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Abstract:

This study presents a direct method for creating bimetallic nanoparticles (Ag/Au BNPs) within a
polymerizable host by a UV light process under atmospheric conditions (air, temperature and
pressure). This approach offers both simplicity and efficiency by combining the photo-induced
reduction of metal precursors (AgNO; and KAuCly) and the radical photopolymerisation of a
polyethylene glycol diacrylate in a single step. As a result, plasmon active coatings were

obtained with three different BNPs in the form of Ag-Au alloy or core-shells (Ag@Au or
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Au@Ag) confined in the polymer matrix, with an average diameter between 4 and 6 nm
respectively. The method requires only 15 to 45 minutes depending on the desired BNPs system
that were easily triggered by playing with the redox potentials of the metal pairs and small
amounts (200-300 pL) of water or acetonitrile solvents used to dissolve these precursors. This
control determines which metal is reduced first to form the core and which follows for the shell,
or even both simultaneously for the formation of the alloy system. Moreover, double-layered
systems such as Ag@Au@Ag can also be synthesised with this approach. Various advanced
characterisation techniques, including real-time UV-Vis spectroscopy, X-ray photoelectron
spectroscopy, X-ray absorption spectroscopy, and transmission electron microscopy (in
particular STEM-HAADF imaging and EDS elemental mapping), were used to monitor the

synthesis process and identify the formed BNPs system.

These new plasmonic materials exhibit unique optical properties depending on the BNPs system,
making them promising for multiple applications such as sensing, SERS, optics, catalysis or

photocatalyse, and easily scalable for large-scale production.

Keywords: bimetallic nanoparticles, plasmon active nanocomposites coating, photo-induced

synthesis, photopolymers, hybrid nanomaterials



Introduction:

Noble metal nanoparticles (NPs), i.e. silver, gold or platinum, are sought after for their
attractive optical properties, which can be used in wide variety of fields such as biomedicine [1,
2, 3, 4], catalysis [5, 6, 7, 8], photovoltaics [9, 10] or sensing [11, 12, 13, 14] especially SERS
(Surface-enhanced Raman spectroscopy) applications [15, 16]. In particular, the localised surface
plasmon resonance (LSPR), which is specific to each noble metal, provides insight into the shape
and size distribution of NPs.

Moreover, the combination of two noble metals to form bimetallic nanoparticles (BNPs) offers
a wider range of properties that can be tuned as a function of the choice and proportion of each
metal [17]. For example, the combination of silver and gold improves the overall photocatalytic
properties by increasing the electronic density on the surface of the NPs [6, 18], and the addition
of gold to silver can improve the stability or resistance to oxidation of silver NPs [19].

In solution, these BNPs are typically synthesised as alloys or core-shell structures using
various techniques [20], which can be either top-down or bottom-up processes. In this second
approach, BNPs in solution can be synthesised by chemical reduction reactions, which are often
developed to obtain nano-alloys by adding reducing agents, such as citrate [21, 22], NaBH4 [23],
hydrazine [24, 25] or plant extracts [1, 7, 8, 26], to metallic precursors. The issue with colloidal
NPs is their tendency to aggregate in the absence of surface stabilisers, which have been shown
to increase their stability, but only to a certain extent [23]. In addition, the chosen solvents and/or
stabiliser molecules may be toxic, limiting the potential applications. To avoid these problems,
and because the majority of daily life applications of NPs are needed in solid matrixes or
coatings, BNPs are directly synthesised on or within various solid matrixes, especially polymers

for functional surfaces. For example, Ghodselahi et al. [27] obtained nanoalloys by



radiofrequency sputtering on glass, although this technique requires the use of acetylene gas in a
vacuum medium of ~2 Pa. Electrodeposition was used by Dong et al [14] to synthesise core-shell
BNPs on indium tin oxide via a two-step deposition method, for the core and shell, respectively.
In polymers, alloy BNPs have been created on flexible polyarylene ether nitrile, by using a high
vacuum (~ 10 Pa) and an annealing step between 250 and 310 °C [28] or in polyethylene glycol
by double target sputtering [29], also requiring the use of an ultrahigh vacuum and long thiol
molecules to protect the obtained nano-objects. More recently, vapour-induced phase separation
allowed the formation of bimetallic hetero-oligomers in a poly(methyl methacrylate) (PMMA)
nanoholes matrix [30]. This technique involves the formation of PMMA layers by multiple steps
of spin coating and solvent evaporation in which the BNPs were formed after 7 days of silicon
(N-doped) induced reduction [30]. In addition, chemical reduction methods have also been used
to synthesise alloyed BNPs within a polymer matrix, such as cellulose, using NaBH, in the
presence of sodium citrate to control the size of the NPs [31]. Moreover, the polymer itself,
namely cellulose, polyethylene glycol (PEG), or chitosan, can act as both matrix and reducing
agent [6, 18, 32]. However, these methods require the polymer to be dissolved in NaOH with
additional steps. In the case of cellulose, several steps are followed by heating at 80°C for a total
of 70 min [6], while for PEG, heating between 140 and 180 °C was required to boil the mixture
of PEG and NaOH dissolved in water [18].

