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In this study, the atomic and chemical structure and the optical response of AB,., bimetallic nanoparticles (BNPs) combining gold or silver (A) with aluminium
or indium (B) were investigated for various stoechiometries in relation with their optical response, in order to examine if stable alloyed phases could exist and
promote the emergence of localized surface plasmon resonances (LSPRs) in the UV range. The structure and morphology of BNPs of a few nanometres,
produced by laser vaporization, were analysed by transmission electron microscopy (TEM) and optical absorption measurements were performed on matrix-
embedded BNPs. Information about the oxidation state of the BNPs can be inferred from a comparison between experimental optical spectra and Mie
calculations in the dipolar approximation. The BNPs’ internal structure is further investigated by additional characterization techniques. Firstly, in situ x-ray
photoelectron spectroscopy provided information about the chemical state of the constituent elements and their evolution with time. Secondly, synchrotron-
based x-ray scattering techniques were performed on Ag-Al BNPs in a wide-angle configuration under grazing incidence giving complementary information
about structural and morphological heterogeneities in the BNPs. Finally, the restructuring of the partially oxidized Aug33Algs; BNPs annealed in a reducing
atmosphere was also attempted by environmental TEM. The complementary techniques of characterization show that silver-based Ag-In and Ag-Al BNPs form
metallic silver-rich alloyed cores surrounded by an indium or aluminium oxide shell. The initial LSPRs are in the UV range for both systems, but the difference
in the kinetics of oxidation between indium and aluminium involves less blue-shifted LSPRs for Ag-Al BNPs. In the case of gold-based BNPs, we show evidence
of ordered nanoalloys just after air exposure and the appearance of gold and indium (or aluminium) demixing during oxidation. The initial LSPR of Au-In BNPs
is the one the most in the UV range among the four systems with an LSPR peak centred at 254 nm, which is maybe a sign of the formation of the Augslngs;
alloy. Nevertheless, strategies to preserve BNPs from oxidation have to be developed.

A. Introduction

The optical response of a material, characterized by its dielectric function, is a tell-tale sign of its electronic structure. In metallic
nanoparticles (NPs), the electronic and dielectric confinement leads to a strong resonance in the near UV-visible-IR spectral range
known as localized surface plasmon resonance (LSPR). © 2 This is essentially the result of negative values in the real part of the
dielectric function, which is dominated by its Drude-like character (quasi-free conduction electrons) in the case of simple and
coinage metals. Although not understood at the time, these properties have been exploited empirically for several centuries in the
art of stained-glass colouring and their study has attracted much interest for over 30 years due to the possibility of fabricating
them with fine control and promising applications in various fields. 3¢ The LSPR characteristics are, on the one hand, known to
depend on the intrinsic properties (electronic structure, size, shape) of the NPs and their surrounding medium. On the other hand,
mixing two metals in the NPs gives the opportunity to tune the LSPR characteristics; this by altering their relative composition,
which can, in addition, influence their internal structure. Moreover, as the LSPR depends on the chemical ordering in bimetallic
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nanoparticles (BNPs), it can also be used as a probe of their internal structure (segregation versus atomic alloying), restructuring
processes under various reactive environnments or even minute changes of their environment or surface (oxidation). 7

BNPs containing at least one element whose dielectric function shows a Drude-like behaviour exhibit a well-defined LSPR in the
NUV - visible -NIR range. Currently, the development of nanomaterials with LSPRs in the UV range is a highly active field rich in
prospects. > 1012 |n this regard, trivalent metals (Al, In) are interesting for their UV-shifted LSPRs with a good quality factor
considering that interband (IB) transitions are repelled in the far-UV range. 13 However, they are strongly reactive and their LSPR
is rapidly damped and red-shifted upon oxidation. Mixing them with gold or silver is a promising alternative to prevent oxidation
because their phase diagrams show stable intermetallic phases, that are expected to remain stable down to the nanoscale. This
has previously motivated our study of silver-indium and silver-aluminium BNPs exhibiting LSPRs in the UV range and for which
silver-rich alloyed phases are fairly stable towards oxidation. 1416 In line with these previous works, we also investigated the optical
and structural properties of gold-based Au-Al and Au-In BNPs which are more detailed in this paper. The main difference when
turning from silver to gold is a red-shift and broadening of the LSPR. Moreover, the Au-Al and Au-In systems are miscible in the
bulk phase with phase diagrams analogous to those of Ag-Al and Ag-In, with the additional presence of ordered phases like AuAl,
Auln, AuAl,, Auln,, the two last being known as purple gold and blue gold, respectively. 7 Moreover, if studies on Ag-In or Ag-Al
BNPs are very scarce, Au-Al and more specifically Au-In systems have been investigated in more details, either in the bulk phase
1822 or at the nanoscale. 2326 For instance, Auln, nanoalloys were obtained by H.-G. Boyen et al. by atomic evaporation of indium
on self-assembled naked gold NPs of rather uniform size ranging from 0.8 to 2.9 nm. 23 In-situ x-ray photoelectron spectroscopy
showed a shift in the Au-4f photoelectron spectra after indium atomic deposition, except for 1.4 nm corresponding to the very
stable cluster Auss, leading the authors to conclude on the alloying into Auln, for the other sizes. The oxidation of Au-In alloy
nanoparticles of 2 to 20 nm in diameter was also investigated by Sutter et al. 2* Bimetallic Au—In alloy nanoparticles were formed
by sequential room temperature evaporation of controlled amounts of indium and gold before being exposed to air. Instead of a
crystalline In,03 outer shell as previously observed in Ag-In BNPs'%, such oxidation leads to an amorphous shell of mixed Au—In
oxide. This shell remains stable at high temperatures and the surface, enriched with Au, is capable of adsorbing CO and O, to
convert them in CO,. The characterization of low-Au and high-Au content BNPs showed that Au-In cores consist of ordered alloyed
structures Auln, and Ausln, respectively. LSPRs of Au-In BNPs were also observed at intermediate states during the formation
process of oxidized Au-In BNPs. 2> Au-In alloy BNPs were first obtained by combining gold NPs with indium and an LSPR emerges
as a shoulder in the UV range below 350 nm. The BNPs then transform into intermetallic Auln, cores surrounded by a shell of
amorphous indium oxide (Auln,@In0O,) before forming segregated Au-In,03; heterodimers. The corresponding LSPR is then red-
shifted because of indium oxidation.

