample of Au-Pb NPs obtained in
ethanol, while these particles are less frequent in the Au-Pb
sample obtained in acetone. Monomodal size distributions
have been obtained for all samples (Fig. 2B and E) and these
results are consistent with the use of nanosecond lasers, indi-
cating that the ablation mechanism is the same for all alloys
and in both solvents,'>'7?>3%60:6472 The NPs are larger in
ethanol for Au-Al, Au-Ga and Au-In but not for Au-Pb, while
the size of Au NPs obtained in the two liquids is the same. The
mean sizes obtained from the size histograms for the NPs syn-
thesized in acetone are respectively 7 + 4 nm (Au), 11 + 9 nm
(Au-Al), 22 + 8 nm (Au-Ga), 16 + 5 nm (Au-In), and 17 + 8 nm
(Au-Pb), and in ethanol, the sizes are respectively 7 + 2 nm
(Au), 14 + 11 nm (Au-Al), 26 + 13 nm (Au-Ga), 22 + 14 nm (Au-
In), and 12 + 6 nm (Au-Pb). To better visualize these results, a
comparison of the mean size with the standard deviation is
shown in Fig. 2G, depicting that the size trend is increasing
from Au to Au-Ga and decreasing from Au-Ga to Au-Pb in
both anhydrous acetone and ethanol. According to this
finding, the average size of the NPs generated by LAL seems
primarily dependent on the sp metal mixed with Au. SEM-EDX
spectra (Fig. 2C and F) of the same deposited NPs analyzed via
TEM consistently show a clear Au M-line peak and the charac-
teristic emission lines of the sp alloying metal (Al-Ka, Ga-La,
In-La, Pb-M-line).

It is well known that the composition of Au alloys affects
the LSPR intensity and position compared to that of pure Au
NPs, usually causing the damping of the plasmon band and
its blue- or red-shift.>**>*%** Hence, taking advantage of the
PEG coating and the stability in aqueous solution, the optical
properties of the ten samples were measured and reported in
the range of 200-1200 nm to obtain evidence of alloying
(Fig. 3). It is worth noting that the absorption spectra of the
nanoalloys extend also to the UV region without any overlap
with the intense UV absorption bands of other organic com-
pounds, such as acetone used for LAL or stabilizing agents
and byproducts usually adopted in wet-chemistry approaches.
In fact, the LAL synthetic procedure allowed the transfer of the

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr04750d

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 11 January 2024. Downloaded on 12/5/2025 12:22:18 PM.

(cc)

Nanoscale

Fraction (%)
8

Acetone anhydrous

Fraction (%)

0
0 10 20 30 40 50 60 70 800

Diameter (nm)

10 20 30 40 50 60 70
Diameter (nm)

Diameter (nm)

10 20 30 40 50 60 70

20 30 40 50 60 70
Diameter (nm)

A)
oY { 'Y 3
B) . [T
® ) 11+9nm 17 +8nm

Diameter (nm)

10 20 30 40 50 60 70 80

View Article Online

Paper

c)m Au 150 Au-Al 1.50 Au-Ga 150, —— Au-In 150 Au-Pb
—~ 125 o - 125 A 3 125 Mg 125 AUM 3 125 AuM
& 100 & 10 / © 100 & 100 & 10
@ ors @ o] ALKa I\ @ ors @ ors @ o7
g 050 g 0.50 \ g 0.50 g 050 g 0.50 Pb-M
o o A ]\ 5] - o o -
O oz O ozl /) G oz OOl O o2 In-Lo O oz \M
10 15 20 25 30 ° 10 15 20 25 A;O ° 05 10 15 20 25 15 20 25 30 35 40 00 20 25 30
\ Energy (keV) Energy (keV) Energy (keV) Energy (keV) Energy (keV) /
D)
E) .- i T . e [
g” 7+2nm S 18:1iom  F 26:130m T 2:140m T 12:6nm
c c c c c
L2 S0 Q2 Q2 2
k] k] B k] k]
i S S S S
w w w w w
10 10 10 10
0 0 Lotas 0 0 0
10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80 O 10 20 30 40 50 60 70 80
Diameter (nm) Diameter (nm) Diameter (nm) Diameter (nm) Diameter (nm)
F. o S
18] AU —~ 125 u- AuMo —~ 125 u-
© 100 AuMa 3 10 N 2 / Au-M
@ o7 @ o7 I @ \
€ € | € \
3 0% 3 0% I 3
O o2 O 025\ o Pb-M
10 15 20 25 30 10 15 20 25 30 ° 05 10 15 20 25 15 20 25 30 35 40 20 25 30
K Energy (keV) Energy (keV) Energy (keV) Energy (keV) Energy (keV) j
G) 4o 40
o 35 ]—H— Acetone anhydrous 0 35 J—H— Ethanol
N N
»n 30 »n 30
c c
5 o 5 o AN
E e / if’/ E 20 \
& 10 P & 10 _—
Z 5 Z 5 u
o +vr——-"FF—"-+—F—"—7—"—7— O —
Au Au-Al Au-Ga Au-In Au-Pb Au Au-Al Au-Ga Au-In Au-Pb