To avoid the use of harmful products or processes, a photoinduced approach has been
developed to synthesise monometallic NPs in a photopolymerisable matrix by combining the
photoinduced synthesis of metal NPs and the photocrosslinking of monomers [33, 34, 35, 36].

In the present work, this photoinduced approach was extended to create BNPs (silver and gold)

in an efficient and one-step process under atmospheric conditions (air, temperature and pressure).



The photopolymerisable matrix effectively confined and stabilised the BNPs due to the rapid
crosslinking process, resulting in plasmonic active coatings. In addition, different types of hybrid
BNPs@polymers nanocomposites were obtained by modifying the chemical parameters of the
reactions to control the reduction order of the metal precursors. This offers versatility and allows
the creation of BNPs including Ag-Au alloys and core-shell structures (Ag@Au or Au@Ag).

However, as will be highlighted in what follows, the complexity of the systems used makes
any form of predictive analysis with quantitative aims rather illusory. Indeed, the formulation in
which the oxido-reductive processes involved take place, consists mainly of a diacrylate
monomer. It exhibits an initial viscosity of around 100 mPa.s at 25°C, which increases as the
conversion progresses. As a result, diffusional processes are increasingly slowed down. Finally,
it is important to bear in mind that the primary radicals resulting from photolysis of the
photoinitiator are involved in two processes: the initiation of crosslinking polymerization and the
reduction of Ag(I) and Au(Ill) species. The balance between these competing processes is
defined by both thermodynamic and kinetic considerations, the latter evolving over time as a
function of the polymerization rate.

Nevertheless, in an attempt to identify the parameters that determine and the order of Ag(I) and
Au(Ill) reductions, i.e., which ones will lead to the core and shell formation respectively, the
reactions were followed by UV-visible, X-ray photoelectron (XPS) and X-ray absorption
spectroscopies (XAS), as well as transmission electron microscopy (TEM) as a function of UV

exposure time.

Materials and methods:

Reagents:



Silver nitrate, AgNOs, (“cryst. extra pure” from Merck) was used as a silver precursor after
grinding by with a pestle and mortar. Potassium tetrachloroaurate (I1I), KAuCly, (99.995% trace
metals basis) 2-hydroxy-2-methylpropiophenone, used as photoinitiator (PI) (97%) and
ammonium hydroxide solution (28.0-30.0%) from Sigma Aldrich, were used as received.
Acetonitrile (AcN), (= 99.5 %) from Carl Roth and Polyethylene Glycol (600) Diacrylate
(PEGDA) presenting a viscosity of 100 mPa.s at 25°C, from Sartomer Arkema were used as

received.

Instrumentation:

The UV source used for the BNPs@polymers nanocomposites’ synthesis was a Hamamatsu
Lightningcure LC8 (Hg-Xe L8252) with a fluence of 450 mW.cm™ in the 250-445 nm range.
UV-visible absorption spectrophotometer Evolution 220 from Thermo Scientific was used to
monitor BNP synthesis and growth via the LSPR. The spectra obtained were then fitted with one
or two Lorentzian line profiles, to determine the values of the centre of each contribution (an
example 1s shown in Figure S1 along with a description of the method used).

High Resolution Transmission Electron Microscopy (HRTEM), Scanning Transmission
Electron Microscopy High Angle Annular Dark Field (STEM-HAADF) imaging, Energy-
dispersive X-ray spectroscopy (EDS) and elemental mapping were performed on a JEOL
ARM200F (JEOL Ltd.) Cold Field Emission Gun TEM operating at 200 kV, equipped with a
double-spherical aberration (Cs) correctors and fitted with a JOEL SDD CENTURIO EDS
system. The STEM-HAADF images were acquired with an ibber-outer collection angles of 68-

174.5 mred and a 0.1 nm probe size. For the imaging, the hybrid nanocomposite films were



ground, dispersed in ethanol prior to analysis and a droplet of this low concentration mixture was
placed on a copper TEM grid.

X-ray absorption spectroscopy (XAS) was carried out on the SAMBA beamline at the SOLEIL
synchrotron facility. Measurements were performed at the K edge for Ag (25.514 keV) and the
L3 edge for Au (11.919 keV) at room temperature in the X-ray fluorescence mode on polymer
films deposited on a glass substrate at an angle of 45°. The detector used was a 36-element
planar monolithic Ge pixel array (Camberra) equipped with Soller slits and X-ray filters (Pd and
Ge for the Ag and Au edges respectively). The detector was placed 90 mm from the sample to
obtain a dead time of 10-20% and a number of detected X-ray photons of 20,000-30,000
counts/s. For each sample, X-ray absorption spectroscopy (XAS) was performed at the K-Ag and
L3-Au thresholds. The EXAFS signal was extracted using Athena software based on the
IFEFFIT library of analytical and numerical algorithms [37]. The structural parameters N and R
(N, the number of first neighbours; R, the distance between the absorbing atom and its first
neighbours) were obtained from the simulation of the EXAFS oscillations using Artemis
software. The procedure used for this fit is described in SI. An example of a fit performed
simultaneously on data recorded for both thresholds on the same sample is also shown in SIL
Using the structural model of Hwang et al. [38] (see in the SI) based on the coordination number
of silver and gold atoms, it was inferred, the random distribution of Ag and Au metal atoms
within a bimetallic nanoparticle to identify the type of BNP formed after different UV exposure
times.

