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The structure and atomic ordering of Au-Ag nanoparticles grown in the gas phase are determined by a combination of
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HAADF-STEM, XPS and Refl-XAFS techniques as a function of composition. It is shown consistently from all the techniques

that an inversion of chemical ordering takes place by going from Au-rich to Ag-rich compositions, with the minority element

always occupying the nanoparticle core, and the majority element enriching the shell. With the aid of DFT calculations, this

composition-tunable chemical arrangement is rationalized in terms of a four-step growth process in which the very first

stage of cluster nucleation plays a crucial role. The four-step growth mechanism is based on mechanisms of a general

character, likely to be applicable to a variety of binary systems besides Au-Ag.

Introduction
To extend the range of properties of
nanomaterials and their performance, a detailed understanding

intermetallic

of their structures and mechanisms behind their formation is
needed. In particular, the influence of the very initial stage of
nanoparticle nucleation, in which few atoms meet and form a
small growing nucleus, has not yet been studied experimentally
at the atomic level. An important issue, which arises in this
context, is whether this initial nucleation stage can be decisive
for determining the atomic arrangement of the resulting
nanoparticles at the end of their growth process. Here, we
consider the growth of Au,Ag;, bimetallic nanoparticlesl' 2
(BNPs) produced by cluster beam deposition (CBD), in which a
binomial theorem composition analysis method is proposed to
precisely determine and adjust the composition, for x from 0.1
to 0.9, prior to deposition.
transmission electron microscopy (STEM), X-ray photoelectron
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spectroscopy (XPS) and reflection X-ray absorption fine
structure spectroscopy (Refl-XAFS) indicate that the resulting
nanoparticles always have mixed cores and nearly pure shells,
with the minority component always enriching the core but
being scarce in the shell. This surprising inversion of chemical
ordering depending on composition is explained by a four-step
growth process of general character in which the very initial
stage of the growth plays a major role. This explanation is
supported both by mass spectrometry experiments and Density
Functional Theory (DFT) calculations.

BNPs" ? have long been a subject of intense study for their
unique plasmonic,3 catalytic,4’ > electronic and magnetic6
properties distinct from those of the bulk materials and their
monometallic counterparts. These properties not only depend
on BNP size” ® and composition9’ % hut also on their structural
organization at the atomic level’> ™ Spatial atomic distribution
in BNPs plays a pivotal role in defining the geometric and
electronic structure of their surface, which in turn determines
their physicochemical properties.lz' ¥ As a large variety of
chemical arrangements,l’ 2 such as mixed alloy, core-shell,
segregated subcluster, and onion-like, are possible for
nanoalloys, it is essential to understand and control the
molecular mechanisms of synthesis to produce BNPs with the
desired structure."

Although BNPs with relatively uniform size, composition,
and atomic arrangements can nowadays be synthetized by
various colloidal synthetic protocols,ls’ 16 very little is known of
the underlying particle growth mechanisms. Recently a clear
impact of the nature of the pre-nucleation species in solution
on the final BNPs composition and spatial arrangement was
demonstrated.” However, due to the complexity of the growth
process in solution,™® uncovering the atomistic details of BNPs
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Figure 1. Example of detailed HAADF-STEM images of Au,Ag;,BNPs (top strip) with simulation results (bottom strip) also shown alongside: (a,
f) AugoAgo.1; (b, 8) Aup,Ag03; (€, h) AugsAgos; (d, 1) Aug 4A8os; (€, j) Aug ,A80.s. The HAADF-STEM radial intensity profiles are taken from the centre
to the edge of the cluster and integrated from 0° to 360°. The red dash lines are the simulations of cluster STEM intensity with gradient
composition evolution. The grey dotted lines and grey dash dotted lines are simulated STEM intensities with pure Au clusters and pure Ag
clusters, respectively. Additional STEM images of Au,Ag;, BNPs with larger and smaller sizes showing similar segregated structure are

presented in Figure S2

19
and

growth processes experimentally is still difficult"”
theoretical models are rare.”” ! Experimental structural
characterization of the (pre)nuclei and seeds formed during the
nucleation process as well as of the final BNPs indeed remains a
very challenging task.

To uncover the role composition plays on the final particle
architecture we have used a new synthesis approach allowing
the production of BNPs free of surfactant with a precise control
of composition and of nucleation and growth processes. CBD
indeed greatly benefits from producing clusters in a well-
controlled noble gas environment and then soft landing them
on supports while maintaining their preformed structure with
excellent control over size and shape due to structural stability
of the species present during the (pre)nucleation and growth
stages in the gas phase.zz’ % Moreover, the CBD setup is
equipped with RToF-MS that allows a very fine control over the
composition (see experimental methods).

Among the large number of bimetallic systems Au-Ag
widely studied for its full miscibility26 and its unique optical3 and

24,25 .
is

catalytic“'5 properties. The excellent plasmonic properties of Au
NPs”’ can be further enhanced and tuned as a function of
composition through alloying with Ag.lo‘ > Enhanced catalytic
activity and selectivity due to the synergistic effect of combining
gold and silver has been reported.lo’ 8 29 plasmon-mediated
catalysisg’o’31 shows a clear “volcano type” relationship between
chemical composition and catalytic activity of Au-Ag BNPs.*?
Finally Au-Ag BNPs are increasingly prominent in biomedicine®
due to their photothermal properties,34 combined with the
properties the
functionalization of gold.36 This suggests that a precise control

antibacterial of silver® and easy
over their composition and atomic arrangement could allow a
fine-tuning of Au-Ag BNP properties.