Fig. 2 TEM images (A, D), size histograms (B, E), and EDX spectra (C, F) obtained for the Au, Au—Al, Au—-Ga, Au-In, and Au—-Pb NPs (from left to
right) synthesized in acetone (red panel) and in ethanol (black panel). The particles are prevalently spherical and well dispersed with a monomodal
size distribution. In the Au—Al, Au—Ga, Au—In and Au—Pb samples, non-metallic phases are also found. The EDX spectra show the Au M-line and the
characteristic lines of the other sp metals. (G) Average size and standard deviation for the bimetallic NPs obtained in anhydrous acetone and ethanol.

NPs to water by dialysis just after coating with a non-absorbing LAL avoided irreversible NP agglomeration, which is a
polymer. On the other hand, the near-zero absorbance of all common drawback of physical synthesis methods.® The LSPR
samples in the near infrared range (Fig. 3) demonstrates that of the bimetallic NPs is always less intense compared to those

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024,16, 4745-4759 | 4749
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Fig. 3 UV-vis spectra of aqueous solutions of the Au and Au—sp metal NPs obtained in anhydrous acetone (A) and ethanol (B). The LSPR intensity
of bimetallic NPs is comparable to or lower than that of pure Au NPs, despite the smaller size of the latter, which is an indication of alloy formation
or other structural modifications. The LSPR shift is also evident in several samples by comparison with the vertical line centered at the LSPR of pure

Au NPs. All spectra were normalized at 400 nm for ease of comparison.

of the Au NPs. This is indicative of alloying because the Au
NPs are small compared to the nanoalloys (Au ~7 nm versus
alloys ~12-27 nm), and the LSPR intensity is known to
increase with size in pure gold NPs.” In addition, the LSPR
position is often shifted in the bimetallic NPs obtained in
acetone (Au: 523.5 nm; Au-Al: 521 nm; Au-Ga: 516 nm; Au-In:
512 nm; and Au-Pb: 516 nm) and in ethanol (Au: 522.5 nmy;
Au-Al: 528 nm; Au-Ga: 522 nm; Au-In: 497.5 nm; and Au-Pb:
513 nm), with a remarkable blue shift of 25 nm observed for
the Au-In NPs in ethanol.

To further confirm that the sp metals are alloyed with gold
and identify the alloy phase among the various possibilities
(substitutional SS, intermetallic compound, or phase-segre-
gated), the XRD patterns of the ten dried colloids were col-
lected and the phases were identified through the Rietveld
refinement (Fig. 4). In all samples, at least one substitutional
alloy or intermetallic phase was detected, confirming the pres-
ence of the nanoalloys. However, the composition of each Au-
sp metal alloy was different in anhydrous acetone and in
ethanol. For the Au-Al NPs in acetone, the diffractogram

4750 | Nanoscale, 2024,16, 4745-4759

shows a good fit with the FCC Fm3m phase of pure Au (38 +
3%), the cubic P2,3 phase of AlAu, (15 + 2%), and the trigonal
R3¢ phase of Al;Aug (47 + 5%); in ethanol, instead, only the
pure Au FCC (75.6 = 0.6%) and the trigonal R3¢ phase of
AlzAug (24.4 £ 0.6%) are found. The XRD pattern of Au-Ga NPs
in acetone shows a good fit with the intermetallic hexagonal
p62m phase Au,Ga, (32 + 1%) and the cubic substitutional
Fm3m phase AugGa (68 + 1%); for ethanol, instead, the same
two phases (Au;Ga,: 59 + 1%; AugoGayo: 26 + 1%) are present
together with pure gold (15 + 1%). The samples of Au-In NPs
are the only ones without pure gold phases in both solvents,
since the XRD pattern for acetone was fitted with the FCC
Fm3m phase Augln (73.9 + 0.5%), the orthorhombic Pmmn
intermetallic phase AuzIn (21.3 + 0.4%), and the cubic P43m
phase Augln, (4.8 + 0.1%), while the phases identified in the
Au-In NPs synthesized in ethanol are the FCC Fm3m phase of
Augln (75 + 3%) and the hexagonal P6s/mmc phase of Au,In
(25 + 3%). Lastly, the XRD pattern of Au-Pb NPs in acetone is
composed of pure Au (78.5 + 0.7%), the trigonal R3m phase of
hydrocerussite (19.1 + 0.6%), and the cubic Fd3m phase of