X-ray Photoelectron Spectrometry (XPS) was performed on a VG Scienta (Upsalla) SES 200-2
spectrometer under ultra-high vacuum to identify the different phases in the hybrid coating. The

XPS measurements were carried out using photons from a monochromatized Al Ka source



(1486.6 eV). The spectra were recorded using a pass energy of 500 eV for wide scans and 100

eV for high resolution.

Results and discussion:

Photoinduced synthesis of bimetallic nanoparticles in a photopolymer matrix:

Three photosensitive formulations (Table 1) have been proposed to obtain the different hybrid
BNPs@polymers coatings. They are based on a mixture of PEGDA acrylate monomers with 0.8
wt. % of PI, used as free radical generators and AgNO; and KAuCly as metal precursors. In all
three cases, the concentration of both metal precursors was 0.5 wt. % corresponding to an atomic
ratio of 2.2:1. The liquid mixture was then deposited onto microscope glass slides before being
passed through a bar coater to produce a 100 um thick film and consequently exposed to a UV

lamp for several minutes.

Table 1. Synthesis conditions of the three photosensitive formulations: Ag@Au, Ag-Au and

Au@Ag.

Formulation 1: Ag@Au Formulation 2: Ag-Au

At. ratio Ag:Au 2.2:1
0.5 wt. % AgNO; and 0.5 wt. % KAuCl,

Formulation 3: Au@Ag

- Dissolution of AgNO; in H,O (125 uL)
with NH; () (25 pL), stirred 15 min

- Dissolution of KAuCl, in H,O (125 pL)
- Addition of dissolved gold into the silver
solution, stirred 15 min

- Addition of the mixture PEGDA/PI,

stirred 1 hour

- Dissolution of AgNO; in H,O (125 uL)
- Addition of the mixture PEGDA/PI to
the silver solution, stirred 15 min

- Dissolution of KAuCl, in H,O (125 uL)
- Addition of dissolved gold into the
silver/monomer solution, stirred 1 hour

- Dissolution of KAuCl4 in AcN (200 pL)
- Addition of AgNO,

- Addition of AcN (300 pL), stirred

15 min

- Addition of the mixture PEGDA/PI,
stirred 1 hour

These formulations were designed to control the order of the photo-induced reduction of the

metal precursors and were based on several points.




Firstly, the spontaneous formation of AgCl, a solid precipitate, when the two metal precursors
are brought into contact [39] (Eq. ). This compound has a low solubility (solubility constant
1.77.107'° [40]), and it is expected to react more slowly than Ag’ g and [AuCly] ).

Ag(y + [AuCly]y) — AgClis) + AuCly o D

Secondly, the oxidation/reduction potentials, E® are shown in Table 2. However, these
thermodynamic values do not give any information about the kinetics of the reactions. Indeed,
the formulation in which the oxido-reductive processes take place consists mainly of an acrylate

monomer with a viscosity of 100 mPa.s at 25°C.

Table 2. Redox potentials of the metal precursors, different compounds formed in the reactions

and free radical formed by PI [41, 42, 43].

Red/Ox couple E’ (V)
Aut/Au 1.50 [41]
[AuCL] / Au 1.00 [41]
Ag'/Ag 0.80 [41]
[Ag(NH,),]"/Ag 0.38 [42]
ApCl/ Ag 022 [41]
Free radical from PI:
“‘CY"’ ”’CY"" -0.83[43]
CHy cH,

Thirdly, UV-visible spectroscopy measurements on the synthesis of monometallic particles
show that the photo-induced reduction of gold precursor (KAuCly) is 10 times longer than that of
the silver one (AgNO;) under identical conditions (Figure S4). Indeed, the Au’t to Au(0)
reduction is more complex and consists in, at least three elementary steps of which one is

bimolecular, explaining the slower kinetics.



With this in mind, for the first formulation (Ag@Au), and in order to partially neutralise the
formation of AgCl when Ag" a reacts with the [AuCls]” complexes (Eg. 1), a small amount of
NHsy (25 pL) was added to the AgNOs solution, The resulting ammine complexes [Ag(NH3),]"
(Eq. 2) [44, 45] show increased reactivity with respect to AgCl. This complex can then be
reduced into Ag(0) more favourably than AgCl) (Table 2). In addition, silver in this complex
form, will be reduced before [AuCly] . As the reaction is exothermic, the amount of ammonia is
deliberately limited, so that the heat generated does not trigger the polymerisation of the PEGDA
monomers introduced into the formulation.

