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Catalytic activity and toxicity of mixed-metal nanoparticles have been shown to correlate
and are known to be dependent on surface composition. The surface chemistry of the fully
inorganic, ligand-free silver—gold alloy nanoparticle molar fraction series, is highly
interesting for applications in heterogeneous catalysis, which is determined by active
surface sites which are also relevant for understanding their dissolution behavior in
biomedically-relevant ion-release scenarios. However, such information has never been
systematically obtained for colloidal nanoparticles without organic surface ligands and
has to date, not been analyzed in a surface-normalized manner to exclude density
effects. For this, we used detailed electrochemical measurements based on cyclic
voltammetry to systematically analyze the redox chemistry of particle-surface-
normalized gold—silver alloy nanoparticles with varying gold molar fractions. The study
addressed a broad range of gold molar fractions (AggoAuio, AdgoAuUzo. Ag7oAuzg,
AgsoAusg, AgaoAugo, and AgppAugg) as well as monometallic Ag and Au nanoparticle
controls. Oxygen reduction reaction (ORR) measurements in O, saturated 0.1 M KOH
revealed a linear reduction of the overpotential with increasing gold content on the
surface, probably attributed to the higher ORR activity of gold over silver, verified by
monometallic Ag and Au controls. These findings were complemented by detailed XPS
studies revealing an accumulation of the minor constituent of the alloy on the surface,
e.g., silver surface enrichment in gold-rich particles. Furthermore, highly oxidized Ag
surface site enrichment was detected after the ORR reaction, most pronounced in
gold-rich alloys. Further, detailed CV studies at acidic pH, analyzing the position, onset
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potential, and peak integrals of silver oxidation and silver reduction peaks revealed
particularly low reactivity and high chemical stability of the equimolar AusoAgso
composition, a phenomenon attributed to the outstanding thermodynamic, entropically
driven, stabilization arising at this composition.

Introduction

When discussing real-life applications of nanoparticles (NPs), catalysis and
biomedicine are frequently considered highly relevant fields though they are
mostly treated independently as the research communities from both areas
usually have minor interactions. However, some phenomena in biomedicine, e.g.,
the formation of reactive oxygen species (ROS) in the presence of nanoparticles, is
closely linked to catalysis. Here, libraries of metal oxide nanoparticles were
synthesized, and cytotoxic effects on bacteria and mammalian cells were corre-
lated to low hydration energies and bandgap energies in the same region as the
redox potentials of biomolecules.! In a more recent study, doped oxide nano-
particles were examined for catalytic features in in vivo skin lesion assays in
zebrafish. ROS generation causing the observed cell damage was correlated with
(I) charge transfer through different oxidation states in the doped nanoparticles,
(I1) charge transfer from the space charge layer to the electron sink in tightly
coupled elements, and (III) ion release.? Next to these unintended use scenarios,
nanoparticle-induced ROS is further discussed as one of the most critical path-
ways in the anti-tumor efficiency of sensitizers in irradiation therapy.* Here,
a recent study suggested a correlation between therapy-enhancing effects of Pt
and Au nanoparticles in proton therapy and catalytic surface reactions.* Another
important research field is single atom catalysts which are discussed as relevant
materials for biomedical applications.” An important common feature that
bridges both fields would be surface chemistry and active surface sites relevant to
heterogeneous catalysis and interactions at the nano-bio interface. In this
context, bimetallic nanoparticles with heterogeneous surface sites are particularly
interesting as model materials.

Bimetallic nanoparticles composed of gold and silver have been studied in
detail, as they possess several attractive properties that may be utilized in a broad
scope of applications in optics, biosensing, biomedicine, and catalysis.® In this
context, the AgAu system is a particularly interesting reference system, as its
constituents are fully miscible on the complete composition range. Merging them
into an alloy is an easy way to combine advantageous features in one nanoparticle
and simultaneously tune these properties precisely to their respective use.” In
optics, the AgAu-nano-system is attractive due to its composition-tuneable
surface-plasmon resonance (SPR).® Here, a higher gold fraction will shift the
SPR to longer wavelengths, while a higher silver content will shift it to lower
wavelengths between 410-520 nm, representing an exciting feature for multi-
plexing in sensing.’ The second important application is biomedicine, where an
active and more soluble antibacterial/cytotoxic material (silver) is combined with
an inert material (gold), which allows controlled release of silver ions from these
AgAu alloy nanoparticles. Here, disproportional passivation of silver ion activity
by alloying with gold was found.' This was confirmed by other studies where
antimicrobial activity and cytotoxicity of AgAu nanoparticles were examined*! and
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by related work on the functionality of spermatozoa and the maturation of
oocytes.”>** All these studies discovered a disproportional effect, revealing a non-
linear dependency of bioactivity/toxicity on the gold molar fraction due to the
passivation of silver ion release by gold. However, this effect was only observed
and correlated with Ag: Au bulk composition, while a correlation with AgAu
surface properties is underexplored. The kinetics of silver release from AgAu alloy
nanoparticles has recently been elucidated by utilizing hyperspectral single-
particle spectroscopy." In that study, the Ag ion release from the alloy kineti-
cally showed two leaching stages, with the initial shrinking-particle stage having
a rate constant that exponentially depends on the silver content, and the slower
ion leaching stage was controlled by the electrochemical oxidation potential of
the alloy being steadily increased by the change in relative gold content and
diffusion of silver atoms through the lattice.

As a final application area, a variation in the silver to gold ratio within and on
the AgAu alloy NP surface, respectively, while maintaining the particle size and
mass-specific surface area, allows further systematic studies of their catalytic
activity in different reactions and can help to identify the related active sites.
Exemplary reactions that were investigated in this regard are glucose oxidation,*
aerobic alcohol oxidation,'® CO oxidation," oxidative coupling of methanol,*®
CO,-reduction,* and, as published recently, the selective oxidation of 5-(hydrox-
ymethyl)furfural (HMF).>* Nevertheless, all these previously mentioned catalytic
investigations resemble thermally driven chemical model reactions. In compar-
ison, the electrocatalytic behavior of AgAu nanoparticles, e.g., under oxygen
reduction conditions, is much less investigated.

The surface chemistry of chemically synthesized bimetallic gold-silver alloy
nanoparticles (AgAu NP) has been previously investigated, and it was found that
NP generated in this way have a significant silver enrichment on the surface, and
inherit a distinct deviation from Vegard’s rule, which results in a high defect
density.>»*> However, chemically generated AgAu NP from co-reduction of
precursor materials like HAuCl, and AgNOj;, possess two disadvantages that
impair systematic studies: (I) the bulk composition is inhomogeneous due to
different reduction rates of gold and silver precursors;*® (II) their synthesis
necessitates the presence of organic ligands, e.g., the reducing agent sodium
citrate, which strongly affects the surface chemistry of the Np.>*

To overcome the previously mentioned knowledge gaps and related limitations
of ‘traditional’ (wet-chemical) nanoparticle synthesis, the laser-based synthesis
allows the creation of fully inorganic, solid-solution AgAu NPs without the explicit
need to add stabilizing agents.®*® In contrast to traditional wet chemical
synthesis routes that run at thermodynamic equilibrium, LAL is a kinetically
controlled synthesis method®”*® with nano-thermodynamic contributions.*

Previous problems that complicated the use of laser ablation in liquids (LAL)
to synthesize nanoparticles, like reproducibility, production scale, and hetero-
geneity in size and composition, were mainly solved with the improved mecha-
nistic understanding of the ablation and cavitation dynamics, nanoparticle
formation, and growth quenching.?”*° Recent studies reveal significant progress
in the scale-up of laser-based synthesis processes,* yielding gold nanoparticle
productivities up to 8 g h~1.3' Furthermore, size control has been greatly improved
by utilizing particle growth quenching via the addition of ions, the variation of pH
during synthesis, and centrifugal purification, allowing the generation of
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monodisperse and monomodal nanoparticle colloids.?** Nowadays, LAL can
produce spherical AgAu nanoparticles of the same overall composition as the
target,'*>*** down to the single-particle level.®

Laser-fabricated, totally ligand-free AgAu nanoparticles have been widely
utilized in biomedical research, e.g., when examining toxicological*®* and anti-
microbial effects,' in fundamental studies elucidating AgAu NP dissolution on
a single particle level,™ as well as catalytic applications.*® Preliminary studies
using XPS already revealed a substantial deviation between bulk and surface
composition in laser-generated AgAu NPs, with a surface enrichment of silver in
gold-rich particles and gold in their silver-rich analogues.”® However, the surface
chemistry of these fully ligand-free AgAu NPs, with features of high interdisci-
plinary relevance in catalysis and biomedicine, and particularly how they are
affected by composition, is vastly underexplored.