The existence of stable ordered alloyed phases in Au-Al and Au-In BNPs with encouraging results regarding their optical properties
for Auln, led us to first investigate BNPs of the following compositions AugsoAlgso, Aug33Alge7, and Augazlnggy, in the hope of
retaining the ordered alloyed phase at the nanoscale. For Ag,-Al,., and Ag,-In,., BNPs three compositions (x=0.25, 0.5 and 0.75)
were studied. The first results we obtained on these last systems are detailed in ref. 1® and complementary new results are reported
in this manuscript, more especially results of in situ x-ray photoelectron spectroscopy and synchrotron-based x-ray scattering
experiments. Indeed, the analysis of the BNP structure prior to air exposure was not possible on our setup until recently.
Fortunately, it is now possible to perform in situ x-ray photoelectron spectroscopy (XPS) and analyze the chemical state of the
metal atoms within the BNPs just after deposition in a chamber maintained under ultra-high vacuum. As aluminium oxidizes more
rapidly than indium, we first chose to characterize Al-based BNPs (Ag-Al and Au-Al). On the other hand, as high-resolution
transmission electron microscopy (HR-TEM) characterizations performed on Al-based BNPs do not allow pure metallic phases to
be distinguished from alloyed phases (Au, Ag and Al have very close lattice parameters), synchrotron-based x-ray scattering
spectroscopy has been performed on Al-based BNPs. Ag-Al BNPs were thus characterized by grazing incidence wide-angle x-ray
scattering technique to determine whether alloyed phases exist within the BNPs. We also present the results of TEM and optical
characterizations on the four systems (Ag-In, Ag-Al, Au-In and Au-In), by more specifically focusing on Au-Al and Au-In BNPs and
referring when necessary to previous results published in ref 16 for Ag-In and Ag-Al BNPs.

B. General considerations on systems mixing gold or silver with aluminium or indium

Let's first consider the two silver-based systems: Ag-In and Ag-Al. Silver and aluminum crystallize in a face-centered cubic structure
(FCC) with very close lattice parameters (respectively 4.09 A and 4.05 A) while indium crystallizes in a tetragonal centred structure
(TC) with lattice parameters 3.24 A and 4.95 A. Therefore, silver and indium can be clearly identified by HR-TEM whereas silver
and aluminium are not distinguishable. Their phase diagrams show that both systems Ag-In and Ag-Al exhibit a strong miscibility
especially for high proportions of silver for which substitute alloys (intermetallic compounds) are observed. In the case of Ag-In,
the alloyed phases can be distinguished from pure silver and indium phases. For Ag-Al the subtitute phases retain an FCC structure
and the alloyed phase easily observed by HR-TEM, the T phase with a stoechiometry close to Ag,Al, displays lattice distances dyy
close to those of pure silver and pure aluminium. The other one (i1 phase) exhibits very low diffracted intensities making it difficult
to identify by HR-TEM.

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Concerning the gold-based systems, Au-In and Au-Al, we can underline that crystallographic properties of gold and silver are similar
since gold displays also an FCC structure, with a lattice parameter of 4,08 A. Therefore, gold and aluminium cannot be distinguished
by HR-TEM either. Both mixed systems Au-In and Au-Al are miscible and their phase diagrams are similar to those of Ag-In and Ag-
Al. Many defined compounds and various alloyed phases exist, especially at high gold concentrations, similar to Ag-In or Ag-Al.
Table 1 shows the crystallographic characteristics of some of these alloys (a similar table is given in Ref. 16 for In, Ag and Al). A
remarkable feature of noble metal/trivalent metal systems involving gold is the existence of an equi-atomic compound (AuAl and
Auln, but also AuGa). Worthy of note are the defined compounds Auln, and AuAl, known as “blue gold” and “purple gold” which
crystallize, both, as metallic salts (CaF, structure), which can be explained by the stronger electronegativity of gold compared to
silver. This structure makes them very brittle. In micro-electronics purple gold may form in junctions and is known as “purple
plague”, because of its brittle nature. 27 From a crystallographic point of view, the Auln, and AuAl, alloys have characteristic
interplanar distances: dqi11 = 3.46 A for AuAl, and dq1; = 3.75 A and djo0 = 3.25 A for Auln, which should allow the unambiguous
identification of these materials if they are present and well oriented in HR-TEM. For Au-In, there are several other intermetallic
compounds, denoted 8, € and ¥ having hexagonal, orthorhombic and cubic structures, respectively, with indium atomic
compositions of 20%, 25% and 31%.

The comparison of the surface energies of each component as well as lattice mismatches also yield valuable information about the
possible alloyed structures at the nanoscale. Firstly, the difference in the surface energies (1.24 J/m?, 1.50 J/m?2, 0.70 J/m? and
1.14 J/m? for silver, gold, indium and aluminium, respectively) are in favour of indium and, to a lesser extent, aluminium surface
enrichment in nanoalloys mixing gold or silver with aluminium or indium. Secondly, the important lattice mismatch between silver
(or gold) and indium must also favor indium surface enrichment. And since the surface energy of gold is larger than that of silver,
the aluminium surface enrichment in BNPs should be more pronouced in the case of Au-Al compared to Ag-Al.