Aggy +2 NH3 ., = [Ag(NH3),1y (2)

For the second formulation (Ag-Au), the same protocol was followed, this time favouring the
formation of AgCl by not adding ammonia to the initial aqueous AgNO3 solution. The formation
of this intermediate solid compound slows the production of Ag(0) (Eq. 3), which awaits the
reduction of the [AuCl4]” complexes. However, this precipitate is light sensitive and can cause
the formation of Ag(0) (Eg. 4). The addition of extra silver atoms due to the partial reduction of
AgCl will then favour the reduction of gold precursors, mixing silver and gold particles which
grow to form an alloy. The remaining AgCl can then be reduced along with the gold as the
reaction continues.

AQCI(S) + e ‘__‘Ag(s) + Cl(_l) (3)

For the third formulation (Au@Ag), the idea was to reduce the gold precursor before the silver
precursor and to have gold as the core and silver as the shell. To achieve this, the order in which

the solutions were mixed was reversed and water was replaced with acetonitrile, a solvent of
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lower polarity. The aim here is to allow time for the [AuCls]” complexes to be first reduced to
Au(0) by slowing the reduction of AgCl to Ag(0). In addition, the presence of silver seeds
accelerates the reduction of gold while delaying the reduction of silver (Eq. 5) [3, 46]. Once the
gold precursor has been reduced, AgCl can then be reduced.

3 Ag(s) + [AuCl]yy = 3 Aggy +4 Clyy +Augy (5)

In situ monitoring of BNPs formation and growth by UV-Vis spectroscopy:

The photoinduced synthesis of BNPs@polymer hybrid nanocomposites for these three
formulations was monitored by in situ UV-Vis spectroscopy in order to observe the different
stages of BNPs formation (

Figure 1) as a function of the exposure time to UV light. The aim is to verify the hypothesis
about the oxidation-reduction reactions that allow the growth of the three types of bimetallic
particles considered during the preparation of the formulations.

Firstly, it should be noted that for all three systems, no absorbance peaks were observed in the
visible light wavelength range, which could be associated with the presence of metallic silver or
gold particles at the beginning of the exposure time (0 s).

Subsequently, whatever the formulation, the absorbance spectra obtained over the exposure
time to UV light all show one surface plasmon resonance (LSPR) peak, rather than two well-
separated peaks that could correspond to the signals of silver (404 nm) and gold (541 nm)
monometallic particles (experimental values taken from Figure S4), as observed for films

consisting of a mixture of silver and gold monometallic nanoparticles [3, 47, 48, 49].
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Figure 1. In situ UV-Vis absorption spectra of BNPs as a function of the UV exposure time: a)
Ag@Au NPs b) Ag-Au NPs and ¢) Au@Ag NPs. Inserts: Pictures of the coatings on glass at 3s,
30s and 15 mins for the Ag@Au NPs; at 3s, 3 mins and 45 mins for the Ag-Au alloy NPs; at 30s,
3 mins and 45 mins for Au@Ag NPs and schematic representation of the BNPs growth

according to LSPR.

The in-situ monitoring of the first formulation (Ag@Au) under light-exposure (

Figure 1a) started with the appearance of a peak at 452 nm after 3s and a yellow colouring of
the coating (see insets

Figure 1a), related to the formation of silver NPs. After 30s, the peak began to slowly shift to
the red, losing intensity up to 3 mins, and after which it regained intensity with a peak at 506 nm
after 5 min. These effects could be the beginning of gold formation around silver, explained by
the gradual masking of the silver LSPR by the gold one. It has been noted that in core-shell
hybrids the LSPR is dominated by that of the shell [50]. In addition, gold continued to grow with

a clear peak at 523 nm after 10 mins and reached 515 nm after 15 mins of exposure. The growth
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of nano-sized Au(0) was also visible by the colour change of the coating from yellow to pink
(see insets

Figure 1a).

In the second formulation (Ag-Au), (

Figure 1b), the reduction of the precursors starts very quickly (3s) with a LSPR at 535 nm,
indicating the presence of AuNPs that continuously shifts to lower wavelengths until 457 nm. At
the same time, the colour of the solid coating changes from dark purple to dark orange (see insets

Figure 1b). At the end of the exposure, after 45 mins, only a broad peak was observed, which
could be characteristic of AgxAul-x alloys, as shown by Eremenko et al. and Gonzalez et al. for
alloy BNPs obtained in solution and stabilised by surfactants [47, 48, 51].