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (A and B) XRD diffractograms (black solid lines) for the NPs in anhydrous acetone (A) and ethanol (B). The Rietveld refinements are indicated

as dotted lines. (C) Table with the phases identified in the ablation targets and the NPs obtained in anhydrous acetone and ethanol.

Au,Pb (2.4 + 0.5%), while in ethanol the refinement identified
Au (25.6 = 0.9%), hydrocerussite (68.6 + 0.9%), Au,Pb (4.7
0.5%), and also traces of the orthorhombic Phcm phase of PbO

This journal is © The Royal Society of Chemistry 2024

(1.0 £ 0.2). It should be noted that the various SS and interme-
tallic phases are partly present also in the original targets used
for LAL, as shown in Fig. 4C. The comparison between the
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target and the NP composition indicates a higher tendency
toward oxidation and dealloying in the Au-Al and Au-Pb NPs
in ethanol than in anhydrous acetone, while the Au-Ga and
Au-In NPs appear less sensitive to the solvent type. In particu-
lar, the analysis of the XRD patterns confirmed the presence of
submicron non-metallic particles observed from TEM images
of Au-Pb samples, which can now be ascribed to hydrocerus-
site (Pb3(CO;),(OH),). During LAL, Pb(u) ions form lead car-
bonate (cerussite) with the CO, dissolved in the solvents
despite the Ar atmosphere, and the cerussite converts into
hydrocerussite when the samples are transferred to water. The
interaction of metal NPs with hydrocerussite and PbO can have
an effect also on the optical properties, as shown in Fig. 3.

It is worth noting that the NPs obtained by LAL have a rela-
tively broad size distribution; hence, the composition obtained
from the XRD analysis is the average composition of the
sample, while it does not give information about the possi-
bility that the chemical composition changes with the size of
the NPs.

View Article Online

Nanoscale

Therefore, alloying was also assessed at the nanoscale
using SAED (Fig. 5A), NBD (Fig. 5B) and HRTEM (Fig. 5C) on
the samples obtained in anhydrous acetone, which are those
with the highest fraction of Au-sp metal phases. HRTEM ana-
lysis evidenced the polycrystalline structure of the NPs, which
is also systematically observed in single-element metal
particles obtained by LAL.">”%®® Consequently, the SAED pat-
terns on groups of NPs are rich in reflections coming from
different crystalline domains, even inside the same particle.
Nonetheless, it was possible to identify the reflections of the
various Au-sp metal alloys previously identified using XRD
analysis, where there is no ambiguity about the discrimination
from the pure Au FCC reflections. This includes the AlAu,
phase with space group P2,3, the Au,Ga, phase with space
group P62m, and reflections compatible with both the AuzIn
phase with space group Pmmn and the Augln, phase with
space group P43m. In the case of the Au-Pb sample, the very
low abundance of the alloy compared to that of pure Au and
hydrocerussite does not allow for the unambiguous identifi-

(A) SAED

»

== (111) AuFEC

Au-Pb NPs

(B) NBD

Au-Pb NPs

Fig. 5 SAED (A), NBD (B) and HRTEM (C) analyses of the samples of NPs obtained in anhydrous acetone, showing most of the structural features
ascribable to the Au—sp metal alloys previously identified with XRD on the powder samples.
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Fig. 6 (A) Molar fraction of gold in the NPs obtained in anhydrous acetone (red) or ethanol (black). In acetone, the gold content increases with the

period of the sp metal, from Al to Pb. In ethanol, the same trend is observed with the exception of Au—Al, which are found to be richer in Au com-
pared to Au—Ga and Au-In. (B and C) Plots of the average experimental fraction of the sp metal (in anhydrous acetone, B, and in ethanol, C) versus
the mixing enthalpy calculated with DFT for the four Au—sp metal alloy systems, considering a reference composition of 12.5 at% of the sp metal
and the Au-like FCC lattice. Note that all alloys have a negative mixing enthalpy except for Au—Pb.