In this work, we used cyclic voltammetry in O, saturated alkaline electrolyte
(ORR conditions), as well as in the presence of chloride ions at acidic pH (HCl), to
characterize the surface chemistry and surface reactions on fully inorganic ligand-
free AgAu alloy NPs in correlation with particle composition, using a broad range
of gold molar fractions (GMF) (AgopAU1o, AZsoAUsg, AZ70AUzg, AZ50AUs0, AZ40AUGo,
and Ag,oAug,) as well as monometallic Ag and Au NP as controls. XPS measure-
ments complemented these studies to obtain additional information on the
atomic surface composition and surface oxidation. To assess the intrinsic prop-
erties of each type of NP, all electrochemical measurements were normalized to
the calculated surface area of the applied particles. It could be shown that the
activity of the particle surface is connected to the composition in a multifaceted
way, especially for the equimolar composition.

Results and discussion
Characterization of the colloidal nanoparticles

The nanoparticles in this study were synthesized via LAL. They were obtained with
a monomodal size distribution after centrifugation with an average hydrody-
namic diameter of 6-11 nm based on an analytical disc centrifuge (ADC) analysis,
as shown in Fig. 1a. The total nanoparticle surface area that was drop-cast onto
the electrode, shown in Fig. 1b, was used to normalize the currents during
consecutive electrochemical measurements. The raw mass- and number-weighted
distributions can be seen in the ESI (Fig. S21). To better compare the different
compositions, we used the gold molar fraction (GMF) in the following to char-
acterize sample composition. For instance, Agg,Au,, would have a GMF of 0.2.
The UV/vis spectra in Fig. 1c, show a single, distinct peak originating from
each composition’s surface plasmon resonance, indicating alloy formation.
However, a single SPR peak is not direct proof of homogenous elemental distri-
bution, as bimetallic nanoparticles with elemental gradients would also show
only a single SPR peak. However, the UV-vis spectrum allows us to exclude the
presence of a variety of particle shapes that differ from the spherical form, such as
nanorods or highly segregated particle structures, like Janus particles, which
would show a broader SPR band, or even separate silver and gold nanoparticles in
the colloid.****” Furthermore, the peaks are sharp and show negligible extinction
in the long-wavelength region around 800-900 nm, indicating the absence of
substantial concentrations of agglomerates and aggregates in the samples. Based
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Fig. 1 (a) Mean hydrodynamic particle diameter of the colloidal silver—gold alloy nano-
particles based on ADC, with the error bars indicating the distribution width; (b) total
nanoparticle surface area drop-cast onto the respective electrode, calculated from the
hydrodynamic diameter (determined by ADC) and mass concentration (determined by UV/
vis); (c) UV/vis spectra of the respective colloids. The inset show how the SPR peak position
correlates with the gold molar fraction. The error-bars show standard deviations from
sample triplicates. The color code is used to better illustrate differentiation between
samples, while colors are chosen based on the color of the corresponding AgAu colloids.

on a previous publication by Neumeister et al., showing in-depth TEM/EDX
characterization of LAL-synthesized gold-silver alloy nanoparticles generated
under similar conditions, we can assume that an overall crystalline solid solution
structure with homogeneous elemental distribution and compositions matching
those of the target can be found in the AgAu alloy nanoparticles synthesized for
this study.® This has been revealed for laser-generated colloidal AgAu NPs by
previous extensive single-particle EDX-line scans and EM images, verifying their
spherical shape.? Additionally, crystallographic analysis of these LAL-made NPs
by Prymak et al.** showed that they follow Vegard’s rule, proving uniform alloy
crystal formation.

For all following experiments, it is vital to keep in mind that when nano-
particles are investigated, the relevant factor to understanding their functionality
and catalytic activity is their effective surface area. This is because a nanoparticles’
surface-to-volume ratio increases as the particle size decreases, directly affecting
the effective surface area. Since the direct electrochemical determination of the
electrochemically active surface area (ECSA) of AgAu NPs is not trivial, an alter-
native approach was implemented. For this reason, the mass concentration and
size distribution of the colloids were used to calculate the surface-area-
concentrations of every sample. As explained in more detail within the methods
section, this was done by taking the fraction of particles at every measured
diameter and calculating the surface area of a corresponding sphere of each
fraction. When these surface areas are summed up for each increment in diam-
eter, we get the total surface area in the 0.1 ml sample (see Fig. 1b). With the mass
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concentration determined by UV/vis and the density of each composition, we can
calculate the surface-area-concentration (see Fig. S37).

Surface composition and surface oxidation of AgAu nanoparticles

To deepen our understanding of the processes occurring at the surface of AgAu
NPs, we analyzed the surface composition and oxidation of the laser-fabricated
AgAu alloy NP with XPS. These studies complement previous XPS examinations
on LAL-generated gold-silver alloy nanoparticles published by Schade et al.>° Raw
data taken from this study are re-plotted for illustrative purposes (Fig. 2a) together
with our recent results (see Fig. S41 for the raw XPS data). While Schade et al.
studied freeze-dried AgAu NP deposited on ZrO, microparticles (MP) and used
them to evaluate the selective oxidation of 5-(hydroxymethyl)furfural, in the
present study, we directly drop-cast the AgAu NP on glassy carbon electrodes and
evaluated them in ORR. In this context, it should be noted that the particles and
reactions in the two studies substantially deviated. A common trend in the
measured particles is observable despite the substantial differences. We can
observe enrichment of the less abundant element in the surface-near-area (gold
enriched on the surface of silver-rich particles and vice versa), a surprisingly
consistent trend in both experimental series (Fig. 2a). This finding only partially
agrees with the literature. According to Guisbiers et al., the surface segregation of
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Fig. 2 (a) Nominal gold molar fraction (x-axis) plotted against the measured surface gold
molar fraction (SGMF) in the surface-near volume (y-axis) of silver—gold alloy nano-
particles, analyzed via XPS. The green and yellow symbols show the results of XPS
measurements within the context of this study, while the data of Schade et al. of AgAu NP
on ZrO, before and after selective oxidation of 5-(hydroxymethyl)furfural (shown with red
and blue symbols) has been adapted from ref. 13. Copyright 2014 CC BY 4.0 https://
creativecommons.org/licenses/by/4.0/legalcode. Wiley-VCH GmbH. See Fig. S5t for
details on nominal-surface GMF conversion. (b) Analysis of the oxygen reduction
reaction (ORR) of the LAL-generated AgAu-NP in oxygen saturated 0.1 M KOH. The
current density is normalized as mentioned above. (c) Overpotential determined by
inflection point (IP) analysis. Overpotential in O, saturated 0.1 M KOH is plotted as
a function of the surface gold molar fraction (SGMF). The dotted line shows a linear
trend with increasing gold content. The error bars show standard deviations from
repeating the ORR three times. The color code in (b) is the same in (c).
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two completely miscible elements, A and B, in one nanoparticle follows two
specific rules:*®

(1) If the bulk melting temperature of element A is higher than that of element
B, element A will deposit at the surface.