Monitoring of the third formulation (Au@Ag), (

Figure 1c) initially shows a clear LSPR at 543 nm at 10s exposure time and a purple colour of
the coating confirming the formation of AuNPs. After 3 mins of exposure, the LSPR increases
and starts to shift towards the blue, which could be the starting point of the Ag(0) formation.
After 30 mins, the growth of a second peak at 432 nm was clearly observed, which increased in
intensity and shifted towards the blue with the increasing exposure time, ending at 424 nm after
45 mins of UV-exposure. This can be correlated to the increasing thickness of the silver layer.
The colour of the coating also changed from purple to orange during the reaction, confirming the
transition from gold to silver. In the final spectra at 45 mins, the contribution of the Ag(0) at 424
nm is more intense than that of the Au(0), which could be characteristic of a Au@Ag core-shell
system [47, 48, 51, 52]. The evolution of these spectra is similar to that of Ag@Au, although

reversed. Here, the silver shell dominates the LSPR of the Au(0) core.
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Structural characterisation of obtained photoinduced BNPs:

The in-situ monitoring of BNP growth using UV-Vis spectroscopy confirmed the hypotheses
made about the chemical syntheses that led three different types of bimetallic particles depending
on the prepared formulations. However, further investigations were carried out using different
techniques, namely TEM, XPS and EXAFS, in order to give more substance to these
observations.

TEM micrographs showed that the NPs were well dispersed in the polymer matrix, with
spherical shapes for the three systems (Figure 2). Statistical size analysis of 100 particles shows
average diameters of 4.4, 4.2 and 5.9 nm for Ag@Au, Ag-Au and Au@Ag respectively (insets
Figure 2). For the Ag@Au and Au@Ag systems, the difference in contrast observed between the
core of the particles (darker) and the periphery (lighter grey) when zooming in on the
micrographs, also seems to be consistent with the formation of core-shell structures (Figure 2 a
and c). No clear contrast was observed for the Au-Ag system (Figure 2 b), which could indicate a
BNP alloy structure. Additional HRTEM and STEM-HAADF imaging can be found in the

supplementary information Figure S5.
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Figure 2. TEM micrographs of the BNPs in the polymer matrix: a) Ag@Au afterl5 mins UV
exposure, b) Ag-Au after 45 mins UV exposure and ¢) Au@Ag after 45 mins UV exposure with

a zoom on one or two BNPs and the sizes distribution histograms of the NPs.

In the case of the first system, Ag@Au, a kinetic study of BNP formation was carried out
using different exposure times by X-ray absorption spectroscopy (XAS) and TEM combined
with elemental mapping by EDS and STEM HAADF imaging. The exposure times were chosen
to correspond to the transition from one LSPR peak to another as measured by UV-visible
spectroscopy (

Figure 1): 30s for Ag formation (0) and 15 mins for Au formation (0).

Analysis of TEM images taken at different kinetic stages of the photo-induced oxidation-
reduction reactions for the Ag@Au system (Figure 3a) revealed the presence of spherical NPs
whose mean diameter increased with increasing exposure time. The change from a diameter of
3.1 nm after 30 s to 4.4 nm after 15 mins (Figure 3) could mean that the gold shell formed

around the silver core has a thickness of 1.6 nm (Figure 3a).
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Figure 3. Ag@Au system: a) At 30 (left)s and 15 mins (right), TEM micrographs with the
elemental mapping (Ag green and Au blue) and size histograms in inserts and STEM HAADF
imaging and the corresponding intensity profile b) the EXAFS data for the K-edge Ag on the left
and the L3-edge Au on the right with UV-Vis Kinetic spectra of the growth of Ag@Au NPs for

three different exposure time: Os (black), 30s (purple) and 15mins (green).

For the sample exposed to UVs for 30 s, EDS mapping shows the very clear formation of a
majority of silver NPs (Figure 3a left), which is confirmed by the bell-shaped intensity profile
drawn across a grain on the STEM-HAADF image, indicating the presence of monometallic
particles [53]. In STEM-HAADF (Z-contrast) imaging mode, the intensity is directly
proportional to the thickness and the composition of the sample. The heavier the element or
thicker the sample, the clearer it appears. These results are consistent with the Ag(0) LSPR peak
observed in the UV-Vis absorption spectrum at 30s (Figure 3 UV-Vis spectra). EDS mapping of

the grain (inset Figure 3a on the left) shows that very few gold NPs have yet appeared.
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The Fourier transforms of the EXAFS oscillations (Figure 3b, purple curves left and centre)
recorded at the K-Ag and L3-Au thresholds for this 30 s sample were very different from those
obtained for the reference silver and gold foils. This difference suggests that the metals are not
completely reduced, and that the oxidation-reduction reaction is not fully completed for this
formulation. To confirm this hypothesis, the EXAFS signals Fourier transforms of the AgCl,
AgNO; and KAuCly compounds, simulated with the Feff calculation code [54], were compared
that of the experimental EXAFS signal of the Ag@Au sample (30s). At the silver K-edge, the
experimental signal is similar to that of the AgCl compound (Figure 3b, dashed black curve).
The fact that the first peak of the Fourier transform is not completely symmetrical probably
indicates the existence of an additional contribution due to the significant presence of Ag(0), as
suggested by the absorption peak detected by UV-visible spectroscopy. With regard to the gold
signal, the experimental signal recorded at the L3 gold edge is very close to that simulated for a
KAuCly precursor salt identical to that used in the formulation. This supports the idea that the
gold was not yet reduced at this stage of the reaction.