In Au Al
r,(A) = 1.83 1.59 1.59
E, (j.m?) »® 0.700 1.50 1.14
Y . -
LSPR (r‘\m) in porous silica 226 529 103
(dipolar approx..)
Eispr (€V) 5.48 2.34 6.42
BCT FCC FCC
Crystallographic Structure 3° a=3.244
a=408A a=4.05A
c=4.95A
B-Augin (HCP) 3%, (a, c) = (2.92 A, 4.80 A)
€-Ausln (Orthorhombic) 32, (a, b, c) = (5.86 A, 4.75 A,
517 &)
¥-Augln, (SC) *,a =9.83 A
Auln (Triclinic) 3, (a, b, ¢) = (4.30 4, 10.59 4, 3.56 A), (¢, 8,7)
= (90.54°, 90.00°, 90.17°)
Alloys Auln, (5C) 4 a=6.50 A

AuAl(C) 1%, a=6.92 A
AugAl; (HCP) 33, (a, ¢) = (7.72 A, 42.1 &)
AuAl (Tetrahedral) 33, (a, ¢) = (3.35 A, 8.89 A)
AuAl (Monoclinic) 3, (a, b, ¢) = (6.40 4, 3.33 4, 6.33 A), B =
93.14°
AuAl, (SC) 34,2 =6.00 A

c-In,05 (FCC) 3

Oxid
xides h-1n,05 (HCP) 3

@-Al,0, (HCP) %

Table 1. Data for In, Au, Al, Au-In and Au-Al (Wigner-Seitz radii (rs), surface energies (E;), LSPR wavelengths (A.spr) and energies (E spr) Of a sphere in a porous silica matrix (e, ~ 2.17)
in the dipolar approximation and crystallographic properties of pure metals, Au-In and Au-Al alloys and oxides. All the corresponding references are indicated in the table. BCT, HCP,
SC, FCC stand for body-centred tetragonal, hexagonal-closed packed, simple cubic, face-centred cubic lattices, respectively.
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Concerning BNP reactivity towards oxidation, aluminium, indium and, to a less extent silver, oxidize upon air exposure and
spontaneously form an oxide shell around metallic cores in NPs due to the lower surface energy of oxides compared to metals.
Aluminium is the fastest oxidizing material while silver is the slowest. The aluminium oxidation was studied at the nanoscale
showing the formation of a passivating layer which can be of the same order as the size of the BNPs we investigated. 37

C. Experimental methods

Sample synthesis The AB,, (A=Ag or Au, B=In or Al) BNPs of a few nanometres in diameter are produced as a beam from an
alloyed target of given composition in a high vacuum chamber with a laser vaporisation source. The laser beam of a pulsed
frequency doubled Nd:YAG laser (20 Hz, 532 nm, 10ns pulse duration) is focused at the surface of a movable gold target (3 mm
diameter rod) and creates a hot plasma quenched by a continuous helium carrier gas flow in a 2 cm?3 cylindrical chamber (about
20 mbar inner pressure), inducing the growth of BNPs of various sizes. The BNPs-gas mixture is ejected in a secondary vacuum
chamber (5.107 mbar residual pressure) through a 0.6 mm diameter conical nozzle in the form of a supersonic beam. The emerging
charged BNP beam can be deflected with a static quadrupole deviator and the BNPs are thus size-selected before deposition in a
high or ultra-high vacuum chamber (see details in Refs. 3% 39), Their average size can be determined by time-of-flight mass
spectrometry (TOF-MS) with a uncertainty of £+ 0.1 nm. The BNPs can be deposited or co-deposited simulatenously with a
transparent amorphous silica matrix (200 nm-300 nm thickness) evaporated by an electron gun on various substrates (TEM grids,
nano-chips from the compagny DENS solution for environmental TEM, silicon for GIWAXS and xps analysis or a fused silica slide
for optical measurements). Co-deposition is performed by ensuring that BNPs remain in a low BNP concentration in the matrix,
thus preventing coalescence and allowing a comparison of their optical absorption with calculations using Mie theory in the dipolar
approximation. For GIWAXS, the size-selected BNPs are deposited under ultra-high vacuum (UHV) and then protected by a thin
layer of amorphous carbon (a few nanometres) before exposure to air. For in situ xps measurements, the samples, composed of
uncoated BNPs deposited on an ultra-thin layer of carbon over silicon under ultra-high vacuum (between 510 1%3r4107° mbar),
were translated in another ultra-high vacuum chamber for analysis. The xps measurements were launched after a few tens of
minutes after BNP fabrication.

Transmission electron microscopy (TEM) experiments were performed, either with a FEI TITAN environmental (80-300 kV)
transmission electron microscope operating at 300 kV in high vacuum and corrected for spherical aberrations of the objective lens
(Cs corrector) or with a JEOL 2100F transmission electron microscope operating at 200 kV. The environmental mode is operated
with the FEI TITAN environmental TEM microscope by direct gas injection (up to 20 mbar) near the sample. The substrates consists
in this last case of a thin film of amorphous carbon or SisN4 deposited on a nano-chip of DENS Solutions specifically designed for
the wildfire sample holder allowing very rapid heating up to 1300 °C. Energy dispersive x-ray spectroscopy (XEDS also abbreviated
EDX) was performed using an Oxford instruments X-Max 80mm?2 SDD detector and the relative atomic percentages were estimated
using the acquisition software’s standardless quantification method.

In-situ x-ray photoelectron spectroscopy (XPS) was performed with a VG CLAM IV spectrometer using Al k, radiation for AgAl and Mg
ko radiation for AuAl,. Wide scans and high-resolution spectra were collected respectively with a constant pass energy of 50 and 20 eV, a
step size of 1 and 0.1 eV. More details are given in electronic supporting information (ESI).