(2) If the bulk melting temperature of both elements is in the same order of
magnitude, the surface energy of the respective elements will determine which
element segregates to the surface.

The authors state that the difference would have to be approximately less than
10% for the second rule to apply. Literature tells us that the bulk melting
temperature of pure gold is 1337 K, while that of pure silver is 1235 K, which
means the difference is ~6.7%. Hence, the second rule applies.** Both elements
crystallize in fcc unit cells, simplifying the comparison of surface energies.
Surface energy of Au is always higher than that of Ag,* indicating that silver
should always enrich on the surface. Deng et al. applied extensive Monte-Carlo
simulations of AgAu NPs to investigate the surface segregation and always
found silver enrichment on the surface.** To explain this obvious deviation from
our experimental results, we hypothesize that enrichment of the less abundant
element on the surface is a phenomenon driven by mixing entropy. The stabi-
lizing effects from mixing entropy are higher the closer the system is to a 50 : 50
Ag : Au ratio. When we assume a AgAu nanoparticle with a strong silver enrich-
ment (e.g. GMF = 0.2) all silver atoms have a driving force to assume lattice
positions neighboring gold atoms, though this is not possible due to gold defi-
ciencies. However, the surface atoms of the nanoparticles obtained from a fast-
cooling laser ablation in liquids synthesis under kinetic control are particularly
rich in surface defects due to extremely high cooling rates,**® a thermodynami-
cally unfavorable state. Hence, it is conceivable that particularly these strongly
disfavoured surface sites have a higher driving force to enrich with the minority
element (in this case Au) to reap the benefits of entropic stabilization. A way to
verify the validity of this hypothesis would be atomistic simulations in which high
energy states are assumed for surface atoms, though this exceeds the scope of this
work.

To be able to correlate the results with the actual surface composition, we will
refer to the samples by their surface gold molar fraction (SGMF). Please note that
SGMF based on XPS studies does not refer to the composition of only the outer
atom layer but is determined by the penetration depth of the XPS, which is
commonly in the range of a few nm. By correlating surface composition with
catalytic activity, Schade et al. found favorable synergetic effects on the catalytic
activity for Ag;oAug (SGMF 0.76 to 0.78) and AgsoAu,, (SGMF of 0.62 to 0.58).2°

We performed the oxygen reduction reaction (ORR) in O,-saturated 0.1 M KOH
at a scan rate of 50 mV s~ " and a rotating disc electrode at a speed of 1600 rpm to
analyze the electrochemical properties and possible catalytic applications of the
gold-silver alloy nanoparticles. These experimental conditions, particularly the
high spinning rate of the electrode, ensure that measurements are independent
of transport limitations and are a good representation of the chemical activity of
the surface atoms. The current density is normalized to the nanoparticle surface
area, as specified above, and explained in the Methods section in more detail.
Fig. 2b shows linear sweep voltammograms of all tested compositions in an
overpotential range of 0 to |—1200| mV recorded after 20 cycles. No distinctive
linear trend is visible for either the gold or silver content. On the other hand,
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samples with a GMF of 0.1 and 0.5 specifically exhibit particularly low overall
current densities. Pure silver and Ag;,Auz, show very similar trends, even though
the latter consists of 30 mol% gold. This could be a valuable insight for further
studies on the catalytic properties of these alloys.

As the ORR polarization curves alone do not follow a clear trend showing a 1-
to-1 correspondence between GMF and the catalytic activity, we applied inflection
point (IP) analysis to extract more information from these measurements. IP
analysis is an approach introduced by Schuhmann et al. to compare the
composition-dependent electrocatalytic activities of complex nanoparticle mate-
rials (complex solid solution, particularly high-entropy alloys), primarily when
multiple active centres are to be expected.*” To perform IP analysis, we fitted the
ORR LSV curves with suitable polynomial functions at the interval around the
inflection points of the curves. The inflection point is located where the second
derivate of the fitted functions reaches zero. As the overpotential at the inflection
point corresponds to the stage at which the diffusion of O, does not yet limit the
current to the electrode surface, it can directly correlate with the surface reaction
at the most active surface sites. Generally, a low overpotential and high current
density at the IP during ORR reactions are indicators of high catalytic activity and
optimally binding surface sites. Only pure gold shows more than one IP, which
would indicate a second active centre, while the other alloy materials show no
obvious secondary IPs.

The extrapolated overpotentials at the IP, as a function of the SGMF, are shown
in Fig. 2c. Therein we expressed the overpotential at the IP as a function of the
SGMF deducted from XPS studies (Fig. 2a and S57) since the potential at the IP is
connected to the reduction activity for a specific surface reaction.* Previous
studies on the catalytic properties of laser-generated AgAu NPs involved extensive
XPS studies and found up to 15% deviations between the surface composition and
the nominal bulk composition of the nanoparticles. In this study, the silver
enriched the surface in the case of nanoparticles with high molar gold content in
the bulk and vice versa.?*** We used this data and applied a polynomial fit (R* = 1)
to calculate the expected surface composition (SGMF) from the nominal
composition (GMF) (Fig. S5), with the SGMF used in Fig. 2c.

The overpotential decreases with increasing SGMF, starting at |—629 mV| for
pure silver to |—462 mV| for pure gold. For the alloy nanoparticles, the over-
potential shows a linear trend with increasing molar surface gold content above
an SGMF of 20%. Yet, the SGMF between 20-30% appears even less active than for
pure silver. We observed a similar synergetic trend with gold-silver surface
composition in HMF oxidation with laser-generated AgAu alloy nanoparticles,
although in this case, at an SGMF of ~50-70%.%° Nonetheless, we can conclude
from this data that the catalytic activity of gold in the ORR reaction is higher than
that of silver indicating a more potent kinetic inhibition of the reaction on silver
surface sites. This finding is in good accordance with the literature. Praveen et al.
found out that a gold-rich composition of Ag,sAu,s showed the highest activity
among their tested compositions compared to the more silver-rich composi-
tions.* The linear decrease of the overpotential at the inflection point (increase in
catalytic activity) with the SGMF indicates that catalytic activity is a direct function
of the number of more active gold surface atoms.

Furthermore, we utilized XPS to characterize the oxidation state of the surface
silver and gold atoms in relation to the SGMF after ORR for AggoAu,o, Ags50AUs0,
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Fig. 3 (a) Percentage of oxidized Ag and Au surface species (y-axis) and (b) percentage of
oxidized Ag(1) and Ag(i/i1) species on the NP surface after ORR (y-axis) plotted against the
surface gold molar fraction (x-axis) of silver—gold alloy nanoparticles, analysed via XPS. For
the equimolar AgspAusg (GMF 0.5) compositions we also plotted the results before ORR.