Due to identical lattice constants for Au and Ag,37 direct
lattice imaging of Au-Ag BNPs using TEM is not very informative

and experimental reports on quantitative surface enrichment
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38, 39
are rare.

Element selective HAADF-STEM, XPS and XAFS
spectroscopies have proven to be the most appropriate
techniques to characterize with high accuracy the structure of
Au-Ag BNPs.*® %4 | parallel, the stable atomic arrangements
of the final BNPs have been extensively modelled theoretically42
with unclear and sometimes contradictory results while no
studies have been reported on their nucleation and growth
processes.

In this work we use the build-in RToF-MS to determine the
composition of the deposited BNPs with high precision using a
method based on the binomial combination theorem. By using
a combination of HAADF-STEM, XPS and Refl-XAFS, the tunable
spatial architecture and the interatomic charge transfer in the
final Au-Ag BNPs as a function of composition is unravelled. The
role of the nucleation stage in controlling this final spatial
architecture of the BNPs is highlighted with the aid of DFT-based
theoretical calculations and a four-step growth process is
proposed.

Results and Discussion

A series of Au,Agi, clusters from gold rich to silver rich
stoichiometries were produced in the gas-phase by dual-laser
ablation of pure Ag and Au metal targets and condensation in
high pressure (~9 bar) helium gas.43 The clusters were carried
out of the source by the helium pulse at supersonic speeds and
the formed beam is directed into the extraction region of the
RToF-MS, where the clusters are photoionized with an excimer
laser. The obtained mass spectrum was used to determine with
high precision the cluster sizes and compositions present in the
chamber at the end of the nucleation / growth process (Figure
S1). The precise required composition of Au-Ag clusters was
obtained by modulating the laser intensities ablating the two
targets independently to produce AugoAgo1, AuUg7AZ03,
AugsAgo.s, AugaABos AUo3ABo.7, AUprABos, and AugiAges by a

This journal is © The Royal Society of Chemistry 20xx



composition analysis of the ultra-small cluster region of the
mass spectra based on the binomial theorem (see experimental
methods).

To unravel the atomic arrangements of Au and Ag atoms in
Au-Ag BNPs as a function of their composition, gas-phase
Au,Ag,, clusters (x = 0.2, 0.4, 0.5, 0.7 and 0.9) were deposited
directly on TEM grids to yield random arrays of Au-Ag BNPs.
They were investigated by STEM-HAADF whose signal
brightness is directly related to the elemental atomic number Z.
Due to the large Z difference between Au (79) an Ag (47) a
strong contrast between brighter gold-rich and darker silver-
rich areas is expected in the STEM images.

The average diameter of the BNPs measured for more than
100 NPs was 3.0 £ 0.7 nm in Au rich BNPs and 3.4 £+ 0.7 (3.7
0.8) nm in Ag rich Aug4Ago 6 (AugAg0.g). Histograms of diameter
distributions of Au,Ag,., BNPs (Figure S3) show a sharp increase
of the BNP diameter in silver-rich compositions due to their
flattening on the support (see below).

Figure 1 presents STEM images of Au-Ag BNPs along with
their normalised quantitative radial intensity profile integrated
over the polar coordinate and simulated STEM radial profiles
corresponding to pure Au NPs, pure Ag NPs and phase
segregated structures. Detailed inspection of the STEM images
shows that for all compositions except AugsAgos a contrasted
dark core / bright shell or bright core / dark shell pattern is
observed, while for the case of AugsAgos, a uniform
intermediate intensity prevails over the whole cluster. This
indicates different levels of mixing and atomic arrangements
are occurring in the deposited clusters as a function of their
composition.

For gold rich BNPs the core appears darker than the shell,
while for silver rich ones the reverse is observed showing a
composition-tunable atomic arrangement. This is corroborated
by the STEM profiles of the BNP cores that lie systematically
between the simulated profiles of pure gold and pure silver
indicating that the composition of the cluster core is always
enriched by the minority element, i.e. silver in gold rich BNPs (x
=0.9 and 0.7) and gold in silver rich clusters (x = 0.4 and 0.2).

Detailed information on the composition variation along the
radius of each BNP was obtained by simulating44 the STEM
signal intensity with different Au-Ag compositions from the
centre to the edge of the BNPs. The obtained results are
presented in Figures 1f to 1j and indicated with red dash lines.
In all the investigated BNPs, except in AugsAgos, the core
composition varies as a function of the position along the BNP
radius. In gold rich AuggAgo, the centre of the cluster is
composed of ca. 95% of Ag and the silver concentration
decreases along the radius to reach 0% at a distance of 0.7 nm
from the BNP centre. On the other hand, in silver rich Aug ,Agos,
the centre core is composed of ca. 90% Au and the Au
concentration reaches 0% at 1.8 nm from the BNP centre.