Grazing incidence wide angle x-ray spectroscopy (GIWAXS) measurements were carried out at the European Synchrotron Radiation
Facilities ESRF in Grenoble, France, at the BM02-D2AM beamline. The photon energy of 11.91 keV was used with an angle of incidence fixed
at0.11° able to reduce/optimize the analysis depth to a few nanometres, without fluorescence emission. GIWAXS signals were collected with
a WOS-XPAD 2D-detector, calibrated in terms of detection uniformity, spatially and energetically, and allowing a q reciprocal space vector
step of detection of 0.005 nm™. The 1D experimental scattered intensity was extracted as a function of in-plane angle with respect to the
substrate surface (defining the momentum transfer q). 4% 4! Then the spectrum was compared with a simulated pattern obtained from a
calculated model cluster on the basis of the Debye equation 4% 42 and considering the set-up geometry using a dedicated home-made
software. Preliminarily, a reference pattern from a sample without particles but with a cover-layer on the substrate region was measured in
the same conditions, and was subtracted from the deposited nanoparticle sample pattern. The model clusters were obtained from
geometrical construction with several level of disorder of Ag-Al atom positions or Monte Carlo (MC) simulations for Ag only, using a semi-
empirical tight-binding potential. A weighted sum of the intensities from several sizes or structures was used to fit the WAXS patterns
considering the size distribution coming from TEM results or TOF-MS, 4041

Optical spectroscopy The optical transmission spectra of silica-embedded BNPs deposited on fused silica are measured with a
double beam PerkinElmer spectrophotometer using linearly polarized light (transverse magnetic). The sample is mounted at
Brewster incidence in order to prevent Fabry—Perot interferences within the sample film. The silica matrix was shown to be slightly
porous and its dielectric function was previously measured by ellipsometry; its average value is (em) = 2.17, corresponding to an
average optical index (nm) =1.47. The experimental values of £n(4) are used in the following for calculating absorption spectra.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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D. Results and discussion

1) TEM characterization of BNPs mixing gold or silver with aluminium or indium
The BNPs, deposited with or without the silica matrix on ultrathin amorphous carbon after size selection, were first characterized
by transmission electron microscopy techniques.

a. Ag,In;, and Ag,Al,., BNPs
Concerning the Ag-In system, the TEM analyses of Ag,In;, BNPs for x=0.25 and 0.50 showed that they adopt, after air exposure, a
core@shell (Ag-In@1n,0;) structure consisting of a silver-rich alloyed core (¢ phase, Ag,In or a-Ag FCC structure) surrounded by
an indium oxide In,05 shell. For silver-rich BNPs (x=0.75) one rather observes a monophased silver-rich alloy.1® The STEM image of
an assembly of Agg 75Ing25 BNPs (x=0.75) is shown in Fig. 1b for which no shell is visible, neither in HR-TEM nor HR-STEM mode. As
an illustration, an HR-TEM image of a decahedral BNP is displayed in insert of Fig. 1b and the presence of an indium oxide shell is
not obvious. If the BNPs are slightly oxidized for x=0.75, the shell thickness is probably too small to be observed by electron
microscopy.
Ag,Al;, BNPs (x=0.25, 0.50, 0.75) display the same tendency, with core@shell structures for higher proportions of aluminium
(x=0.50 and 0.25) consisting a priori of an alumium oxide shell. The structure of the core cannot be determined by HRTEM because
both constituents have very similar lattice parameters. 1 However, aluminum does not seem to be entirely incorporated in the
shells since the cores are larger than they would have been if they were exclusively made of silver. Indeed, the comparison
between the size of the cores (deduced from the size measured by mass spectrometry) and the size distribution of the cores
deduced from STEM image analysis suggests that they still contain some aluminium. ¢ For larger proportions of silver (Agg 75Alo.2s),
BNPs do not exhibit any aluminium oxide shell (see the STEM image of an assembly of BNPs in Fig. 1a), and the average size
deduced from STEM image analysis is in agreement with the size measured by mass spectrometry. ¢ There is no evidence of any
aluminium oxide shell in the HRTEM image either (insert of Fig. 1a), and families of planes (hkl) of the BNP can correspond to an
FCC structure of aluminium or silver or a mixing of silver and aluminium.
We can conclude from these TEM observations that both Ag,In;_, and Ag,Al;, contain a subtantial amount of indium (or aluminium)
in the metallic state. For Ag,Ini BNPs, silver-rich alloyed phases are visible while the type of alloys (intermetallic, ordered phases
or segregated alloys) in Ag,Al,;., BNPs cannot be inferred from TEM analysis. Additional characterization techniques are required
to conclude how silver and aluminium are alloyed within the BNPs (see part D.2.b).