AgioAugy, and Ag,oAug,, while the equimolar 50:50 composition was also
analyzed before it reacted (Fig. 3a). Please note that we used the actual SGMF
instead of the nominal composition (GMF). Here, we observe that the noble gold
is not prone to oxidation, even if alloyed with silver in every ratio. The percentage
of gold oxidation varies only by 2%, while the most gold-rich composition has the
highest level of oxidation with 9.5%. This finding is in good accordance with
previous XPS studies on monometallic LAL-generated Au NPs, where surface
oxidation values of 3-6% ** and 5-10% ** were reported. However, recent studies
highlighted the difficulties of XPS in verifying the presence of surface oxidation
for free-standing Au NPs.*®

On the other hand, the surface silver atoms are 100% oxidized, which is
consistent with the fact that silver has a lower redox potential than gold and that
the ORR reaction was carried out in the presence of the potent oxidant O,. This is
in contrast to the previously shown XPS measurements of Schade et al., which
showed that a GMF of 0.3 had the smallest proportion of oxidized silver on the
particle surface.”* When the gold content is increased above 0.5, their study shows
that the proportion of oxidized Ag atoms at the surface does not change signifi-
cantly anymore, while the proportion of oxidized Au atoms continues to decrease.
This clear dependence of gold and silver oxidation on the GMF, not found in our
study, even for a reference sample taken before reaction, might be attributed to
the AgAu NPs adsorption on ZrO, supports in the study of Schade et al. To better
evaluate the oxidation states of the surface silver atoms, we performed an in-
depth analysis of the silver oxidation peaks by deconvolution to differentiate
between Ag(i) oxides and mixed Ag(i/m) surface states.” Exemplary XPS spectra
illustrating the peak analysis can be found in Fig. S4.1 The resulting Ag(1) and Ag(1/
m) surface ratios in correlation with the GMF are found in Fig. 3b. The most
striking trend observable here is the change in oxidation state before and after
ORR, observed for the nominal Ags,Aus, composition (SGMF 0.42). While this
sample remains fully oxidized after ORR (regardless of the reductive conditions
therein) (compare with Fig. 3a), the Ag(1)/Ag(i/ur) atomic ratio substantially devi-
ates. Before ORR, the surface silver mainly consisted of Ag(r) (92.3%), with the
mixed Ag(i/m) oxide (7.7%) being the minor constituent. After ORR the Ag(1/ur)
oxide makes up 65.8% of the surface atoms.
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The corresponding current densities at the IP strongly fluctuate with
increasing gold content (Fig. S6t), reaching in total three very similar minima at
SGMFs of 0.21, 0.54, 0.68, with |—6.6| uA cm 2, |-6.2| pA cm 2, and |—6.3| pA
cm ™~ ? respectively. Ag,oAUg, shows that the addition of 59.3 mol% gold to silver
leads to the highest measured current density at an IP of |—14.5| pA cm ™ >, almost
identical to the current density of pure silver at |~14.3| A cm 2. Ag,,Aug, has the
highest current density and a low overpotential of |-538| mvV, indicating this
composition has the highest density of active sites at the IP.

Our study also reveals the high current densities for the gold-rich composi-
tions AgsoAuyg, AgroAug, and AgseAus, with SGMFs of 0.59, 0.68, and 0.54,
respectively (see Fig. 2b). Even though the results on the GMF 0.5 samples slightly
deviated, we observe an unexpected consistency in catalytic activity in funda-
mentally different reactions from thermal catalysis (Schade et al.) and electro-
catalysis (this work) catalysed by laser-fabricated AgAu NPs.

Based on these findings compared with the XPS results, it can be inferred that
the ORR reaction favors the formation of Ag(i/m) surface sites. If we compare the
silver oxidation trend from Fig. 3b with the overpotential from Fig. 2c, we see that
the Ag(1) silver species decreases similarly to the overpotential, indicating that an
increased fraction of higher oxidized silver species coincides with higher surface
activity. It has been previously shown that surface oxides play an active role in the
mechanism of certain reactions like OER.*® It is conceivable that surface oxides
may also play a vital role in the reaction observed here. However, this interpre-
tation should be carefully evaluated considering the following points: (I) while the
trends from XPS only depict the portion of higher oxidized silver species, the total
number of silver atoms would still decrease in the particles due to an overall
increasing SGMF; (II) as stated above, the catalytic activity (overpotential) also
linearly scales with the SGMF, and Au atoms are more active than silver atoms
(Fig. 2c). For specific reactions like OER, it has been shown that the surface
oxygen can play an active role in the reaction mechanism, which could be
a valuable insight into the mechanistic sequence behind these reactions. Even
though we could not prove that this also plays a role in these experiments, it
should be considered for future studies.*® It may be concluded that we cannot
justify a correlation between the Ag(1)/Ag(u1) surface sites and the catalytic activity
in ORR based on this data. While a high amount of high valence silver species was
created during this process, we can primarily observe increased catalytic activity
with increasing gold content. This finding indicates that gold surface atoms are
the catalytically most active species for this specific reaction.

Surface chemistry of AgAu nanoparticles in correlation with composition in an
acidic anaerobic solvent

To potentially intensify and observe further correlations between surface chem-
istry and GMF in AgAu alloy nanoparticles, we conducted electrochemical
measurements in an acidic medium and in the absence of oxygen. Furthermore,
these measurements were conducted in the presence of chloride ions, prone to
form strong bonds with silver sites,* which more closely represent conditions
observable in real-life applications, during ion release in a biological environ-
ment, or in actual water samples, where chloride is always present. Hence, we
examined the electrochemistry of pure Au and Ag NPs and their intermediate
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Fig. 4 CVs of pure Au and Ag NPs and their intermediate alloys, 1st cycle (in black) and
20th cycle (in the respective colors from Au in red to Ag in yellow) were measured under
a N, atmosphere with a scan rate of 100 mV s in 0.1 M HCL The current density is
normalized to the applied nanoparticle surface area, while the potential is calculated
against RHE @pH 1.

alloys in 0.1 M HCI saturated with N,. The measured voltammograms are shown
in Fig. 4. All CVs were performed in a potential range of 0-1.4 V, however, as the
AgsoAus, composition showed no activity in this range, the upper limit was
increased to 1.7 V in order to pinpoint whether higher potentials might initiate
a surface reaction. Please note that the voltammograms are not plotted with
a unified y-axis scaling. This presentation was used to illustrate the corresponding
peak more clearly. Fig. S71 shows the voltammograms but with the same scaling
on both axes to better illustrate pronounced differences in overall current
densities between the compositions. As described in more detail in the method
section, all measured current values are normalized by the total particle surface
area to compare surface-atom-controlled reactions better.

Interestingly, the oxidation of gold could be detected in the first cycle for all
gold-containing samples emerging at ~1240 mvV, except in the equimolar
composition AgseAus, and the pure gold sample. After the 20th cycle, the gold
oxidation peak vanished completely from all compositions. This is especially
unexpected in a medium containing chloride, as CI~ promotes the dissolution of
gold.*® One reason for the vanishing or flat-out missing gold peak could be the
enrichment of the surface with silver. However, this contradicts the recent XAS
and XPS results shown by Schade et al. for AgAu alloy nanoparticles from a laser
ablation approach,® and the XPS results in the alkaline electrolyte from the
previous chapter. Here, changes in surface composition before and after the
reaction (similar to 1 vs. 20 cycle data) were minimal. Hence, substantial
enrichment with silver cannot be the reason for the missing oxidation of surface
gold atoms. Another more probable explanation could be the dissolution of gold
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species on the surface, or the surface restructuring of more active structural gold
surface defects during continuous cycling. In the case of pure gold, the Au
oxidation peak barely begins to show in the observed potential window. The
absence of gold oxidation in the GMF of 0.5 samples could be due to the mixing-
entropy-driven thermodynamic stability of equiatomic AgAu alloys. According to
Guisbiers et al., the equimolar 50 : 50 composition is, in regards to their ther-
modynamic properties, the most stable composition of this material system.*®

An oxidation peak that can be attributed to silver can be observed between
364 mV to 677 mV for pure Ag and all alloys, but not pure Au. These peaks indicate
the oxidation of Ag® to Ag" and the subsequent formation of water-insoluble
AgCl®* The first silver oxidation peak of the pure silver sample reaches its
maximum at 422 mV.