The predominant location of Ag at the surface of the BNP in
silver-rich compositions is further confirmed by the presence of
an amorphous and highly dispersed phase around the NP
metallic core in the STEM images of Aug,Agps and to a lesser
extent of Aug4AgosBNPs (see Figures 1i and 1j). The absence of
this phase in gold-rich BNPs is likely due to the presence of a

This journal is © The Royal Society of Chemistry 20xx

majority of gold atoms at the surface of the BNPs, forming sharp
atomic planes and edges observed in the STEM images. This is
also in line with the BNP size analysis shown in Figure S3, where
an increase in the apparent average diameter in Aug,Agos is
observed, likely due to the presence of this amorphous oxide
outer shell.

Detailed analysis of the STEM-HAADF images clearly shows
the presence of a stable composition-tunable spatially
segregated atomic arrangement in ca. 3 nm bimetallic Au,Ag;,
with the minority element always preferentially located in the
core of the particle. When the two elements are in equal
amounts a full mixing of Au and Ag is observed.

Additional information on the composition-tunable
arrangement and the charge transfers occurring between Ag
and Au atoms in Au,Ag,,(x=0,0.1,0.3,0.5,0.7,0.9 and 1) BNPs
was obtained by XPS. Ag 3d and Au 4f split due to spin-orbit
coupling into Ag 3ds;, Ag 3ds,;, Au 4fs; and Au 4f,, peaks,
respectively, and O 1s spectra with best fits are presented in
Figure S4. Analysis of O 1s peaks shows that the main signal is
from the SiO, support and a contribution of Ag oxide (AgO ca.
530 eV, Ag,0 ca. 529 eV) is only present in Ag rich BNPs (x=0
and 0.1) with a contribution never exceeding 1% of the total O
1s peak. Analysis of the binding energies (BE) peak positions of
Au 4fss;, Au 4f;,, Ag 3d;, and Ag 3ds, as a function of
composition (Figure S4) show that Ag 3d BE in all Au,Ag;., BNPs
are always smaller than that of pure Ag NPs. As the Ag BE
decreases with increasing oxidation state due to its core-level
photoemission,45’ % this evolution points out a systematic
partial electron transfer from Ag to Au atoms or to the SiO,
support in all BNPs. This is further confirmed by the BEs of the
Au 4f contribution showing the reduction of Au atoms by Ag in
Au rich BNPs and their oxidation by electron transfer to the

support through the silver outer shell in their Ag rich
. 47-49
counterparts, as reported previously
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Figure 2. Integrated peak area ratio of the XPS Ag(0), pure phase, to Ag(8), alloy phase,
(black square) plotted with those of the Au(0), pure phase, to Au(8), alloy phase, (red
circle) from Au rich to Ag rich BNPs compositions.

The respective fractions of pure Au, pure Ag and Au-Ag
alloyed phases present in all BNPs were examined by
deconvoluting and fitting the Ag 3d and Au 4f peaks with two
Ag and Au chemical components assigned to pure-phase Ag(0)
and Au(0) peaks and an Au-Ag alloyed phase (Ag(6) and Au(8)
peaks). The integrated peak area ratio of Ag(0) (368.5 eV and
374.5 eV) and Ag(8) contributions (368.0 eV and 374.0 eV) in Ag
3d spectra and those of Au(0) (84.3 eV and 87.9 eV) and Au(8)
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(83.7 eV to 84.6 eV and 87.3 eV to 88.3 eV) in Au 4f spectra,
respectively, are presented in Figure 2. The results indicate that
the minority element always tends to form an alloyed phase
while a large fraction (up to 40%) of the majority element forms
a pure phase.

To further characterize the BNPs atomic arrangement,
identify the different phases, and quantify the exact levels of
mixing and segregation corresponding to the dark and bright
regions in the final Au-Ag BNPs, we carried out a XAFS
investigation of AuggAgo.1, Aug7A803, AUgsAgos, AugsAgp 7, and
Aug1Agog clusters deposited on inert SiO, at the Ag K-edge.
Unlike XRD and conventional TEM, XAFS can detect alloying in a
few-atom size Au-Ag bimetallic system and even when the
interatomic distances of the alloy and the pure metal are very
similar.”® The interference between Ag and Au phase shifts
indeed generates a characteristic beat in the XAFS that appears
as a doublet in the Fourier transform.* Moreover, analysis of
the X-ray Absorption Near-edge Structure (XANES) can provide
valuable information on the electronic properties of the BNPs
and in particular on the electron transfer that is likely to occur
between Au and Ag atoms.”® The XAFS technique is also
complementary to electron microscopy since it allows, as a bulk
technique, the investigation of a more representative amount
of clusters. However, to ensure that the BNPs always stay
isolated on the SiO, support their coverage was kept to a very
low value of 0.3 ML corresponding to an average inter BNP
separation of around 7 nm. Due to this exceptionally high level
of dilution the XAFS signal of the Au-Ag BNPs was collected in
total reflection mode. Although the relatively weak signal that
was collected for this exceptionally high level of dilution (0.3 ML)
produced a moderate signal-to-noise ratio, a reliable XAFS
signal still could be obtained up to k = 9.5 A, Phase corrected
Fourier Transforms (Figure 3a) of the k3—weighted XAFS (figure
S5) show a doublet between 2 and 3 A that is characteristic of
Au-Ag alloys with distinct shape and intensity ratios for each
compound, evidencing that a significant level of Au-Ag atomic
mixing exists in most of the investigated compositions.