After 15 mins of UV exposure, both metals are visible on the EDS map (Figure 3a right). The
AgNPs appear more concentrated in the centre of the NPs, while a mixture of gold and silver was
observed at the periphery. The intensity profile plotted along the grain diameter (see Figure 3a
right), in the STEM-HAADF image, actually shows a decrease in intensity in the centre of the
particles, indicating the presence of silver and gold on the outside. This profile is identical to that
simulated by Li et al [53] on Ag@Au core-shells. Thus, after 15 mins, the BNPs therefore have a
silver-rich core and a gold-rich shell. The EXAFS measurements carried out on the samples
subjected to this exposure time (Figure 3b, green curves) show that gold was completely reduced

and silver only partially. The Fourier transform of the EXAFS signal at the L3 threshold for gold
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is indeed comparable to that of the gold foil. Compared to the 30s sample, the first peak of the
Fourier transform at the Ag K-edge has been shifted to the right and is superimposed on the
second peak of the Fourier transform of the AgNOj signal. This peak is also very close to the
position of the second peak of the silver foil at the silver K-edge. The absence of a first peak on
the Fourier transform around 2 A, characteristic of the presence of Ag(0), is probably due to the
fact that this is a mixture of AgNO; and residual AgCl as well as a small amount of Ag(0), which
produces a single relatively broad peak of low intensity. Simulations of EXAFS oscillations at
the silver K and gold L3 thresholds give a very low coordination number for silver (Nag-ag = 2.4
+ 0.4) and a very high one for gold (Nay.ay = 12.0 &+ 2.2). This value is comparable to that of a
solid gold sample, indicating that the Au(0) layer is very thick compared to the Ag(0) one.

Since silver is not completely reduced within 15 min in the given formulation, it is difficult to
estimate the precise amounts of Ag(0) and Au(0) present in the samples. This challenge hindered
the ability to calculate the J parameters required for Hwang's structural model [38] which could
have identified the nature of the bimetallic particles formed and allow further analysis of the data
obtained from the EXAFS measurements.

For the other two systems studied (Ag-Au and Au@Ag), XAS measurements were performed
on samples exposed for times, 30 s and 45 mins for the Ag-Au system and 2 mins and 45 mins
for the Au@Ag system (Figure 4). These times were chosen because they correspond to the
LSPR peak transition from silver to gold and vice versa on the UV-Vis spectroscopy curves (

Figure 1).
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Figure 4. Comparison of the a) Ag-Au alloy and the b) Au@Ag BNPs through STEM-HAADF

imaging, EXAFS data on the silver K-edge (and gold L3-edge in insert).

For short exposure times, in both cases (Ag-Au and Au@Ag) it was found that the Fourier
transforms of the EXAFS oscillations recorded on the L3-Au are very close to those observed for
bulk gold. In contrast to the Ag@Au system, gold was reduced very rapidly in these
formulations, as shown by the UV-visible spectra (

Figure 1). On the other hand, the signals obtained at the K-Ag indicate little to no silver in
these formulations and that it is essentially present in the form of a mixture of AgNO3; and AgCl.
However, in the case of the Ag-Au system, the width of the first peak of the Fourier transform
and the appearance of a small shoulder at about 2.8 A could indicate the existence of a third
contribution due to the presence of Ag(0). Considering the low amplitude of the signal and the

absence of a pure Ag(0) phase, the EXAFS signals were not simulated.
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For Au@Ag and Ag-Au samples exposed to UV for 45 mins, the Fourier transforms of the
EXAFS signals measured at the silver and gold thresholds are identical to those obtained for
solid silver and gold samples. The metal precursor salts have been completely reduced. The
decrease in peak amplitude indicates the formation of small clusters of a few nanometres in
diameter. In order to determine the number of first neighbors around the gold and silver atoms,
the experimental EXAFS oscillations recorded at the K-Ag and the L3-Au thresholds were fitted

simultaneously to the theoretical standard EXAFS formula for these two samples (Table 3).

Following the example of Godfrey et al [55] who studied the structure of bimetallic gold and
silver colloidal nanoparticles (Au@Ag and Au@Ag@Au) with an average diameter between 27
and 31 nm by XAS, the analysis of the fitted parameters shows a dominant contribution of the
monometallic paths (Au-Au and Ag-Ag) at both Au L3 and Ag K-edges. Their results show Au-
Au, Ag-Ag coordination numbers of ~12, close to the values obtained for a bulk sample. This
indicates that the Au core and Ag shell of the particles are relatively large. In this case, the
interactions between the two metals at the core-shell interface had no significant influence, in
contrast with the systems studied here (Ag-Au and Au@Ag), for which we obtained Au-Au
coordination numbers of 9.8 and 9.0 and Ag-Ag coordination numbers of 6.1 and 6.6
respectively. The fact that the core is smaller and the silver layer thinner in our case means that
we also have to consider Au-Ag and Ag-Au diffusion paths in our simulations in order to obtain
better fits. However, these contributions are more important (Nay-ag = 2.6 and 2.3 for the Ag-Au
system and Nag.as = 5.4 and 1.0 for the Au@Ag system) in our systems which makes the
situation more difficult to analyse. To counter this, a structural model proposed by Hwang et al
[38] was used to describe the distribution of the two metals in BNPs. This model is based on the

coordination numbers Na-a, Ng-s, Na-s, Ng-a (A = Ag and B = Au) extracted from the EXAFS
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oscillation fit. Moreover, we calculated the Jag and Ja, to compare the data with that obtained for

an ideal alloy.