Ag+ Clm & AgCl+e (1)

This first peak can also be an overlap of this reaction with other processes.
According to Chen et al., the first reaction that would take place would be the
electrolytic dissolution of Ag to Ag(OH), by the absorption of OH and the
subsequent desorption and diffusion of the soluble species.*” This would only
happen to a minor part of the silver atoms in an acidic environment, and this
reaction is barely visible. Furthermore, the broad peak could be based on the
formation of a monolayer of electrolytically formed Ag,O. According to Saw et al.,
alloying silver with gold will generally lead to a broadening of this oxidation peak
with increasing gold content as the silver is rendered less thermodynamically
active.® A third silver oxidation process can be seen between 700 and 800 mV in
all silver-containing samples, except pure silver and AgsoAus,. This third peak is
characteristic of AgAu alloys. As the nanoparticle sizes were in a similar range,
this peak cannot be attributed to a size effect but rather to the oxidation of silver,
whose activity has been decreased due to the stabilization by the gold matrix,*>**
a phenomenon previously observed in leaching experiments with AgAu single
particles analysed by hyperspectral spectroscopy.'* An explanation for the lack of
this reaction with AgsoAus, is the higher thermodynamic stability of the equi-
molar composition, as discussed above, which would inhibit complex oxidation
processes. Besides that, it is interesting to observe that this reaction is not
observable in pure Ag NPs. As Rurainsky et al. did not register this peak when they
tested pure Ag and AggoAu,, NPs, its absence could be attributed to the stabilizing
ligand we also had to use to produce the pure Ag NPs.>® Pure Ag NPs are not stable
in 0.1 mM Nacl, which forced us to add 0.1 mM trisodium citrate during particle
storage, while Rurainsky et al. used a substantially higher citrate concentration of
1.17 mM in their study.*® Here, sodium citrate, as a known reducing agent for
noble metal ions, could have inhibited this silver oxidation process.>** When
inspecting the negative sweep from 1-4000 mV, we could only observe gold oxide
reduction in samples with a GMF between 0.8 down to 0.5, with an increasing
potential from 962 mV (GMF = 0.8) to 1173 mV (GMF = 0.5) after the first cycle.
After 20 cycles, gold oxide reduction was only detectable in Ag,,Aug,. Silver oxide
reduction starts at ~300 mV for all silver-containing samples in the first cycle. Ag
shows a vast and indistinct peak that seems to be composed of several over-
lapping reactions. Similar behaviour can be observed for Ago,Au,, While AggoAus,
only shows one distinct peak. All other alloys produce a double peak in this area,
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which can be attributed to the reduction of the alloyed AgAu, followed by the
reduction of Ag* to Ag®.% It is not clear why AggoAu,, does not show the alloy
reduction peak, as former studies have shown all compositions to be homoge-
nous alloys over the whole particle, except for the surface-near volume, which
showed the already mentioned enrichment of the nominally scarcer element.**°
After 20 cycles, all reduction reactions occur at a lower potential, indicating
stronger inhibition or higher electrochemical stability, while overall peaks are
much smaller. For biomedical applications, particularly nano-toxicity, this could
indicate that potential adverse effects would deteriorate with increasing contact
time between nanoparticles and cells or tissue.

Additionally, we could find reduction peaks, which can be attributed to the
alloyed silver in particles with a gold content between 0.2-0.8 (Fig. S81). This peak
position shifts from 567 mV at a gold content of 0.2 to a maximum of 794 mV at
a GMF of 0.6, and decreases afterward. Unfortunately, the position of this peak is
not easy to determine precisely, as the peak has a low intensity or is split into
multiple peaks. Either way, their presence indicates a pronounced change in alloy
structure after cycling and the formation of an alloy sub-population with devi-
ating composition or structure. To aid in maintaining an overview of the various
reactions, we have plugged an overview graph of the CVs of AggoAu,, into the ESIL, T
in which the regions where the addressed reactions happen are highlighted by
color and number (see Fig. S97).

The results seem to indicate that the gold oxidation in all samples is irre-
versible and requires a higher potential to occur with an increase in gold content.
In previous studies, Schade et al. saw a reduction of the noble properties of gold
by the addition of silver, and our findings confirm these results.”® Grasmik et al.
saw the gold reduction in all tested AgAu alloy NPs, but it is unclear how many
cycles were conducted in their cyclic voltammetry measurements.”” In contrast,
Saw et al. could not identify a gold reduction peak in their work after the second
cycle.* This opens the possibility that the oxidative dissolved gold might have
separated from the electrode and thus could not be reduced any more, even
during the first cycle.

For further analysis, we extracted the silver oxidation and reduction peak
positions from the voltammograms for the first and 20™ cycles (Fig. 5). Exami-
nation of the position of the silver oxidation peaks (solid black and red symbols)
shows that the positions do not significantly change, either as a function of the
gold molar fraction nor due to multiple cycling. Considering the error bars, the
median peak potential is 416 mV. Based on these results it may be concluded that
the potential required to oxidize silver does not depend on the GMF. This finding
would have a pronounced impact on these particles’ utilization in biological
systems. Based on this, we may conclude that Ag ion release would always be
initiated independently of composition, though its rate over time would depend
on GMF or SGMF. This finding is in good accordance with our XPS results from
the ORR reaction, where surface silver oxidation was independent of the GMF and
constantly at 100% (Fig. 3a).

Comparing the values of the first broad silver oxidation peak with the literature
shows that much higher potentials are required to cause oxidation of the silver in
the case of laser synthesized, ligand-free nanoparticles. According to Grasmik
et al. and Snyder et al., wet-chemically synthesized silver nanoparticle oxidation
occurs at 120 mV and 150 mV, respectively.”?>*® Additionally, Grasmik et al. noted

This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 301-325 | 313


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2fd00092j

Open Access Article. Published on 02 august 2022. Downloaded on 23.02.2026 00:17:31.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Faraday Discussions Paper
450 i I; 1 1 1 T i
400 F _i--i-* ----- g--é- ----- * i

>'350 F -
£
Z‘ 300 .
o g g
= 250 F - — .
7 /§' \Q\G%
8 200} -/ / :
4
8 150 /5 -
o 100 b = Il Ag oxidation 1%t cycle
A g oxidation 20" cycle
50 F - ™ - Ag reduction 1%t cycle
-¥7 - Ag reduction 20" cycle
0 1 1 1 L L
0.0 0.2 04 0.6 0.8

Gold Molar Fraction

Fig. 5 Position of the silver-oxidation (solid symbols) and reduction (semi-solid symbols)
peak as a function of the gold molar fraction of the surface atomsin 0.1 M HClunder a N,
atmosphere with a scan rate of 100 mV s~%. The lines guide the eye. The error bars were
calculated by repeating the experiments three times.

that the peaks of the alloy nanoparticles are shifted to higher potentials with
a broadening of the peaks due to the reduction in silver dissolution if compared to
pure silver. This indicates a constraint of Ag leaching due to the alloy character of
these particles. Thus, the AgAu-NP fabricated by LAL behave very differently from
the chemically synthesized AgAu-NP of Grasmik et al.>* However, it should be
noted that Grasmik et al. used an ion concentration of 3 M KCI. The use of KCl
instead of HCI could for once influence the cycle stability since, according to Zhu
et al., KCI has the lowest long-term stability of the common electrolytes (KCI <
NaCl < LiCl < HCI).*® The stability of the electrolyte depends more on the potential
window than the electrode material, while the electrode material has to be
explicitly chosen to show the desired reaction in the potential stability window of
the electrolyte.®® Furthermore, KCI yields a neutral pH, while our examinations
were conducted in the acidic regime, where different surface reactions may occur.