Detailed fitting of the data was carried out with a 3-shell
structure model based on Ag-Ag, Ag-Au, and Ag-O interactions.
In general, the major part of the XAFS signal could be fitted with
a combination of Ag-Ag and Ag-Au contributions with Ag-Au and
Ag-Ag contributions dominating in gold-rich and silver-rich
compositions, respectively. Metallic coordination numbers (Nag.
ag and Npg.a), obtained for these sizes in the spherical shape
approximation, were generally smaller than expected, in
particular in silver rich BNPs (see table S1). This may indicate
that BNPs have a significant level of segregation with a pure Au
region in line with the XPS results and/or that the Au-Ag BNPs
are rather disordered and/or flattened onto the support in line
with AFM images that show a significant flattening of the Ag rich
BNPs on the SiO, surface compared to their Au-rich
counterparts (Figure S6). This is likely resulting from the
formation of a superficial oxide phase whose presence is
evidenced by the minor Ag-O contributions detected mostly in
Ag-rich BNPs with XPS. As Ag-O long bond distances (Rag.0 = 2.24
to 2.20 A) do not match those found in Ag,0 nor in AgO (2.04

2y 37

A),”" this oxide likely corresponds to an amorphous phase
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resulting from the interaction with the SiO, support of the large
fraction of surface Ag atoms in absence of ligands. In silver rich
Aug 1Ago9 this O contribution was 3 times stronger than in the
other BNPs compositions, while Ag-O distances were shortened.
This points out the formation of ca. 60% (Nag.o= 1.2 /Npgoin
Ag,0 or Ag/Si oxides® = 2) of an highly dispersed Ag oxide phase
at the BNP/support interface. This is also visible in the STEM-
HAADF image of Aug,Ago s and to a lesser extent of Aug 4Agp6. IN
gold-rich BNPs a limited amount of Ag oxide is found confirming
the preferential location of silver in the BNP core where it is
protected from oxidation by an outer shell of more noble gold
metal. This Au shell confers gold-rich BNPs the compact shapes
and sharp surface edges observed with STEM.

The evolution of metal-metal bond distances Rag.ag and Rag.a, in
Au-Ag BNPs as a function of Ag fraction are presented in Figures
3b and 3c. Whereas Rpg.a, is close to the bulk values of both
metals (2.88 A)37 for all compositions, Rag.ag is unusually long
(2.91 A) in gold-rich Aug sAgo 1, unusually short (2.83 A) in silver-
rich Aug 1Ago.9, and close to the typical silver metal bulk value in
Auo‘sAgoAS,S1 These strong variations of bond distances suggest
that the silver rich metal phase, unlike the Au-Ag alloy, might be
located in very different spatial locations in the BNP depending
on the composition. In the core of AuggAgo1 the Ag-Ag bond
distance is affected by charge transfer to the surrounding more
electronegative Au atoms depleting their electron density and
resulting in weaker and longer Ag-Ag bonds in line with the XPS
results.
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Figure 3. (a) Phase-corrected Fourier transformed XAFS spectra from gold rich to silver
rich clusters. Bond distances of Ag-Ag (b) and Ag-Au (c), and Ag coordination fraction (Ag
coordination number over the sum of Ag and Au coordination numbers) as a function of
composition (d).

The charge transfer from Ag to Au atoms is indeed clearly

visible in the XANES analysis of gold-rich AugsAgo1 and
Aug 7Ago3 BNPs spectra presented in Figure S7. A strong white
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line corresponding to the presence of a larger amount of empty
states in the 5p band that is shifting the edge position to lower
energies (25510.2 eV) compared to that of metal foil (25514.0
eV). In the meantime, both BNPs feature a strong resonance at
25545.2 eV characteristic of Ag metal, confirming that in both
BNPs the large majority of Ag atoms does not form an oxide. In
line with the Ag 3d XPS results, this XANES red-shift indicates
the formation of electron-depleted alloyed metallic Ag due to
their transfer to gold atoms. This charge transfer that is stronger
in Au rich BNPs is likely stabilizing the Ag core against the
galvanic replacement reaction, which explains the stability of
this atomic arrangement.“’ “®In contrast, in Ag-rich BNPs the
nearly pure silver phase located in the outer shell of the BNP is
likely undergoing a large surface tension that is shortening the
Ag-Ag distances.””>* The Ag coordination fraction number (ratio
of Ag to the sum of Ag and Au coordination number) (Figure 3d)
increases monotonically as expected with the Ag fraction in gold
rich clusters and reaches a plateau in Ag rich compositions
corresponding to the formation of an increasing amount of
amorphous oxide phase.

Combining STEM-HAADF with XPS and XAFS spectroscopies
allowed us to characterize the detailed atomic arrangements in
Au-Ag BNPs deposited with CBD onto TEM carbon grids and SiO,
wafers. Au-Ag BNPs are predominantly segregated with a
composition-tunable inversion of the relative position of Ag and
Au, i.e., the less abundant element is always located in the core
forming an alloy while the most abundant one is in the outer
shell of the BNP with a significant fraction (up to 40%) forming
a pure phase at the surface. Due to the lack of protecting ligands
a limited fraction of the Ag atoms located at the BNP surface
forms a dispersed amorphous oxide phase. Although two
different supports were used for STEM and for XPS and Refl-
XAFS spectroscopies, all techniques show for each composition
similar structures. This suggests that the atomic arrangement of
Au and Ag atoms in metallic BNPs is not significantly influenced
by the deposition but may be determined at an earlier stage of
the nucleation and growth stage occurring in the gas-phase
before their deposition.