cation of the Au,Pb phase in the SAED and NBD patterns, but
it was possible to find a match with HRTEM of a single Au-Pb
NP, exhibiting the interplanar distance and the Hanning
masked FFT pattern of the Au,Pb phase with space group
Fd3m. Overall, the NBD and HRTEM results, along with the
Hanning masked FFT patterns on selected nanometric
regions, further confirmed, at the single NP level (Fig. 5B and
C), all results obtained by SAED on groups of NPs and by XRD
on the powder samples.

To better summarize the efficacy of alloying inferred from
the quantitative analysis of the XRD results, the molar ratio
between Au and the other sp metal in the metallic state is pre-
sented in Fig. 6A. The molar fraction of Au has been calculated
by summing the mols derived from the pure gold phase and
from the intermetallic and the SS phases. The calculated
average elemental compositions of the bimetallic NP samples
are Au(83)Al(17), Au(86)Ga(14), Au(86)In(13), and Au(98)Pb(2)
in anhydrous acetone and Au(91)Al(9), Au(84)Ga(16), Au(89)In
(11), and Au(93)Pb(7) in ethanol. The results show a trend in
the gold content versus the sp metal. In acetone, the compo-
sition becomes more gold-rich going from Au-Al to Au-Pb
NPs. A different trend appears in ethanol, where the gold
content increases from Au-Ga to Au-Pb NPs, with the excep-
tion of Au-Al NPs where the gold content is higher than in
Au-Ga and Au-In NPs. As summarized in Fig. 64, in all
cases starting from a target with 75 at% of gold and 25 at% of
the sp metal, nanoalloys with a higher content of gold are
obtained.

Discussion

Au-sp metal alloy NPs with different sizes, compositions and
yields have been obtained by LAL of Au: M 75 :25 at% (M = Al,

This journal is © The Royal Society of Chemistry 2024

Ga, In, Pb) bulk metal targets. The deviation of the NP compo-
sition with respect to that of the target is indicative of the
different tendency of the sp metals to alloy with Au. As a first
attempt, the tendency to alloying can be interpreted on the
basis of the Hume-Rothery and other alloying rules, which are
valid in the ideal case where no other chemical reactions occur
with the surrounding environment, such as in inert gases.>"’*
The first rule states that, to obtain a substitutional SS in a bi-
metallic alloy, the atomic radius of one element should not
differ by more than 15% from the other. If the atomic radius
of one element is smaller than the 60% of the other, an inter-
stitial alloy can form. Looking at the four sp metals, one can
observe that the atomic sizes of Au and Pb differ by almost
20%, while the difference is lower for Al (8%), Ga (4%) and In
(12%).7>7¢ Therefore, despite sharing the same Bravais lattice
(FCC), important distortions are expected when alloying Au
with Pb. According to the second rule, a larger solubility is
reached in both SS and interstitial alloys when the two
elements have similar crystalline structures in their pure form.
The third rule states that the tendency to form intermetallic
compounds instead of solid solutions increases with the differ-
ence in electronegativity of the two elements. The formation of
intermetallics between Au and the sp metals is, in fact, favored
by the large difference in electronegativity (2.54 for Au and,
respectively, 1.61, 1.81, and 1.78 for Al, Ga, and In).”*”> The
importance of the difference in electronegativity in the for-
mation of alloys was already discussed by Miedema.”” The
heat of formation of a series of binary alloys was plotted as a
function of the difference in electronegativity and the differ-
ence in electronic density, revealing a good correlation with
the experimental results. In the majority of the cases, if the
difference in electronegativity was higher than the difference
in the electron density at the boundary of the Wigner-Seitz cell
multiplied by 0.48, the two metals formed alloys by either pro-

Nanoscale, 2024, 16, 4745-4759 | 4753
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ducing new compounds in the phase diagrams or by mixing
for at least 10%.””

The fourth rule of Hume-Rothery identifies the valence, or
more precisely, the number of itinerant electrons per atom
(e/a) in the alloy,”® as a relevant parameter for a metal to be
able to dissolve in another. At parity of other parameters, two
elements have the maximum capability to alloy as a SS when
they have the same number of itinerant electrons per atom. If
e/a differs, it is the element with the higher value that has the
larger solubility in the lattice of the other metal.””