The reduction peaks of silver behave similarly to the oxidation peaks (Fig. 5,
semi-solid grey and blue symbols) but differ by showing a higher deviation
between the first and 20™ cycle and by exhibiting a distinct impact of the
composition on the peak potential, particularly in the silver-rich samples. Silver
oxidation occurs on average at 416 mV, with minor variations of <20 mV, while
the reduction occurs between 114-259 mV (1°* cycle) and 192-269 mV (20
cycle). When we compare the ranges between the first and 20" cycle, we can see
that the peaks get progressively closer as the number of cycles increases, which
seems to indicate the formation of an electrochemically stable state, probably
due to the disappearance of soluble silver species from the vicinity of the
electrode or a surface restructuring. We want to emphasize that the silver
reduction peaks seem to consist of multiple peaks. This is important to mention
as all samples, except AggoAu,,, showed at least a double peak, and the two most
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silver-rich compositions, especially Ag, produced very irregular peaks. We used
the largest of these irregular peaks to compare the potentials, which may explain
the stronger deviations in silver-rich samples. According to the literature, the
reduction of pure silver nanoparticles takes place at a wide range between 543-
626 mV, but in our study and according to Fig. 5, the reduction for pure Ag
occurs at 110 mV in the first cycle and at 192 mV in the 20™ cycle, which is
significantly lower than the literature (on wet-chemically prepared particles)
indicates.”>*® Such a decisive shift of the reduction potential to lower values
could be due to the formation of passivating layers of silver chloride on the
electrode surface; as in the case of reverse scanning, a lower potential means
a higher potential difference needs to be applied to start the reduction reaction.
Furthermore, previously mentioned differences in particle surface structure
could be contributing factors.

The next step is to look at the area under the curve, or rather the integral of the
first silver oxidation peak. When this value is divided by the scan rate, we obtain
the total charge transferred during the oxidation reaction. Fig. 6a shows the
resulting transferred charge in pA s for the 1°* and 20™ cycles. We used only the
potential range (364 mV to 677 mV) of silver oxidation of the pure silver nano-
particles for integration (including the tailing) since the peak width deviated
strongly from this, especially for the gold-rich compositions. We used the same
principle for all integrations in this study. When analyzing reactions that can be
attributed to gold, we used the peak widths of the pure gold as a reference.

Fig. 6a shows the charge connected to silver oxidation, while Fig. 6b shows the
charge connected to the reduction reaction, with very similar trends. Ag NPs have
the highest charge transfer, most likely due to the high reactivity of pure silver
NPs, while the charge decreases with increasing GMF. Furthermore, the equi-
molar AgsoAus, composition stands out with a minimum of the transferred
charge. After 20 cycles, we observe a substantial loss in activity for pure Ag
(490 pA s to 289 pA s) and the following alloys with a GMF of 0.1, 0.2, and 0.3 (see
Table S21). This can be explained by the aforementioned irreversible reactions
and the disappearance of active surfaces, e.g., defects (in the surface-near particle
volume) restructured by multiple cycling. Losses are also substantially lower for
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Fig. 6 (a) Intercalated charge during the 1st (or rather main) silver oxidation and (b) during
silver reduction. Calculated by integrating the Ag oxidation peak and afterwards divided by
the scan rate, for the 1st (black) and 20th (colored) cycle, as a function of the gold molar
fraction in 0.1 M HCl under a N, atmosphere with a scan rate of 100 mV s~*. The error bars
were calculated by repeating the experiments three times. The lines gquide the eye.
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the gold-rich samples than for the silver-rich alloys, indicating that primarily
active silver and not gold atoms are restructured by cycling - a potentially highly
relevant finding for catalyst durability.

Interestingly, the charge transfer processes in these experiments, related to
surface site reactivity and stability, stand out for the equimolar 50 : 50 compo-
sition. Here we observe a particularly low surface reactivity and high structural
stability. Peculiar properties of this intermediate composition are frequently re-
ported in the literature and associated with thermodynamically driven processes,
particularly the favorable mixing entropy ata 1 : 1 Ag : Au molar ratio. This trend
was also observable when the crystal structure, particularly the lattice constants of
AgAu alloy molar series, are analyzed with XRD.**** Here a pronounced contrac-
tion of the lattice constants and strong negative deviations from Vegard’s law with
a minimum at the 50 : 50 composition was found in chemically-synthesized AgAu
NPs, which the authors associated with microstrain, which could not be attrib-
uted to a size effect, as pure Ag and Au NPs did not show any variation in their
lattice parameters compared to the bulk material.** These findings could be due
to the inhomogeneous internal phase structure of the chemically-synthesized
AgAu NPs with strong elemental gradients. Hence, the intraparticle deviation
from the entropically favored ideal mixing ratio of 50 : 50 caused contraction and
strain on the crystal structure. In the AgAu molar series from kinetically-
controlled LAL synthesis, the deviations from Vegard’s law were far less
pronounced,®® attributed to the fact that these particles have an entirely homo-
geneous bulk elemental distribution. Other studies also saw that a laser-induced
reduction method yielded fully homogeneous AgAu NPs that precisely followed
Vegard’s law.®> On the other hand, deviations with a minimum lattice constant at
the 50 : 50 composition were also reported for particles from chemical reduction,
consecutively thermally annealed on a carbon black support.**

In another study, AgAu NPs with different GMF, synthesized by CVD and
supported on PTFE, were analyzed for their dissolution and ion release proper-
ties. It was found that the AgsoAus, nanoparticles exhibited a pronounced silver
ion burst release in the first 40 min, higher than in the corresponding Ag,¢Aus,
and AggyoAuyo, while on longer timescales, the ion release from the equimolar
composition slowed down. Both phenomena were explained by the favorable
entropic stabilization of the 50:50 composition. During the initial phase,
residual silver atoms causing a deviation from the favorable equimolar compo-
sition were most easily removed from the crystal due to the good entropic
stabilization of this composition. For the same reason, further ion release was
inhibited on longer time scales as its release from the 50 : 50 composition is
disfavored.®® These findings are in good accordance with our electrochemical
measurements, where particularly the equimolar composition (AgsoAus,) had the
lowest transfer rate and the best chemical stability, as it is already in an optimal
thermodynamic state.

To verify the high electrochemical stability of AgsoAuse, we performed addi-
tional CV measurements with 380 additional cycles for the equimolar composi-
tion as well as AggoAu,, and Ag,,Aug, for reference. The results are shown in
Fig. S10.7 Fig. S10a, b and cf show the respective CVs of AggoAu,,, Ags50AUs, and
Ag,oAug, after 1, 20, 50, 100, 150, 200, 300 and 400 cycles (Fig. S10a—ct). The CVs
were again normalized to the applied NP surface area. The repeated experiments
show that the current per applied surface area for AgsoAus, and AggeAuy, is in
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a similar range, while the gold-rich Ag,oAug, samples’ highest measured current
in the first cycle reaches only ~1/10™ of the current of both other samples. An
extrapolation of the silver oxidation peak currents can be found in Fig. S10d.t
While comparing the changes in current per nanoparticle area of all compositions
with the previous experiment (see Fig. 6), it is obvious that the stability indicated
by the current reduction for both, AgsoAus, and AggeAu,,, is lower than antici-
pated from the previous measurements. Meanwhile, the current in Ag,oAug,
seems to be constant, even though the values are comparably low. For the gold-
rich sample, we attribute this difference to a measurement error. The normal-
ized currents here are not only substantially lower than those of the two other
samples, but we also see a pronounced increase in the current and integral area of
the silver reduction peak, which cannot be explained.