To test this hypothesis and better understand how the
composition directly the very different atomic
arrangements observed in the final structures of Au-Ag BNPs we
investigated the mechanism of Au and Ag atom mixing at the
(pre)nucleation stage both theoretically using DFT and
experimentally using RToF-MS. Although gas-phase cluster

tunes

formation is believed to proceed via fast collision of hot
vaporized metal atoms from the target with inert gas atoms,
very little is known on the details of the nucleation and growth
process.54 It is generally accepted that the first step of the
cluster growth comprises the formation of embryosss’ %6
consisting of ultra-small clusters of a few atoms®’ through
three-body collisions. Upon embryo stabilization, the cluster
may then further grow via cluster-cluster collision and/or
atomic vapour condensation.”®

While a

monometallic systems is available, no detailed bimetallic gas-

limited amount of work on the formation of

phase cluster growth study has been reported to the best of our
knowledge. To get more insight into the energy of formation of

This journal is © The Royal Society of Chemistry 20xx

Au-Ag bimetallic embryos we have evaluated their tendency to
form mixed or pure clusters™ by calculating the Au-Ag mixing
energy in dimer, trimer, and tetramer clusters using spin-
unrestricted density functional theory with the PBE functional
(see methods).

Figure 4a shows that, in the case of tetramer clusters, the
mixing energy of Au,Ag, corresponds to a clear minimum. This
value is 0.8 eV lower than for the monometallic clusters and
implies that the formation of bimetallic Au,Ag, clusters is
energetically most favourable. Although this observation is
made here specifically for four-atom clusters, this behaviour
also applies to other small cluster nuclearities. It can also be
generalized to other types of alloys since strongly negative
mixing energy in small clusters have been reported in several
bimetallic systems. These calculations concern miscible systems
such as for example PdCo® and AuPd,*’ and even systems
whose mixing energy is positive in the bulk, but not at the
nanoscale, such as AgCu62 and AgNi.63 A consequence of this
behaviour is that the relative abundance of the ultra-small
bimetallic clusters present at the (pre)nucleation stage will
always be higher than that of their monometallic counterparts.
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Figure 4. (a) DFT calculations of the mixing energy of tetramers: Ag,, Au;Ags, Au,Ag,,
AusAg;, and Au,. RToF-MS peak intensity difference of the relative abundance of trimers
to hexamer, which are calculated from Aug4Agos and Aug;Age3 RToF-MS. Vertical dash
lines represent the global compositions and the 0 in y-axis corresponds to no abundance
difference between the experimental and simulated MS (b). The corresponding RToF-MS
of Aug;Ag3 and AugsAgoe With binomial combinatorial calculations of trimer (red),
tetramers (orange), pentamer (green) and hexamer (blue) are shown in (c) and (d),
respectively.

This hypothesis is nicely supported experimentally by the
mass spectra collected during the gas-phase formation of
Aug7Ag03 and Aug4Ago6 in the ultra-small cluster size range of
less than 1200 amu. As the peak intensities are proportional to
the clusters abundance, the excess abundance for each specific
cluster composition is calculated by comparing the simulated
peak intensities from the binomial combination theorem with
the measured ones. RToF mass spectra peak intensities of Aus,
Auy, Aus, and Aug are taken as references, for the 3,4, 5, and 6
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atom clusters, respectively. The excess abundance for the 3, 4,
5, and 6 atom clusters during the nucleation of Aug4Agpe and
Aug 4Ag06 BNPs are calculated by the peak intensity difference
and plotted in Figure 4b, and the corresponding mass spectra
are shown as Figures 4c and 4d. In the analysed size range from
trimer to hexamer clusters forming during the Aug;Ago3 and
Aug 4Ag06 productions, the bimetallic trimers and tetramers are
present in significant excess compared to the abundance
expected for the binomial combination (Figure 4b). On the
other hand, larger clusters nicely match the expected global
composition indicating that the mixing energy is only playing a
major role in the formation of the smallest clusters. Significant
excess of pure Ags and Ag, clusters observed in Aug4Agg 6 likely
originates from the slight overstatement of the abundance of
pure Ag clusters caused by the lower ionization of silver
compared to gold.

Computational modelling in combination with experimental
mass abundance spectrometry suggests that the Au-Ag mixing
energy favouring the formation of ultra-small bimetallic clusters,
dimers to tetramers, during the gas phase (pre)nucleation stage
is responsible for the composition-tunable segregation
behaviour of Ag and Au in the Au-Ag BNPs deposited on

Energetically favourable ultra-small bimetallic
are likely to form before their
counterparts from the gas mixture of Au and Ag monomers
present in the chamber during laser ablation and this process
results in depleting the atoms of the minority element.® These
small bimetallic clusters may then rapidly agglomerate by
cluster-cluster collisions into larger nuclei keeping a similar
average composition. These nuclei could form the core of BNPs
that will appear systematically enriched with the minority
element, except obviously for AugsAggs. Monometallic clusters
and /or atoms of the majority element aggregate later via
cluster-cluster collision and atomic vapor condensation to form
an outer shell enriched with the majority element. This process
is in line with the formation of a partially segregated core-shell
structure including a significant degree of alloying observed in
the final structure of the Au-Ag BNPs.