b. Au-In, and Au,Al;, BNPs (2<x<3 for Au-In, and x=0.5 or 0.33 for Au,Al,_,)
We study Au-Al and Au-In BNPs of compositions corresponding to stable ordered phases in the bulk, namely purple gold AuAl,,
AuAl and blue gold Auln, produced with the laser vaporization source from a target of the corresponding compositions (Aug 33Aly67,
AugsAlgs and Aug3slnge; from Goodfellow Inc.). In the case of Augsslngss, we have a doubt on the real composition of the target
as the rod does not display the expected blue colour and EDX analyses performed on single BNPs and assemblies of BNPs give an
average composition Aug,slng 75 in disagreement with the composition given by the manufacturer. Therefore the composition for
Au-In BNPs will be noted hereafter Auln, with 2 < x < 3.
Fig. 1c and Fig. 1d display STEM images of assemblies of size-selected Aug33Algs; and Auln, co-deposited in a silica matrix. Similar
observations were also realised on AugsAlgs BNPs (see Fig. SI1). In all cases, we observe core@shell structures with a strong
contrast suggesting the formation of gold-rich cores with shells composed of oxides (Al,O3 or In,03). In the case of AugsAlgs BNPs,
the average core diameter, deduced from STEM image analysis (see size distribution in Fig. SI5) is larger than the core diameter
deduced from TOF-MS and assuming a pure gold core (3.3 nm from STEM vs 3.0 nm from mass spectrometry, see Fig. SI5). This
may be a sign that, as observed in Ag-Al BNPs, some of the aluminium is metallic inside the cores. Nevertheless, as in the case of
Ag-Al BNPs it is not possible to know how aluminium can be alloyed with gold (alloying at the atomic level or segregated). HR-
STEM analysis does not allow the discrimination between pure gold or alloyed phases in the cores either. Indeed the HR-STEM or
HR-TEM images, such as the one shown in left insert of Fig. 1c display FFC phases with a lattice parameter corresponding to gold
or aluminium. We also performed EDX analysis on a single BNP (right insert in Fig. 1c). The averaging of the spectra associated with
the pixels of the shell indicates that the shell is exclusively composed of aluminium (or alumina). At the core level, we find both
peaks associated with gold and aluminium, but note that this signal comprises counts from the core and the shell below and above
the core. This result by itself thus cannot confirm that some aluminium is alloyed with gold at the atomic level inside the cores.
For Auln, BNPs, the core@shell structure is more visible in HR-TEM (see insert in Fig. 1d) because of the higher density of In,03
compared to Al,O3, but we have not yet been able to identify alloyed Au-In structures within the cores. Additional experiments
are therefore required.
To conclude on gold-based Au-Al and Au-In BNPs, the TEM analyses show that the BNPs rapidly oxidized upon exposure to air, but
we can reasonably assume that a part of aluminium (or indium) remains in the metallic state within the BNPs. However, no ordered
alloyed phases were identified, probably because of demixing during oxidation. In order to explore further how both metals mix
and if the BNPs are oxidized before air exposure, additional characterization techniques have been employed.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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Fig. 1 STEM-HAADF and HRTEM images of silver-based Agy75Alo.2s , Ago.75No2s BNPs and gold-based Agg33Alys; and Aglin, BNPs after exposure to air. (a) size-selected
Ago5Alo.»s BNPs and in insert HRTEM image of a single BNP with a d-spacing of 2.34 A (see Fig. SI6). (b): size-selected Agy-slng>s BNPs and in insert HRTEM image of a
single decahedral BNP with a d-spacing of 2.36 A (see Fig. SI6). (c): size-selected Aug33Alo6; NPs (& = 4.2 nm) co-deposited in a silica matrix, with in insert unprotected
single particle EDX image (red: gold signal, blue: aluminium signal) and HR-STEM image revealing a core-shell structure with a d-spacing of 2.44 A (see Fig. SI6).. (d):
size-selected Auln, BNPs (J = 4.0 nm) co-deposited in a silica matrix, with in insert the TEM image of a single BNP showing evidence of a core@shell morphology. The
FFT patterns and their analysis are given in Figure SI6. The measured d-spacing values do not allow determining unambiguously the structure of the BNPs (see Part B.).

2) Complementary characterizations
a. Insitu XPS spectroscopy on Ag-Al and Au-Al BNPs
In situ x-ray photoelectron spectroscopy was performed in order to infer the oxidation state of as-prepared BNPs deposited under

ultra-high vacuum (UHV). As aluminium is more sensitive to oxidation than indium, XPS measurements were first performed on
aluminium-based BNPs (AgosAlgs and Aug33Algg;) maintained under ultra-high vacuum. The spectra for the Al 2p level display a

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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broad shouldered peak, resulting from two underlying peaks at 73.1 eV and 75 eV which correspond to metallic and oxidized
aluminium, respectively (see Fig. SI3 and Fig. Sl4). The analysis of their relative intensities allows the proportion of metallic
aluminium compared to oxidized aluminium to be determined. For Aug 33Algs7 BNPs, the proportion of metallic aluminium is 83%,
twenty-five minutes after deposition (see Fig. SI3). This means that BNPs initially contain a high proportion of metallic aluminium,
but it is not possible to know if aluminium and gold are alloyed at the atomic scale or segregated with the BNPs. After five hours
and despite the UHV conditions (5.10 —10 mbar), the proportion of metallic aluminium decreases down to 67% highlighting the
high reactivity of aluminium at the nanoscale. In the case of AgysAly s BNPs, the proportion of metallic aluminium is a little bit lower
(55 %) and decreases down to 32 % after 9 hours under UHV conditions (see Fig. Sl4). The 3ds,2 peak of silver corresponds to
metallic silver and does not show any sign of an oxidation-induced shift over the same period (see Fig. SI5).

XPS measurements lead us to conclude that the initially prepared Au-Al BNPs and Ag-Al BNPs contain metallic aluminium, but
oxidize over time, even under UHV conditions, highlighting the high sensitivity of aluminium to a reactive environment. This shows
that matrix protection of the BNPs is crucial to prevent or at least to slow down aluminium oxidation. In the near future, XPS
measurements will also be performed on indium-based BNPs (Ag-In and Au-In), but since indium oxidizes slower than aluminium,
the initial proportion of metallic indium within BNPs is expected to be higher than in Au-Al or Ag-Al BNPs.

b. Grazing incidence wide angle X-ray scattering (GIWAXS) on Ag-Al BNPs

Grazing incidence wide-angle X-ray scattering was performed ex situ on size-selected Ag-Al BNPs deposited under UHV and then
protected by a thin layer (several nanometres) of amorphous carbon before exposure to air. Fig. 2a-d shows four samples of size-
selected Ag-based BNPs of a similar initial average size range (between 5 to 6.5 nm). For the pure Ag sample, the experimental
spectrum is in very good agreement with a distribution of crystalline twinned structures and/or decahedral multiple-twinned
structures. 424 The lattice parameter is close to the bulk value without any contraction due to size reduction. It then decreases as
the content of Al increases in Ag,Al;,., BNPs (x=0.25, 0.50, 0.75) as shown in Fig 2f. This decrease is higher than a simple variation
due to the Al incorporation in the lattice following Vegard’s law as shown in the Fig. 2f. For example, the measured contraction is
2% for Agp.,sAlg7s sample while Vegard’s law predicts only 0.7%. In addition, as the Al content increases, the spectrum exibits
higher structural disorder (broader peak) and additional contributions in the range 40-50 nm™ (see black arrows in Fig. 2) which
do not correspond to a metallic cubic phase, but can be assigned to aluminium oxide. Those peaks are all the more important as
the proportion of aluminium is high showing that the carbon coating does not completely protect BNPs from oxidation.
Furthermore, the behavior, showing a contraction of atomic nearest-neighbour distances, is in agreement with a compressive
stress applied on the BNPs due to the formation of an aluminium oxide shell. In a confined system of metallic BNPs in a carbon
matrix, as the Al content increases, the oxide shell volume increases (i.e. a volume expansion with respect to the Al metallic
volume) and the metallic core volume decreases, which induces a higher level of stress.