The four Hume-Rothery rules are intrinsically accounted for
in the DFT calculations of the mixing enthalpy (AH ) for the
four Au-sp metal alloys, which have been applied to the repre-
sentative cases of 87.5 at% of gold with its FCC cell. The AH
is plotted in Fig. 5B-C versus the molar fraction of Au in the
NPs obtained by LAL. The mixing enthalpy is negative for all
nanoalloys except for Au-Pb, which is not thermodynamically
stable. Overall, the trend is well described for the samples in
acetone, although the prediction is not accurate enough for
the Ga and In nanoalloys. Conversely, the correlation between
AHix and the Au content is not satisfactory for the samples
obtained in ethanol. Although it is well known that the
entropy of the alloy has a non-negligible role in the stabiliz-
ation of solid solutions and can become dominant in high-
entropy alloys,”® in this study it was not considered. In fact,
the mixing entropy of an ideal solid solution can be expressed

as Smix :R(ZXZ- lnX,-), with X; the molar fractions of the
i

alloy components. Thus, the entropic term —TS will depend
only on the composition and will be the same for all sp metals
at parity of Au fraction in the alloy.

Instead, the compositional variations between the NPs and
the original target, as well as the differences between anhy-
drous acetone and ethanol, are compatible with nanosecond
LAL when the chemical interaction with the liquid solution is
also considered.'>**>%%%8 During LAL, the extreme synthetic
conditions lead to the generation of redox species due to
solvent decomposition. Reactive gaseous compounds such as
reactive oxygen species (ROS), O,, solvent pyrolysis products,
or H, can form, depending on the experimental
conditions.®"#* Likewise, it has been recently demonstrated
how different gas concentrations are obtained by ablating
different metallic targets in water.®” Hence, various redox reac-
tions can occur at different rates depending on the redox
potential of the elements in the ablated target.®" By translating
these findings to the relative composition of the bimetallic
NPs, it becomes evident that the liquid environment plays a
role in either promoting or limiting the oxidation of one of the
elements in the alloy. This feature, combined with the rules
for alloying valid in the absence of specific chemical inter-
actions with the environment, will determine the final NP
composition. To account for these aspects and delve deeper
into the factors leading to the successful or unsuccessful syn-
thesis of nanoalloys, a list of physical and chemical parameters
that describe the sp metal was correlated with the average gold
atomic fraction in the NPs.

4754 | Nanoscale, 2024, 16, 4745-4759
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First, each single parameter was related to the gold atomic
fraction in the synthesized metal NPs. The coefficient of deter-
mination (R*) was chosen as the indicator of how well each
parameter correlates linearly with the gold atomic fraction, as
shown in Fig. 7. Besides the abovementioned parameters of
the Hume-Rothery rules (atomic radius, R,; number of itinerant
electrons per atom, e/a; and electronegativity, ¢), the melting
(Tm) and boiling (T.,) temperature, the heat of vaporization
(AH;’ap , the mixing enthalpy (AH,,;), the standard Gibbs free
energy of formation of the oxide (Gj,), the ionization energy (1),
the van der Waals radius (R,qw), the distance between nearest
neighbors (dw), and the standard reduction potential (Ej,)
were also considered. Moreover, the Pearson hardness (H) was
added to the set of parameters. H describes the behavior of
Lewis acids and bases and is defined as the half of the second
derivative of the total energy curve of an atom versus the number
of its electrons. In the finite domain, it can be calculated as the
semi-difference between the ionization energy and the electron
affinity.®® The rule states that hard acids prefer to associate with
hard bases and vice versa or, in other words, the closer the hard-
ness of two elements, the larger is their affinity.®*> Although the
value of R* shown in Fig. 7 for each parameter is not always
close to 1, in the majority of cases it confirms that the para-
meters have a role in alloying. In Fig. 7, green columns are used
when the efficacy of alloying is as expected from the literature,
i.e. the slope has the expected sign, which is the case in the
majority of instances. However, the values for I and H are
depicted as red columns, since the alloying efficacy decreased
for sp metals having I and H similar to those of Au, while the
rule states the opposite. For this reason, they can be considered
as scarcely important parameters. The column associated with
electronegativity is depicted in yellow because there is not a
specific slope expected from the rule, which states that SS or
intermetallic alloys may form in the case of similarities or differ-
ences in electronegativity between the sp metals and gold.