Interestingly, similar processes have been reported for
monometallic® ® and bimetallic"’ gold-based NPs growth in
solutions. For monometallic NPs, formation of small clusters
from the Au monomers after partial reduction of the gold
precursor was identified as the first step of the growth process.
These clusters then formed seed particles with radii > 1.5nm
attracting the remaining gold ions in two steps on top of the
seed particles' surfaces until the precursor is fully consumed. In
mixed-metal pre-nucleation of multinuclear metal-thiolate
complexes, ultra-small tetramer bimetallic Au-Cu clusters were
found to play a critical role in obtaining alloyed Au-Cu BNPs in
solution, similar to the observations we here make for gas-
phase growth in the laser ablation cluster source. Conversely, in
two-phase syntheses, where these mixed metal-thiolate pre-
nucleation species were absent, the formation of core-shell
architectures was observed.*®

DFT modelling supported by mass spectrometry suggests
that, as for colloidal synthesis in solution, the chemical structure
of the ultra-small clusters (less than 5 atoms) present in the gas-

supports.

clusters monometallic
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phase during the bimetallic cluster nucleation is likely tuning the
final spatial atomic organization of the BNPs deposited onto
supports. We propose a 4-step schematic representation of the
growth process of Au-Ag clusters in the gas phase of a CBD
source based on our combined investigation of the gas-phase
nucleation stage and the post deposition BNPs final structures.

¢ ALY L e ]
i .».-r.v.:-’-.y.'
g R
i e
AUgsAdos  AUgsAdos  AugsAJoge

Figure 5. Schematic representation of the 4-step growth process of Au-Ag clusters in the
gas-phase before deposition: (I) Au and Ag atoms are generated by laser ablation of the
targets; (ll) ultra-small bimetallic clusters form and the minority element is depleted
from the metal gas; (Il1) the small bimetallic clusters serve as embryos or building blocks
for the further growth of nuclei/seeds and the majority element atoms also condense on
the bimetallic core to form the cluster shell; (IV) formation of clusters, with alloy cores
enriched by the minority element and shell enriched by the majority element. A full alloy
is formed in Aug sAgo s.

As depicted in Figure 5, in the gas of monomers produced
immediately after the laser ablation of two pure metal targets
(1) the embryos or building blocks appearing in the monomers
nucleation are bimetallic ultra-small clusters (up to 4 atoms)
whose excess abundance is detected with mass spectrometry
(I1). In a second stage, these bimetallic clusters aggregate
immediately into bimetallic nuclei/seeds that will form the
alloyed core of the BNPs enriched in the minority element
observed by STEM (lIl). The remaining part of the clusters or
monomers enriched in the majority element that were formed
later due to their less favourable mixing energy aggregate onto
the preformed nuclei/seeds to form the pure and alloyed
majority element outer shell of the BNPs (1V).

The proposed growth process may explain why the final
atomic arrangement of Au-Ag BNPs presents a unique
composition-tunable core-shell inversion with a systematic
location of the minority and majority elements respectively in
the alloyed core and in the rather pure outer shell of BNPs
observed with STEM, XPS and Refl-XAFS. When the fraction of
each element is equal, as in AugsAgps, the (pre)nucleation
mixed cluster composition reflects the global composition and
remains constant during the whole growth process and no
segregation is observed. This mechanism suggests that the final
spatial atom architecture and the properties of Au-Ag BNPs may
be tuned by controlling the composition of the cluster species
present in the gas-phase prior to NP nucleation.
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We believe that this may also apply to the synthesis of a
large variety of bimetallic systems in the gas-phase but also in
solution, since the main ingredient for obtaining this kind of
behaviour is simply a strongly negative mixing energy for small
clusters that also has been reported in other binary systems.so'
357 This prospect may lead to major advances in the atom-scale
control over multimetallic NP atomic arrangements and the
surface atoms that are largely responsible for their catalytic and
optical performance.

Conclusions

To uncover the role composition plays on the final particle
architecture, Au-Ag BNPs of relatively uniform sizes, ca. 3 nmin
diameter, and very precise compositions spanning the Au-Ag
miscibility range were prepared by a new approach based on
the CBD technology equipped with mass spectrometry enabling
in-flight tuning of the cluster stoichiometry prior to deposition.
Their combined structural characterization carried out by
HAADF-STEM, XPS and Refl-XAFS, showed that both Au rich and
Ag rich Au-Ag BNPs compositions are segregated with the
minority element systematically predominant in the alloyed
core of the BNP; the majority element is located in the outer
shell with a significant fraction of pure phase. This composition-
tunable core-shell arrangement is explained by the lower mixing
energy of bimetallic ultra-small clusters that favours their
formation over their pure counterparts in the early stage of the
gas phase nucleation process. As favourable mixing energy of
bimetallic ultra-small clusters is common to many bimetallic
systems the proposed 4-step growth mechanism leading to
composition-tunable chemical ordering likely
applicable to other BNPs besides AuAg.