However, what is obvious from these measurements is that the silver-rich
composition Agg,Au,, as well as the gold-rich Ag,yAug, shows a comparably
broad Ag oxidation peak in the beginning in comparison to the equimolar
composition, which overlaps with a second peak that can be attributed to alloyed
silver, according to Saw et al.>®* With increasing cycle number, this double peak
continues to broaden and shift to higher potentials. The silver reduction peak
also consists of multiple peaks for Ag,,Aug, and AggoAu,, possibly due to deal-
loying or surface segregation of the elements involved, but additional character-
izations like XRD and TEM would be necessary to conclude the actual reason for
this change. Nonetheless, we can conclude that these processes seem to be less
pronounced in the equimolar composition, which points to improved stability.

In their study, Saw et al. only saw a broad Ag oxidation peak for the first cycle,
which vanished by the second cycle. According to the authors, this would exclude
mass-transport limitations because the silver reduction transported almost the
same charge in both cycles.>® However, the same cannot be said for the silver-rich
sample measured in our work, as areas of the silver oxidation and reduction peak
get much smaller with increasing cycle number, indicating irreversible losses. If
we compare AgsoAuso with AggoAu,, we can observe that AggoAu,, initially has
a higher current than the equimolar composition, but both samples show the
same proportional current decrease in the first 50 cycles (see Fig. S10d).T In this
region, Agg,Au,, shows a change in current from 0.105 mA cm™ > to 0.066 mA
cm 2, translating to a reduction of 37%. AgsoAus,, on the other hand, changes
from 0.067 mA cm > to 0.043 mA cm > in the first 50 cycles, making up
a reduction of 36%. When the samples are measured with a higher number of
cycles, the current reduction of Ags,Aus, slows down remarkably, leading to
a higher current than Agg,Au,, after 300 cycles. This trend continues with more
cycles, leading to a total current reduction of 60% for AgsoAus, compared to the
current of the first cycle, while the AggoAu,, current reduces by 71%. In addition,
the charge transfer for the silver reduction of Agg,Au,, almost vanishes
completely after 400 cycles, showing that this process is highly irreversible.
AgsoAus, has a similar charge transfer between silver oxidation and reduction
from the first to the 400 cycle, proving that the reaction is reversible.

In the next step, we examined the onset potentials of our tested samples. The
onset potential of the silver oxidation peaks shows us the threshold that needs to
be overcome to start the oxidation reaction. To determine the onset potential, we
draw tangents in the non-faradaic zone (the zone in which no charge transfer can
be determined) and the faradaic zone (where a charge is transferred between the
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electrodes). The potential on which those two lines intersect gives the onset
potential (see Fig. S11a). As this determination is prone to inaccuracy, mainly
due to shifting baselines, and because there are multiple processes like diffusion,
which overshadow the reactions when using a static electrode at high scan rates,
we decided to put this data into the ESIT and only use it as a reference point to
support the more accurately determinable results. These onset potentials can be
seen in Fig. S11b.T The onset potential increases with increasing gold content in
the first cycle, starting at 369 mV up to a GMF of 0.3. The more gold-rich Ag;¢Aus,
experiences an enhanced kinetic inhibition, which increases the onset potential.

Further increasing the GMF to 0.6 leads to a local minimum, followed by
a slight increase with higher GMF. After 20 cycles, the observable onset potential
follows a similar trend, while the differences between the compositions is
reduced. The silver onset reduction potential in Fig. S121 shows even less
difference between the compositions.

Conclusions

AgAu alloy nanoparticles are one of the most frequently studied binary alloy
systems, applicable in optics, catalysis, and biomedicine. Here, it was found that
the biological activity of AgAu alloy nanoparticles (toxicity, antimicrobial activity)
disproportionally changes with the GMF, a finding which necessitates a more
detailed study of the surface structure in particular to identify the most active
surface atoms. Furthermore, the surface structure of AgAu nanoparticles has
a similarly strong impact on the catalytic activity of these particles. Consequently,
the surface properties at the nanoparticle-solvent-interface are particularly rele-
vant for both application areas, biomedicine and catalysis. It is especially inter-
esting to pinpoint how surface structure and hence the type and concentration of
active surface site changes with time and upon multiple electrochemical cycles,
which will heavily impact the activity and durability of an electrochemical catalyst
and their dissolution behavior at the nano-bio interface.

To explore this interdisciplinary topic, we used cyclic voltammetry in
conjunction with in-depth XPS studies to analyze the surface chemistry and
surface composition of a AgAu alloy nanoparticle molar series. We used a fully-
inorganic model of AgAu nanoparticles with 8 different compositions generated
by the laser ablation in liquids synthesis method, avoiding cross-effects from
organic surface ligands, and we applied surface-normalized data interpretation.
Based on the main findings obtained, we can draw the following major
conclusions:

(I) The activity at the first inflection point on AgAu alloy particles during ORR is
linearly dependent on the surface gold molar fraction. Hence Au surface sites are
probably more active than Ag surface sites in the corresponding reaction.
Ag,0Aug has the highest current density and a low overpotential of |—538| mV,
indicating this composition has the highest density of active sites at the inflection
point.

(I) XPS measurements of surface composition in correlation with the gold
molar fraction during oxygen reduction reactions have yielded a trend that shows
an enrichment of the minor component in the surface of the nanoparticle - gold-
rich AgAu particles have a surface enriched with silver and vice versa. This trend
seems to be universally applicable and is found in electrocatalytic reactions on
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electrodes and thermal catalysis with particles supported on ZrO,. It could also
help explain the disproportional trends observed in the biomedical activity of
these particles.

(II1) During ORR, we observe total oxidation of silver surface atoms with a high
abundance of highly oxidized (Ag(1)/Ag(m)) oxide-hydroxide surface atoms after
the reaction, particularly at gold-rich nanoparticles. Even though a direct corre-
lation between catalytic activity and the abundance of these surface sites could
not be observed, their presence may be an important finding to elucidate the
mechanism of ORR on AgAu nanoparticles. Additionally, high surface oxidation
and the presence of more active surface species would also strongly influence ion
release kinetics from these particles and affect the biological activity.

(IV) A detailed electrochemical analysis of AgAu nanoparticles in an acidic
chloride-containing medium revealed a complex dependency of surface activity
on the particle composition. We particularly document a pronounced change in
surface activity with multiple cycling, leading to a restructuring of surface atoms.
One main effect is a loss of electrochemical activity in the reduction sweep. This
could strongly affect these particles’ toxicity and indicate that adverse effects to
tissue and cells could wear off with time, which is in line with the fact that the
position of the silver oxidation peak is independent of the GMF and SGMF,
meaning that ion release and toxicity is probably strong initially and wears off on
a longer timescale. These phenomena should go along with a deactivation of
surface sites and a reduction of catalyst durability for catalytic applications.

(V) In particular, the AgsoAus, composition reveals surprisingly low reactivity
and high chemical stability, probably attributed to an entropic stabilization of
this intermediate composition. This finding is in good accordance with previous
studies where this intermediate composition had a initial burst of kinetics fol-
lowed by high chemical stability on longer timescales. This could be relevant for
AgAu nanoparticles for medical imaging, as they would feature pronounced
structural and hence optical stability, while on the other hand, a burst release
directly after injection could be beneficial to sterilize the insertion wound.

Experimental
Synthesis of silver-gold alloy nanoparticles

Colloidal gold, silver, and silver-gold alloy nanoparticles were produced via laser
ablation in liquids (LAL) in 0.1 mM NaCl aqueous solution, using an Nd-YAG laser
(Rofin Powerline E) with 10 ns pulse length, 10 kHz repetition rate, a wavelength
of 1064 nm, and a fluence of 23.5 ] cm 2. Targets of the respective pure metals and
alloys (0.5 mm thickness, 99.99% purity, Institute for Noble Metal and Metal
Chemistry, Schwibisch-Gmiind, Germany) were fixed in a self-constructed PTFE
batch chamber with a total volume of 30 ml.** The ablation was performed using
a highly dilute electrolyte in Milli-Q water (0.1 mM Nacl) for size quenching and
electrostatic stabilization.?*>* As the samples were analyzed cross-continentally,
they required high long-term stability. For this reason, we had to make an
exception for the pure silver nanoparticles, as those show very low colloidal
stability when ablated in 0.1 mM NacCl. Consequently, we used 0.1 mM trisodium
citrate instead.