Finaly, Fig. 2e shows a GIWAXS spectrum of the Agys5Aly.s sample after annealing. The lattice parameter is close to that of the
pure silver NPs (a=4.09A), which is the signature of a stress relaxation and a total segregation of Al atoms, but not in a shell
configuration.
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Fig. 2 (a-d) Four GIWAXS spectra of silver-based pure Ag, Ago75Alo.2s , A8o.s0Alos0 , A8o.25Alp.7s BNPs with the superimposition of simulations of a model NP spectrum (fit from
size distribution); (e) GIWAXS spectrum of annealed Ag, 75Aly 5 BNPs (sample b) at 350°C; (f) Crystalline lattice parameters a obtained from average BNP interatomic
distance extracted from simulated spectrum, reported versus the average % of Al atoms. The black arrows in the spectra in the range 40-50 nm correspond to

additional contributions that may be attributed to aluminium oxide. The green arrows correspond to signal which comes from the variation in the substrate-carbon
contribution from a sample to another.
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c. Environmental TEM

The structural evolution of oxidized silica-embedded Augs3Alpe; BNPs under varying H, partial pressures and substrate
temperatures was investigated in real-time by environmental transmission microscopy (E-TEM). The objective was to reduce
aluminium oxide as it was previously done for indium oxide where oxidized Agg »slng 75 BNPs were found to be transformed into
silver-rich single-phased Ag-In BNPs.1> Size-selected BNPs of 4.2 nm in diameter were co-deposited in a silica matrix, identical to
the samples used for optical spectroscopy (see below). In the environmental TEM mode, the H, pressure and the temperature can
be independently controlled within a few seconds.

The starting point was 2 mbar of H, at room temperature. At 200°C, with this pressure, no change is observed. The pressure of H,
is then increased to 10 mbar. At 250°C, core@shell to Janus transitions are observed when the BNPs are exposed to the electron
beam. Everywhere else, the BNPs remain core@shell. The temperature is then increased by steps of 50°C. At 650°C, the BNPs
become more and more spherical. The temperature was increased up to 1100°C without observing any reduction of the alumina
shell. However, at this temperature, core-shell to Janus transitions, followed by melting and diffusion of gold are highlighted as
can be seen in Fig. 3. Again, this effect is due to the electron beam. Elsewhere, the BNPs remain in a core@shell configuration.
Finally, the reduction of the aluminium oxide was not observed even at very high temperature. Aluminium oxide, known to be very
stable in the bulk (see Ellingham diagrams) seems to be also stable at the nanoscale and extremely difficult to reduce. We observe
here the striking difference in behaviour between aluminium oxide and indium oxide, the latter being much easier to reduce.®

to to+ 7s to+66s
Fig. 3 sequence of TEM images extracted from the real-time tracking of two Aug 33Al,6; BNPs co-deposited in a silica matrix, at 1100°C under 10 mbar of H,. (a) Initially at time t,,
BNPs noted 1 and 2 are in a core-shell and Janus configuration, respectively. After 7 seconds (b), BNP 1 changes from a core@shell structure to a Janus structure, while the core of
BNP 2 begins to disappear. After one minute, (c) both cores have melted and diffused. Worthy of note is that only the BNPs under the electron beam undergo a structural change.

3) Optical studies
a. Optical spectra of BNPs mixing gold or silver with aluminium or indium just after air exposure

The optical absorption spectra of BNPs embedded in a silica matrix, presented in Fig. 4, were recorded between 10 and 30 minutes
after exposure to air.

Silver-based Ag-In and Ag-Al BNPs

Non size-selected Ag,Inix BNPs of about 4 nm in diameter display broad LSPRs in between those of pure indium and silver NPs
(Fig. 4a). They are the further in the UV range the higher the proportion of indium (from 401 nm down to 312 nm from x=0.75 to
x=0.25, respectively). Comparison with theoretical simulations (Mie theory in the dipolar approximation) shows that these LSPR
spectral positions are consistent with the existence of some metallic indium within the BNPs (i.e. BNPs consisting of silver-rich
indium cores surrounded by an indium oxide shell). 16 This suggests that the partially oxidized BNPs retain metallic indium for the
three compositions, but even though the silica matrix effectively slows down the oxidation, it does not inhibit it entirely. Moreover,
the silica-embedded BNPs appeared not to be stable with prolonged air-exposure and the LSPRs shift towards lower energies
because of gradual indium oxidation. 16 Notably, in the case of AggssIng2s BNPs, if any shell of indium oxide could be observed by
TEM after air-exposure, the evolution of the optical spectra showed evidence of a progressive indium oxidation (broadening and
damping), the indium shell being probably too thin to be observed by TEM.

Size-selected Ag,Al; BNPs embedded in a silica matrix show better defined LSPRs compared to Ag,In;i, BNPs, which may be related
to the size selection (spectra in Fig. 4b). Nevertheless, the LSPRs are less blue-shifted compared to the initial ones of Ag,Ini, BNPs,
the maximum ranging from 414 nm down to 382 nm for an decreasing proportion of silver (from x=0.75 to x=0.25). Comparison
with theoretical calculations permits to attribute this reduced blue-shift for Ag,Al;, to a higher degree of oxidation from the first
absorption measurements.!® This means that the proportion of metallic aluminium is probably lower than that of indium, just after
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air-exposure, and that the oxidation of aluminium is faster than that of indium. Nevertheless, the absorption spectra do not evolve
significantly with time, the BNPs after being rapidly partially oxidized are probably protected by the surrounding alumina shell.1®
So finally, both Ag-In and Ag-In BNPs with prolonged air-exposure are certainly oxidized in a similar proportion, but their cores still
contain metallic indium or aluminium.