In summary, we showed that the overall compositions of the
BNPs directly control their atomic arrangements. Precise
control of the compositions of the nucleation species during the
synthesis of BNPs may contribute further to designing novel
BNPs with tailored atomic arrangements and their high
performance properties for a wide range of applications.

inversion is

Experimental Methods
Production of composition controlled clusters

Composition controlled Au-Ag bimetallic clusters are
produced by pulsed laser (7 ns, 10 Hz, Nd:YAG lasers, Spectra
Physics, INDI) ablation of Au (purity 99.995%) and Ag (purity
99.95%) or Au-Ag alloy (35 at% Au and 65 at% Ag, purity 99.95%)
plate targets and inert gas (He, purity 99.9999% ) condensation.
The hot gas of metal monomers resulting from the pulsed laser
ablation (100 ps) of the adequate metal targets confined in a
small chamber undergoes aggregation upon cooling down in a
125 us pulse of high-purity He (9 bar). The full mass spectrum
(Figure S1) shows the production of a majority of large clusters
and a small number of their small and ultra-small counterparts.
Without mass selection, clusters are formed with sizes ranging
from a few atoms to 1000 atoms.?® In this study, the cluster
production is optimized for clusters of about 1000 atoms. By

This journal is © The Royal Society of Chemistry 20xx

fine-tuning the laser power, the abundance of the two elements
can be controlled and composition controlled bimetallic clusters
are formed. The cluster source is cooled by liquid nitrogen,
resulting in clusters with a temperature of about 100 K. After
expansion into vacuum a molecular beam of clusters with
different charge states is obtained, which is then soft-landed (~
500 m/s) on an inert amorphous carbon film (~ 20 nm) covering
a 200 mesh Cu TEM grid commercially available from EMS for
STEM characterization or 5 cm long x 2 cm wide SiO, wafer in a
UHV cluster beam deposition chamber with a base pressure
below 5 x 10 mbar.®® Most of the clusters (up to 90%) forming
the cluster beam are neutral. The cluster beam size is 1 cm in
diameter and the typical cluster flux is around 0.1 ML/min at the
deposition stage 1 m downstream of the source. The dimension
of the Refl-XAFS samples is 5 cm long x 2 cm wide, therefore,
the depositions require movement of the sample stage to cover
the 5 cm wafer, with a motorized 1 mm/s travel speed.

Reflectron time of flight mass spectrometry

Charged clusters formed directly in the source or neutral
clusters are post-ionized by pulsed F, excimer laser (10 Hz,
Lambda Physik OPTEX) photons (photon energy 7.9 eV,
wavelength 157 nm), and are subsequently accelerated
electrostatically and mass analysed by reflectron time-of-flight
mass spectrometry with a mass resolution M/AM = 150 at 591
amu and M/AM = 250 at 1970 amu. A composition analysis
method based on the binomial theorem analysis of the ultra-
small cluster region of the mass spectra was developed to
determine the composition of the Au-Ag clusters with high
precision. With the direct proportionality of the intensity of
each MS peak to the abundance of each type of bimetallic
clusters and by assuming an identical ionization probability for
clusters with the same number of atoms N, such as Auy, Auy.
1Ag1, Aun,Ag,, AupnsAgs..., the intensity, IAuNAuAgNAg of the
AuNAuAgNAg cluster with Ny, number of Au atoms and Ny,

number of Ag atoms can be described by a binomial
combinatorial relationship:

(NAu+NAg)!

Ny N
Nay!Nag! [Au]™4au[Ag]™as, (1)

IAuNAuAgNAg

where [Au] and [Ag] are the normalized atomic fractions of Au
and Ag elements, respectively.

Experimental RToF-MS spectra for each cluster composition
were fitted to equation (1) using an in-house developed
program to determine with high precision the global average
composition of 5 to 15-atom ultra-small clusters. An example of
and the
simulated spectra corresponding to a global composition of
73.8 £ 0.4% Au and 26.2 + 0.4% of Ag (Aug7Ag03) is shown in
Figure S8a.

Similarly simulation of the mass spectrum corresponding to

the excellent match between the experimental

clusters produced by laser ablation of an Aug4Agy ¢ alloy target
of defined composition (35.4% Au and 64.6% Ag, ACI alloy)
(Figure S8b) shows that the simulated composition of Aug4Ago 6
(35.9 + 0.7% Au and 64.1 + 0.7% Ag), closely matches the
original stoichiometry of the alloy targets supporting the
validity of our approach.zs’ > A very close composition (38% *
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4% Au and 62% * 4% Ag) was also determined for the
corresponding Au-Ag BNPs deposited on SiO, wafer by
Rutherford backscattering spectrometry (RBS) (Figure S9)
confirming the conservation of the composition of Au-Ag gas-
phase clusters upon their soft landing as Au-Ag BNPs onto SiO,
wafers.

Based on the developed method, the composition of
bimetallic clusters can be monitored in real time by assuming a
regular binomial distribution of the cluster compositions, and a
series of simulated spectra from 0% to 100% of Ag with a 0.1%
increment is made. The simulated spectra are then least-
square-fitted to the measured mass spectrum, with the Au-Ag
composition as the unknown fit parameter, using an in-house
developed program. A validation of the fitting method applied
on a series of mass spectra of Au,Ag;, is shown in Figure S10.