The R values are generally larger in the case of anhydrous
acetone than in ethanol. In particular, the Hume-Rothery para-
meters (atomic size, electronegativity, number of itinerant elec-
trons per atom, van der Waals radii) are linearly correlated
with the atomic gold fraction with R*> between 0.72008 and
0.99384. This reflects the trend of these parameters in the peri-
odic table when going from Al to Pb. The alloy mixing enthalpy
(R*: 0.93118), the boiling temperature (R*: 0.84253), and the
heat of vaporization (R*: 0.89847) are also highly correlated
with the gold fraction in acetone. The mixing enthalpy has
been discussed above, while the heat of vaporization and the
boiling temperature are thought to be involved in the laser
ablation process.’”®*®* The heat of vaporization of Au
(334.4 k] mol™") is closer to that of Al (293.4 k] mol™") than to
those of Ga, In, and Pb.®*3% A similar trend is found for the
boiling points, with the T, of Au of 2780 °C being closer to
those of Al of 2470 °C and Ga of 2400 °C, followed by In with
2072 °C and Pb with 1749 °C.°* These trends may indicate that
the ablation of Au and Al has similar thresholds and, in fact,
the NPs obtained in acetone have a higher content of Al than
of Ga, In, and Pb.

This journal is © The Royal Society of Chemistry 2024
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Notably, the plot in Fig. 7 shows that some of the parameters
with the largest R* in acetone have the lowest R* in ethanol. In
particular, the melting temperature, Ty, (R*: 0.02242), and the
Gibbs free energy related to the formation of the corresponding
sp metal oxides, G, (R* 0.21241), have the lowest correlation
in acetone but the 2"¢ and 3™ best correlation with the gold
fraction of the NPs obtained in ethanol (respectively, Gg, R*:
0.60855 and Ty, R*: 0.55903). This suggests that the formation
of the nanoalloys in anhydrous acetone and ethanol involves
different processes, thus leading to a different content of gold
in the synthesized NPs. This difference is well described by the
Gibbs free energy of the most common oxides formed by the sp
metals, which are Al,O;, Ga,0O;, In,0;, and PbO. Al,O;
(=1582.3 k] mol™") and PbO (—1705 kJ mol™") have lower Gibbs
free energy of formation than Ga,0; (—998.3 kJ mol™') and
In, 051 (—830.7 kJ mol™).®* Accordingly, the gold atomic frac-
tion for the NPs obtained in ethanol is larger in the Al and Pb
cases and smaller in the Ga and In cases. This suggests that Al
preferentially forms amorphous alumina in ethanol, and Pb
may form oxidized species that subsequently evolves into cerus-
site by interaction with atmospheric CO,. Hence, the fraction of
water contained in ethanol (<£0.2%) is enough to affect the
efficiency of alloy formation during LAL, due to the strong ten-
dency of Al and Pb to undergo oxidation. It has also been
reported that the presence of 0.2% of water in ethanol drasti-
cally affects the composition and structure of Au-Fe NPs pro-
duced with nanosecond LAL.®

This journal is © The Royal Society of Chemistry 2024

Yet, the LAL of Au-Pb nanoalloys was not efficient even in
acetone, and it is unclear from this analysis if a specific set of
parameters can predict the efficacy of nanoalloy formation
during LAL in the two liquid environments. Hence, a multi-
parametric analysis was performed to identify the best subset
of parameters that correlates with the gold fraction.

A collective parameter Yy, was defined:

=[] 7 (1)

i

which combines all 13 P;y; parameters described in Fig. 7,
each with an exponent E; equal to 1, 0, or —1, resulting in
1594 323 permutations. The correlation of each Yy with the
Au content in the NPs obtained in either anhydrous acetone or
ethanol was evaluated through the calculation of R*, as done
above for the single parameters. Subsequently, for each
solvent, the 100 combinations with the highest R> were
selected, and the average exponent E; was calculated for each
of the 13 P; parameters (Fig. 8A and B). It is remarkable that
the average E; significantly deviates from zero only for a few
parameters in both solvents, which are considered those with
the highest significance for predicting the formation of
nanoalloys of Au and sp metals by LAL. As a further check, the
top 50 and 25 combinations were also considered, and the
average E; was found to be very similar to that of the top 100
combinations. The significant parameters in acetone are the
distance between nearest neighbors (dyy) and the standard