—_—
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Fig. 4: (a): experimental absorption spectra of non-size-selected Ag,In, silica-embedded BNPs. The average diameter is around 4 nm with a size dispersion of 80% of
their diameter. (b): experimental absorption spectra of size-selected Ag,Al;, silica-embedded BNPs. Their mean diameters are (D)= a3 nm, 4.1 nm and 3.8 nm for
Ago.25Alo 75, ABos0Aloso and Ago7sAlg s, respectively. (c): experimental absorption spectra of size-selected Aug 33Alps7, AugsoAloso Auln, (2<x<3) silica-embedded BNPs.

Their mean diameters are {?) = 5.5 nm, 4.1 nm and 4.2 nm for Aug33Alos7, AUgsoAlgso and Auln, (2<x<3), respectively.

Gold-based Ag-In and Ag-Al BNPs

The optical absorption spectra of size-selected Aug 33Alg 67, Aug spAlg.s0 and Auln, (2<x<3) silica-embedded BNPs are displayed in Fig.
4c after a few tens of minutes of exposure to air. The silica-embedded Auln, (2<x<3) BNPs show an LSPR in the UV range (at about
254 nm) in the absorption increase towards the UV range, similar to the one experimentally measured on slightly oxidized Auln,
BNPs.2% For Aug 33Alp 67 BNPs, we observe only an increase of the absorption towards the UV range, but no clear resonance can be
discerned, except for a shoulder at 210 nm, while an LSPR at around 511 nm emerges for AugsoAlpso BNPs. These initial
experimental spectra are compared with simulated ones in Fig 5 in which the dielectric functions of Au, In, Al, In,O3 and Al,03 are
taken from measurements in the bulk phase. 4>4°
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Fig. 5: Optical responses of AugsoAloso (a), AugasAloer (b), Auln, (2<x<3) (c and d). (solid line): experimental absorption spectra of Augz3Alges, AugseAloso and Aulny
(2<x<3) silica-embedded BNPs at time t, (a few tens of minutes after venting). (dotted line): experimental spectra after n days upon exposure to air (time to + n d).
(dashed lines): simulated absorption cross-sections for various configurations - (a): AU@AI@AI203 spherical structure with a volume oxidation rate of 88%. (b):
homogeneous alloyed sphere AuAl, using the weighted average dielectric function of Au and Al. (d): respectively from the yellow to the orange curve: alloyed phase
Auln, using the weighted average dielectric function of Au and In; ordered homogeneous alloyed phase Auln, whose dielectric function is taken from the literature 2%;
spherical core-shell structure of average composition Aug »sIng 75, With a core of Auln, (dielectric function taken from 2!), and a shell of indium oxide.

In the case of Auln, BNPs, the experimental absorption spectrum is in relatively good agreement with the optical absorption of a
core@shell sphere Auln,@1n,03 (overall composition: Augsing7s) made of an alloyed core Auln, surrounded by a shell of indium
oxide (Fig. 5c and Fig. 5d). In these calculations, the dielectric function of Auln, is the dielectric function calculated by Keast et al.
21 We also obtain a rather good agreement with the optical absorption of an alloyed sphere Auln, with the same dielectric
function.?! Conversely, the optical absorption of a homogeneous sphere Augsslnge; using the average dielectric function of both
constituents Au and In gives a well-defined resonance, which does not really correspond to the experimental spectrum. The latter
shows a gradual increasing of the absorption superimposed on the resonance, which may be correlated to IB transitions, but also
to the onset of an increasing absorption by the silica matrix. The optical response of a core@shell sphere Au@In with the
composition (Aug33lnge7) is similar to that of a homogenous sphere Aug33lngs; using the weighted average function of Au and In.
Finally, these measurements do not allow the real composition of the target to be determined. Nevertheless, the experimental-
theory comparison seems to indicate that the BNPs are initially partly composed of Aug33lnge;. However, we cannot give definite
conclusions on how gold and indium initially mix (alloyed at the atomic level or segregated). Aging of the sample after a few months
leads to a strong red-shift of the LSPR (see spectrum at t,+173 days, Fig. 5c) resulting in a broad resonance centred at 555 nm, in
agreement with the expected LSPR of a core@shell sphere Au@In,0s. This means that a complete demixing of gold and indium
takes place over time with the formation of an indium-oxide shell surrounding a gold core, in agreement with TEM observations
for which no ordered Au-In phases were found.

For AugsoAloso BNPs, the initial optical spectrum exhibits a strong resonance centred at 511 nm, corresponding to the LSPR of
partially oxidized gold-aluminium and suggests that aluminium oxidation occurs rapidly, less than a few tens of minutes (time
required to record the first spectrum after venting the sample). The experimental absorption spectrum agrees with the theoretical
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absorption cross-section of a multi-shell sphere Au@AI@AI,O; with a volume oxidation rate of aluminium of 88%. As the
proportion of oxidized aluminium is initially high, the spectrum does not strongly change over time, the aluminium oxide shell thus
formed can prevent further oxidation. We can also conclude that we did not succeed in making silica-embedded BNPs with the
ordered phase Aug soAlg s0.

For Aug3sAlge7, we noted that the sample just after synthesis was grey and the corresponding absorption spectrum shows an
increase of the absorption towards the UV range with a shoulder at about 210 nm that might be related to the emergence of an
LSPR (see Fig. 5b). No sign of a strong oxidation appears in the optical response just after air exposure. For comparison, the
simulated spectrum of an Augss3Algg; sphere with the dielectric function taken as the weighted average of those of gold and
aluminium also displays an increase of the absorption towards the UV range, but with a clear LSPR (a similar response can be
obtained with a core@shell Au@Al with the composition Aug33Alge7). After a few days, the colour of the sample becomes slightly
pink and the absorption spectrum shows a well-defined LSPR at 522 nm. This value corresponds to the LSPR peak position of a
multi-shell Au@AI@AI,O; embedded in silica. This means that Aug33Alge7 BNPs initially contain metallic aluminium, but they are
rapidly oxidized, because of the poor protection of silica against oxidation. Note that the spectrum after aging is less red-shifted
than the one of Auln, because the optical index of alumina is lower than that of Al,O;.