Rutherford backscattering spectroscopy

Rutherford backscattering spectroscopy experiments
(Figure S9) were performed using a collimated mono-energetic
He" beam accelerated by a dual Pelletron and steered into a
scattering chamber. In this study, the 10 nA He' beam was
focused to 2 mm’ with kinetic energy in 1.57 MeV. The
scattered He* beam was detected by a silicon surface barrier
detector located at 15° to the surface normal.

Scanning transmission electron microscopy

Atomic resolution STEM imaging was performed by a JEOL
JEM 2100F STEM instrument operating at 200 keV equipped
with a spherical aberration (Cs) probe corrector (CEOS GmbH)
and high-angle annular dark-field (HAADF) detector, with inner
and outer collection angles of 62 and 164 mrad. The cluster size
distribution of the Au-Ag BNPs were measured with low
magnification images for more than 100 BNPs. The cluster size
was determined by measuring the diameter cross-section of
individual clusters. Assignment of core-shell structure was
possible because of the Z-contrast of HAADF-STEM (Z is the
elemental atomic number). The HAADF-STEM intensity is
proportional to Z"*® with the camera length employed.70 The
large difference of the atomic number between Au and Ag
(Zau=79; Zag=47) allows us to distinguish the elemental atomic
arrangement within the clusters directly from HAADF-STEM
image intensity contrast. The STEM image analyzes were carried
out with the imagel Fiji software. The intensity profile of each
single cluster was obtained by first finding the position of the
centre through averaging, and then binning the intensity in
polar coordinates as a function of the radial distance to the
centre.

X-Ray Photoelectron Spectroscopy

XPS experiments were performed at room temperature
under UHV condition (Leybold LHS 10/12, 5-10”° mbar) by using
Al Ko X-ray source operated at 10 kV and 25 mA and the spectra
were collected by hemispherical analyser with passing energy
30 eV and energy step 0.025 eV. The spectra were aligned to the
adventitious carbon peak C 1s placed at 284.8 eV. The fitting of
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the peaks was done with Unifit software. Following spin-orbit
coupling constrains were considered: peaks separation 6.0 eV
and 3.65 eV as well as peak area ratio 2/3 and 3/4 for Ag and Au,
respectively.

X-ray absorption fine structure spectroscopy

XAFS experiments were performed in total reflection in
fluorescence detection mode at Ag K-edge (25514 eV) on BMO08-
LISA beamline at The European Synchrotron (ESRF, Grenoble,
France). 5 cm long x 2 cm wide SiO, ultra-flat wafers covered
with 0.3 atomic monolayer (ML) clusters were mounted on a z-
0 goniometer with the sample surface parallel to the ring orbital
plane. The impinging beam was about 50 um (v) x 2mm (h) and
its intensity before and after the sample was collected with ion
chambers filled with Ar gas. For each sample a reflectivity
spectrum was collected and the data collection angle was
defined as about 80% of the critical value for total external
reflection. In this way the X-ray beam probes only a few nm
below the surface enhancing the signal from the overlayer and
minimizing that of the substrate.

The X-ray fluorescence yield from the Ag-K, line was
collected using a multi-element HP-Ge detector array. Due to
the limited fluorescent yield of Au L; edge that would have
required excessive measurement times no data could be
obtained at Au L3 edge with this dilution.

Data reduction of the experimental X-ray absorption spectra
was performed with the program EXBROOK.”* Background
subtraction and normalization was carried out by fitting (i) a
linear polynomial to the pre-edge region in order to remove any
instrumental background and absorption effects from other
edges and (ii) cubic splines simulating the absorption coefficient
from an isolated atom to the post-edge region. XAFS
refinements were performed with the EXCURVE package.71
Phase shifts and backscattering factors were calculated ab initio
using Hedin-Lundqvist potentials. Fourier-transformation was
applied to convert the k space spectra to r space with K
weighting to compensate for the dampening of the XAFS
amplitude with increasing k. The structural models were built
up with silver and surrounding atoms such as silver, gold and
oxygen. The fitting results are presented in Table S1. The
amplitude reduction due to many-electron processes (AFAC)
was set to 0.9 after calibration with a silver metal foil.

Density Functional Theory

Spin unrestricted calculations were performed within the
Density Functional Theory approach implemented in the
Quantum-Espresso package72 with  available ultrasoft
pseudopotentials.73 For exchange and correlation, the spin
unrestricted Generalized Gradient Approximation in the
Perdew—Burke—Ernzerhof 7 implementation was used. For the
selection of the plane waves, energy cutoffs of 40 and 160 Ry
were chosen to describe the wave function and the electronic
density, respectively. Convergence tests were made using
cutoffs of 60 and 240 Ry. The mixing energy is defined here as
the binding energy of mixed clusters with reference to the
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binding energy of the corresponding monometallic clusters, and
hence can be written as:

Emix(AumAgn) = Eb(AumAgn) - %Eb(AuN) - %Eb(AgN): (2)
where E} is the binding energy and N = m + n is the total
number of atoms. If Enixcau,,ag,) < 0, the formation of a
collection of N Au,,Ag, bimetallic clusters is energetically
more favorable than that of a collection of m Auy+ n Agy
monometallic clusters. By contrast, if Emnixcau,,ag,) > 0, the
formation of a collection of monometallic clusters is
energetically more favourable than that of their bimetallic
counterparts.
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