Nanoscale, 2024, 16, 4745-4759 | 4755
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(G°0x). (C and D) The linear fit between the product of the significant parameters elevated to their corresponding average exponent (approximated
to the closest integer) as a function of the gold content in the four alloys. R? values are 0.98812 and 0.99393 for the nanoalloys obtained in, respect-

ively, anhydrous acetone and ethanol.

reduction potential (Eg ), while in ethanol they are the mixing
enthalpy (AHpx), the melting temperature (7y,), and the free
energy of formation of oxides (Ggp,). Hence, the relative Au
content in the NPs was plotted versus the product Yy, of these
parameters, each elevated to the resulting average exponent
(approximated to the closest integer), resulting in an R*> of
0.98812 in anhydrous acetone (Fig. 8C) and of 0.99393 in
ethanol (Fig. 8D). This excellent agreement in ethanol con-
firms that the melting temperature, which is directly related to
the cohesive energy of the metals,® and the free energy of for-
mation of oxides are the relevant parameters for the nanoalloy
formation processes that happen during LAL in this liquid.
The rationale behind this model can be discussed in terms of
general chemistry reasoning. Concerning the dependence on
Gy, the more exergonic is the formation of the oxide, the
more likely the sp metal is oxidized during synthesis, thus
depleting the resulting NP of the sp element. Accordingly, G,
becomes more negative in the order In-Ga-Al-Pb. The ratio
AH i /Ty, combines information on the heteroatomic Au-X
(X = Ga, In, Al, Pb) bond in alloys and the homoatomic bond
in pure elements. A strong Au-X bond (a more negative AH ,;,)
will favor the alloy formation, while a strong X-X bond (larger
Tm) will favor segregation. Interestingly enough, Al possesses a
much higher T;, than the other metals in the series, which is
however balanced by the most negative AH,;x. In acetone, the
presence of dyy, which is related to the similarity in the crys-
talline structure and the atomic size of the elements, indicates
that the standard alloying rules apply to the LAL under anhy-
drous and non-oxidizing conditions. Concerning the standard
reduction potential, this refers to the reduction from the most

4756 | Nanoscale, 2024, 16, 4745-4759

stable cation to the metallic form (AI** — Al, Ga** — Ga,
In** - In, and Pb** — Pb), indicating a correlation between
the propensity of the sp element to remain in the metallic
state during LAL and the ability of forming the nanoalloy.
Overall, the formation of alloy NPs in acetone is guided by
dynamical effects, whereas in ethanol thermodynamics seems
more relevant.

Conclusions

The physical and chemical parameters determining the for-
mation of gold-sp metal nanoalloys were studied as a function
of the sp metal period, moving from Al to Ga, In and Pb, and
under real synthetic conditions involved in the nanosecond
laser ablation of bimetallic targets in two different liquid
environments (anhydrous acetone and ethanol). The success-
ful formation of Au nanoalloys with sp metals has been
demonstrated in most cases and the LAL is confirmed to be a
versatile approach for the production of innovative nanoalloys,
provided that appropriate synthesis parameters are adopted.
Especially relevant is the oxidizing capability of the solvent
which must be balanced with the tendency of the metals to
undergo oxidation, to avoid phase segregation and byproduct
formation. To clarify these aspects, the physical and chemical
parameters leading to the formation of alloyed versus phase
segregated NPs were analyzed systematically. Good agreement
with the typical rules for alloying is found only in the absence
of remarkable chemical interactions with the metals; other-
wise, the tendency to undergo oxidation prevails. Through a

This journal is © The Royal Society of Chemistry 2024
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multiparametric analysis, the efficacy of alloying Au with the
sp metals was described with only two parameters (the dis-
tance between nearest neighbors and the standard reduction
potential) with an R* of 0.98812 in anhydrous acetone and
only three parameters (mixing enthalpy, melting temperature,
and the free energy of formation of oxides) with an R* 0.99393
in ethanol. The nanoscale structural analysis did not reveal a
clear variation of the composition of the nanoalloys with their
size, although a more systematic investigation would be
required to investigate this aspect in the future, through the
analysis of size fractionated samples. These findings lead to an
immediate and deeper understanding of the phenomena that
affect the composition of nanoalloys under real physical syn-
thetic conditions. This will provide a crucial support for guiding
the realization of next-generation multifunctional metallic
nanostructures with remarkable applicative potential in optics,
catalysis, nanomedicine, sensing and quantum devices.
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