To conclude, optical absorption measurements on silver-based BNPs embedded in a silica matrix have shown that both systems
Ag-In and Ag-Al retain metallic indium (or aluminium). Ag-In BNPs display, just after air-exposure, an LSPR deeper in the UV range
as the proportion of indium increases while Ag-Al BNPs show a less blue-shifted LSPR due to a more rapid oxidation. This more
rapid oxidation of aluminium is also visible in gold-based BNPs. Au-In BNPs, just after air exposure, have the LSPR furthest in the
UV among the four systems (Ag-In, Ag-Al, Au-In and Au-Al) investigated. Nevertheless, after prolonged aging, the Ag-Al system is
the only one keeping an LSPR still in the UV range, probably because of the formation of an oxide shell which protects the
remaining metallic aluminium within the cores. The initial LSPR of Auln, BNPs at around 254 nm may be attributed to the formation
of the blue gold (Auln, alloy), but its rapid red-shift over time is the sign of a rapid demixing of both elements and indium oxidation.
For Aug33Alye; silica-embedded BNPs, even if no LSPR appears in the far UV (it may be masked by the onset of an increasing
absorption by the silica and we have to keep in mind that the LSPR of aluminium is deeper in the UV than that of indium), we do
not observe any sign of oxidation just after synthesis. This suggests that the purple gold (AuAl, alloy) is formed at the nanoscale
and it is only after several days, that the demixing of both elements accompanied by aluminium oxidation leads to the emergence
of the LSPR of gold. For Aug s0Alps0 BNPs, gold and aluminium demix on a shorter time scale showing that the alloy AuAl if formed,
is less stable against oxidation at the nanoscale when BNPs are embedded in silica.

Conclusion and perspectives

In this work, the optical and structural properties of nanoalloys combining gold or silver with aluminium or indium were
investigated. Despite the presence of many alloyed phases in the bulk, it remains difficult to keep purely metallic nanoalloys stable
against oxidation in the long term, even when the BNPs are embedded in a silica matrix. The BNPs, produced by laser vaporization,
surfactant-free and initially in the metallic state, are indeed restructured upon air-exposure or even under UHV in the case of Al-
based BNPs because of the strong sensitivity of aluminium to oxidation. Nevertheless, the silver-based Ag-In and Ag-Al BNPs retain
some metallic indium or aluminium even after aging (with prolonged air-exposure) > 16 while a demixing accompanied by
aluminium or indium oxidation occurs in gold-based Au-In and Au-Al BNPs. After aging the BNPs show a core@shell structure which
generally retain some indium or aluminium inside the cores, but as the proportion of non-oxidized trivalent metal remains poor,
the corresponding LSPR is not as far in the UV range as desired.

However, in some cases, some nanoalloys at the atomic level are initially formed within the BNPs. For Ag-In BNPs, the initial
spectral position of the LSPR is in agreement with a core@shell In-Ag@In structure with indium poorly alloyed cores, and even
after aging the cores remain alloyed with a small proportion of indium.® For Ag-Al BNPs, the GIWAXS analysis of carbon-coated
BNPs showed evidence of the incorporation of aluminium in the silver lattice according to Vegard’s law, with in addition a
compressive stress due to the formation of an aluminium oxide shell. This is mirrored in the optical response with an LSPR in the
UV range around 388 nm for aluminium-rich proportions. In this last case the aluminium oxide formed around the cores probably
protects metallic aluminium in the core from further oxidation. For gold-based BNPs, the initial optical response of Auln, and
Aug 37Alp 67 BNPs is also in favor of the formation of ordered alloys (blue gold Auln, and purple gold AuAl,), but the demixing leading
to core@shell structures, as observed by TEM and corroborated by the appearance of the gold LSPR, shows that they are not
stable.

To keep such nanoalloys stable in air over the long term, new techniques of protection against oxidation have to be developed as
for instance the use of other matrices. Another possibility is to regenerate the metallic character by annealing under reducing
atmosphere as already shown for silver-based Ag-In and Ag-Al BNPs. 16 Such experiments are in progress, but in the case of Au-Al,
the reduction of aluminium in the environmental electron microscope seems to be difficult to achieve, even at very high
temperature. Identical annealing under reducing atmosphere of samples prepared either for optical characterization or for TEM
observation should be fabricated in order to better understand the evolution of the optical response after annealing in relation
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with the restructuring of the BNPs. Furthermore, as the oxide shell of alumina or indium oxide protects the cores from oxidation,
the production of larger BNPs could also be an alternative to have larger alloyed cores surrounded by an oxide shell developing
LSPRs more in the UV range.

Concerning the structural characterization of the BNPs, anomalous GIWAXS and GISAXS (grazing incidence small angle x-ray
scattering) measurements shoud bring complementary information about the internal structure of the BNPs. Environmental TEM
and HR-STEM experiments will also be investigated in the near future and theoretical calculations will also be performed, which
will be helpful to better understand the behaviour of these nanoalloys in the very small size range.

In conclusion, our results highlight the difficulties of alloying reactive trivalent metals with noble metals at the nanoscale all the
while stabilizing them against oxidation. Despite these difficuties, we show that metallic mixed phases of varying stability can
nevertheless be fabricated using a physical approach. Even though a more or less large fraction of the trivalent element is pulled
to the BNP surface by oxidation, we could still show evidence of the presence of both aluminium and indium in the metallic state
in the BNP core. We would, however, like to stress the importance of the complementary experimental techniques, it is only their
combination, that allowed us to unambiguously charaterize these complex nanostructures.
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