Moreover, for the Ag-Au system, the determination of the coordination numbers of the silver
and gold atoms derived from simulations of the EXAFS signals according to Hwang's structural
model, gives Ja, > 100% and Ja, < 100 %, implying that the sample is an alloy with a gold-rich
core (Table 3). The simulation in question is shown Figure 5 and was made for two layers of
neighbours around the absorbing atom. The intensity profile carried out on the particles observed
by STEM-HAADF shows a rounder peak with no small superstructures on either side (Figure

4a).
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Figure 5. Fits simultaneously made on the K-edge Ag (left) and on the L3-edge Au (right) for

Ag-Au after an UV exposure of 45 min.

In the case of the Au@Ag system, the determination of the coordination numbers leads to J
parameters both below 50% (Jag<50% and Ja,;<50% with Nau.a>Nag-ag), Which according to the
structural model used in this work, indicates that the NPs are composed of a gold core and a

silver shell (Table 3). The simulation in this case is found in the SI (Figure S2). This seems to be
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confirmed by the intensity profile obtained from the STEM-HAADF image (Figure 4b), marked
by the presence of two inflection points at 1.5 nm and 4.5 nm, which would be the signature of a
core-shell system with a shell lighter than the core, according to simulations carried out by Li et

al. on an Au@Ag core-shell structure [53].
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Table 3. J5, and Ja, structural parameters calculated from the coordination numbers and the
structures cases obtained from those calculations. Schemes of the structures are adapted with

permission from [38]. Copyright 2005 American Chemical Society

BNPs | Exposure times | Nag.a,q et Naw-au Niu-ag Jag Ja Structures Schemes |38]
Ag@Au 15 min N/A N/A N/A N/A N/A N/A N/A N/A
Ag-Au 45 min 6.1+1.0 | 54+2.6 | 98+1.2 | 2.6+0.6 150 30 Alloy with Au-rich core
Au@Ag 45 min 6.6+ 1.8 1.0 9.0+ 1.0 [ 23+0.7 49 29 Core-shell Au@Ag

To complement these results, X-ray photoelectron spectrometry (XPS) was also carried out on
the three systems obtained after a long exposure time of 45 min to UV light (Figure 6a). By
analysing the surface of the hybrid polymer film in which the nanoparticles were embedded, it
was possible to determine the elements present in the samples by deconvoluting the peaks
corresponding to the different electron binding energies of each (Figure 6b, ¢ and d). Moreover,
by tilting the sample relative to the analyser it is possible to modify the depth of analysis (Figure
6e). Generally, the electrons are collected along the normal surface, where the emission angle
relative to the sample surface is 6=90° (0 angle between the analyser and the sample surface). In
this case, the depth of analysis is around 8 nm. The inclination of the sample increases the angle
of emission and the analysis depth is approximately 4 nm (angle 6=30°), see drawings in Figure
6d and e.

For the three systems, only Ag, Au, K, C and O were detected at 6=90°, over an analysed

depth of 8 nm (Figure 6a, Figure S6 and S7). For these last two elements, analysis of the line
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profile at 286 eV and 532 eV confirms the presence of carbon-oxygen bonds typical of those

expected for the PEGDA polymer (Figure 6b and ¢ and Figure S6 and Figure S7).
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Figure 6. XPS spectra for the Ag@Au: a) wide scan b) deconvolution of the carbon spectra c)

deconvolution of the oxygen spectra d) drawing of the probing analysis at a normal angle with

the deconvolutions of Au and Ag spectra and e) drawing of the probing analysis at a grazing

angle (30°) with the deconvolutions of Au and Ag spectra.

Deconvolution of the Au 4f and Ag 3d core-levels for the Ag@Au system shows no presence

of Ag" or Au’”

ions, which could be related to the presence of chloride or nitrate. Only peaks
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corresponding to Ag(0) and Au(0) atoms are detected (Figure 6d). Similar results were observed
for the deconvolution of the other two systems, Ag-Au (Figure S6) and Au@Ag (Figure S7).

In order to reduce the probe depth to 4 nm, the emission angle was changed from 90° to 30°
relative to the sample surface (see drawings in Figure 6d and e). The atomic percentages of Ag
compared to Au are given in Table 4. The atomic percentages were determined using the
integrated peak areas of each component, after Shirley background removal and taking into
account the cross-section, mean free path of an electron and transmission function of the

analyser.

Table 4. Binding energies and relative atomic percentage for Ag 3d from XPS fitting function of

the incidence angle.