The liquid was stirred continuously during the process to minimize shielding
effects and re-irradiation of already produced NPs. An F-theta lens (F = 100 mm)
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was used to focus the laser pulses onto the target in the batch chamber, while
a galvanometric scanner system (ScanLab, SCANcube10) guided the pulses in
a spiral pattern with a diameter of 6 mm over the target surface. Each ablation was
carried out for 10 min. This process yields spherical nanoparticles with a AgAu
solid solution structure.®

Characterization of alloy nanoparticles

Mass concentrations of the colloids were determined gravimetrically by weighing
the targets before and after the ablation process using a micro-balance (Precisa XT
220A) and UV/vis extinction photo spectroscopy (Thermo Scientific Evolution 201)
before and after centrifugation. UV/vis spectra were acquired in the range 300-
900 nm by diluting the colloids, where necessary, and transferring them into
a quartz glass cuvette with 10 mm path length. To correlate the absorbance of the
prominent surface plasmon resonance (SPR) peak with mass concentrations,
calibration curves were collected beforehand with known concentrations (see
Fig. S11). The position of the SPR-peak depends on the composition of the
nanoparticles (which allows an allocation to a composition), and its intensity
corresponds directly to the mass concentration via Lambert-Beer’s-Law.

Collective size characterizations were done with an analytical disc centrifuge (ADC,
DC 24 000, CPS Instruments) at 24 000 rpm. This device measures the density-
selective sedimentation of particles in the centrifugal field of a rotating disk. The
main readout for the sedimenting particle fronts is the attenuation of an incident
laser beam with a wavelength of 405 nm, while size-dependent optical properties of
the nanoparticles based on Mie theory are used to convert intensities into mass
fractions. Measurements were conducted against a p(+)-sucrose density gradient, and
a sample volume of 0.1 ml was used. The mass- and number-weighted hydrodynamic
particle diameter distributions represent spheres with equal sedimentation charac-
teristics. Together with the mass concentrations, these distributions were used to
calculate the overall surface concentration in ecm” ml~" in every colloid.

The surface composition, surface oxidation, and possible alteration due to the
electrochemical tests were investigated with a ULVAC-PHI VersaProbe II setup
using a monochromatic Al anode with a Ka line at 1486.6 eV and a spot size of 100
pm. A hemispherical analyzer (with an angle of 45° between the sample surface
and the analyzer) and dual-beam charge neutralization were used. All spectra are
referenced to the 1s peak of graphitic carbon. Data processing was conducted
using CasaXPS software. After Shirley background subtraction® the Au4f and
Ag3d spectra were fitted. For the deconvolution of the individual oxidization
states of Au4f and Ag3d, constraints were chosen in accordance with the litera-
ture.®® The constraints used during the fit are summarized in Table S3.1 Peak
splitting was fixed to 3.67 eV (Au4f;,, and Au4f;;,) and 6.0 eV (Ag3ds,, and Ag3ds,,)
according to the literature.®® The peak type was chosen as symmetric Gauss-
Lorentzian with 50% Gaussian, 50% Lorentzian in the case of symmetric oxide
peaks and asymmetric Lorentzian (1.9 : 1.8 : 1) for asymmetric elementary peaks
Au® and asymmetric Lorentzian (1.9 : 2 : 20) for Ag®.

Cyclic voltammetry measurements

The electrochemical properties of the bare nanoparticles were initially investi-
gated by utilizing a standard three-electrode setup Potentiostat (Metrohm Autolab
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PGSTAT 302N), while further experiments were conducted using another three-
electrode setup potentiostat (VersaSTAT 3F, AMETEK Scientific Instruments,
and Bio-Logic VSP-3). A Pt wire was used as the counter electrode, Ag/AgCl or MMS
as the reference electrode, and a glassy carbon electrode, drop cast with the
respective nanoparticles as the working electrode. To coat the glassy carbon
electrode with the nanoparticles, 30 pug of AgAu alloy NPs were drop-cast onto the
electrode and allowed to dry for 20 min while the electrode was rotated at
1600 rpm. The electrolyte solutions with 0.1 M HCI (pH = 1) and 0.1 M KOH (pH =
13.5) were prepared using Millipore water (Merck-Millipore, Mill-Q IQ 7003,
resistivity = 18.2 MQ cm™ ') and KOH pellets (Sigma-Aldrich, Germany) or
concentrated HCl (37%, Sigma-Aldrich, Germany). The electrolyte was purged
directly before the measurement with either oxygen (6.0, Air Liquide, Germany) or
nitrogen for 15 min. This purging was reduced during the measurements to
prevent disturbing the data acquisition. The ORR measurements were performed
with a spinning electrode at 1600 rpm, forming a rotating disc electrode (RDE)
(Pine Instruments, USA) and a sweep rate of 50 mV s~ '. Cyclic sweep voltam-
mograms without a rotating disc electrode were collected with a sweep rate of
100 mV s~ ' and a potential ramp between 0.12 V and 1.6 V, while all potentials
were corrected to obtain the potential against the reversible hydrogen electrode
(RHE), using the Nernst equation:

Erue) = Eagiagar + 0.059 pH + EOAg/AgCl (2)

where Eryg is the converted potential, Egg/Agcl = 0.1976 V and Exg/agci is the
experimentally measured potential against the Ag/AgCl reference. For compara-
bility, we also converted all cited literature values, if applicable or necessary, to
the potential against the RHE.

Surface normalization

Even though the same mass was drop cast on the electrode for each experiment,
following routine protocols in nanoparticle electrochemistry, we decided to
deviate from the commonly applied mass-based normalization. Instead, we used
nanoparticle surface-area normalization for all measured data, as the observed
reactions are primarily surface-area-driven. This is vital for comparing nano-
particle samples with strongly deviating densities or particle size distributions. In
this study, size deviations between samples were minimal, but density differences
between the particles were substantial (10.49 g cm > :19.3 ¢ cm™? for Ag : Au).
For example, if we compare the Ag and Au nanoparticles at identical mass
loading, the Ag sample will have a surface area more than 1.8 times higher than
its Au counterpart, making a meaningful comparison between samples imprac-
tical. To compensate for this effect, we used the combination of two analysis
techniques to calculate the total nanoparticle surface area in the colloids
deposited on the electrodes. At first, we performed UV/vis measurements of the
colloids and used these to determine the mass concentrations based on Lambert-
Beer’s-Law, using calibrations based on gravimetry. We then determined the
nanoparticle size distributions using analytical disk centrifugation (ADC) to
convert the mass concentration into surface concentration. The known mass
concentrations from UV/vis measurements allowed us to determine the exact
mass injected into the ADC, while the ADC gave us information on the
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distribution of mass-weighted particle size. Based on this, we estimated the mass
of nanoparticles found in the respective size fraction in a reliable range from 5-
500 nm with varying bin widths. By dividing the measured mass of every size
fraction by the mass of a single nanoparticle of the corresponding size, while
assuming the ideal spherical shape of the particles and the bulk density of the
corresponding composition, we can calculate the total number of particles in the
corresponding size fraction and thus in the whole injected sample. A simple
calculation of the surface area of a single nanoparticle of the corresponding size,
assuming an ideal sphere, and multiplication of this value with the number of
particles in each fraction, allows us to yield an absolute surface-weighted particle
size distribution. The surface concentration of the entire sample was then
calculated by integrating the surface distribution curve.
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