Sample Bond Detection Binding At %
angle energy (eV)
Normal 368.2 S
Ag@Au -
Grazing 368.3 52
Normal 368.2 65
Ag-Au | Ag3ds/2 :
Grazing 368.2 64
Normal 368.4 65
Au@Ag
Grazing 368.2 69

In the case of the Ag@Au system, the amount of silver detected decreased as the extraction
angle of the emitted signal became more grazing, indicating that the silver was mainly located in
the core of the BNPs. For Au@Ag, the opposite trend was observed, the change in angle leading
to an increase in the silver amount, indicating that the silver is more likely to be located on the
BNP shell. Finally, similar atomic percentages were obtained for the Ag-Au alloy, confirming its

formation (Table 4).
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Photo-induced synthesis of double-shelled system Ag@Au@Ag:

It is important to emphasize that the photoinduced approach allows synthesize of increasingly
complex nanoobjects. In this case, the residual AgCl observed by EXAFS in the Ag@Au
formulation was used for the formation of a second shell by only increasing the UV exposure
time to 45 mins. The absorption spectra (Figure 7a) obtained by UV-Vis spectroscopy show a
blue shift of the resonance peak from 441 to 427 nm and an increase in peak intensity, which
seems to indicate the growth of a second silver shell surrounding the existing gold shell. In
parallel, it was observed that the gold resonance peak becomes progressively less visible with
increasing exposure time, due to the growth of a silver layer around the gold layer, masking its
signal, as previously observed for the growth of Au@Ag BNPs. The colour of the sample thus
changes from red (the colour of the Ag@Au system) to orange, which would be the signature of
an Ag@Au@Ag system (photos in Figure 7a).

TEM micrographs of the same sample also show a slight increase in the average size of the
NPs from 4.4 nm to 4.6 nm (Figure 7b), which could be correlated with the growth of a second
0.2 nm thick shell.

Finally, the comparison of the Fourier transforms of the EXAFS oscillations (Figure 7c)
recorded at the K-Ag edge between the Ag@Au 45 min sample and that of a reference silver foil
indicates that the environment around the silver atoms is close to that of an Ag(0) metal. The
absence of peaks in the Fourier transforms due to the presence of AgCl and AgNO3 confirms
that the silver in this formulation was completely reduced after 45 mins under UV.

The Ja, and Ja, calculations of both silver and gold coordination numbers derived from the
combined simulation of the EXAFS signals recorded at the two thresholds, gives 46 and 30 %

respectively. The simulations made for these spectra are shown in the SI (Figure S2). Although
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Hwang's structural model is not necessarily suitable for studying an Ag@Au@Ag double shell
system, these values are very close to those obtained for an Au@Ag core-shell system. It seems
as though an Ag@Au@Ag system was obtained with a small silver core surrounded by a thick

layer of gold, which in turn, was covered by a thin silver shell.
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Figure 7. a) UV-visible spectra over increased exposure time, inserts are pictures of the sample
at 30 s, 15 mins, 30 mins and 45 mins. b) TEM micrograph with in insert the size histogram of

NPs. ¢) EXAFS data for the K-edge Ag with an insert of the EXAFS data for L3-edge Au.

Conclusion:
An efficient method to create bimetallic plasmon-active polymer coatings in a single step by
using a simple UV source has been developed. This process involves the formation of Ag and Au

BNPs and their stabilisation within a photopolymerisable PEGDA matrix. Moreover, it was
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possible to tune the optical properties of the BNPs by carefully controlling the order of the metal
precursor reductions into the photosensitive formulation. This control allows the generation of
different types of BNPs systems, including core-shell (Ag@Au or Au@Ag) and alloy (Ag-Au)
structures. The particles are spherical and well dispersed in the polymer with an average
diameter of 4-6 nm. In the first Ag@Au system, the kinetic study carried out by UV-Vis, TEM
and EXAFS shows a growth starting with the silver core formation followed by the gold shell.
However, since the Ag ~ was partially reduced in the first step, the synthesis of these particular
BNPs can be pushed further to form a more complex structure and add another shell, resulting in
a double shelled Ag@Au@Ag system. Moreover, core-shells Au@Ag with a gold core were
obtained directly by a second synthesis protocol where, gold was reduced before silver. Finally,
on the alloy BNPs, the simultaneous growth of both nanoparticles results in an alloy with 54 %
silver according to the LSPR. The monitoring of the BNP growth kinetics at different steps was
possible using UV-Vis spectroscopy, EXAFS and TEM (EDS/STEM-HAADF), showing that
can be easy to tune the photoinduced reactions and form the desired BNPs system.

Regardless BNPs nature (Ag@Au, Au@Ag and Ag-Au), all systems, exhibited plasmon
resonance activity demonstrating their potential in tuning the optical properties of functional
coatings, with a wide range of possible applications.

The new plasmonic coating can easily tune the LSPR bands, which is expected to be applied to

SERS and other applications.

Supporting Information:
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Additional methods for the fits of UV-vis spectra and EXAFS, description of the structural
model used with the EXAFS, additional HRTEM and STEM-HAADF imaging and experimental

details for UV-vis monitoring of NPs synthesis and display of XPS spectra (.docx)
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