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Dealloying of Ag—Au alloy nanoparticles (NPs) strongly differs from the corresponding bulk alloy materials.
Here, we have investigated the effects of potentiodynamic and potentiostatic dealloying on structure and
distribution of residual Ag atoms for Au rich NPs. Two different sizes of Ag rich alloy NPs, 77 + 26 nm
Ag77AuUz3 and 12 + 5 nm AgggAui4, Were prepared. 77 nm Ag7;Au,z NPs form a homogeneous alloy, while
12 nm AggeAui4 NPs show an Ag rich shell-Au rich core arrangement. The two groups of as-prepared
NPs were dealloyed either under potentiodynamic (0.2-1.3 Vrye) or potentiostatic (0.9, 1.2, and 1.6 Vgye)
conditions in 0.1 M HClO,. For the initial 77 nm Ag;;Auzz NPs, both dealloying protocols lead to pore
evolution. Interestingly, instead of homogenous Ag distribution, numerous Ag rich regions form and
locate near the pores and particle edges. The critical dealloying potential also differs by ~500 mV
depending on the dealloying method. The initial 12 nm AgggAui4 NPs remain dense and solid, but Ag dis-
tribution and thickness of the Au passivation layer vary between both dealloying protocols. When the Au
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passivation layer is very thin, the residual Ag atoms tend to segregate to the particle surface after dealloy-
ing. Due to the size effect, small NPs are less electrochemically stable and show a lower critical dealloying
potential. In this systematic study, we demonstrate that the mobility of Au surface atoms and dealloying
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Introduction

Nanoporous gold (NPG) obtained by selective dissolution of a
less noble metal from binary or ternary gold-based master
alloys such as Ag-Au, Cu-Au and Ag-Pt-Au has often been
studied as model system in corrosion and catalysis sciences.'™®
NPG can be prepared by chemical or electrochemical dealloying
methods using a bulk master alloy,”'" whereas the effects of
dealloying parameters and conditions on the resulting struc-
ture, morphology and chemical distribution of the residual less
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conditions control the structure and residual Ag distribution within dealloyed NPs.

noble metal have intensively been studied for bulk
materials.">™*® Although reducing the particle size of precious
metal-based materials down to the nanoscale is a well-known
approach to increase the number of active sites due to higher
surface-to-volume ratio, the dealloying effects on alloy nano-
particles (= NPs) remain mainly unexplored so far. For instance,
gold NPs exhibit improved catalytic performance for methanol
oxidation reaction compared to their bulk materials.'® Very
interestingly, dealloyed NPs could yield superior activity for
electrochemical reactions such as oxygen reduction reaction
(ORR)*® and hydrogen evolution reaction (HOR).>*

The formation of porous NPs prepared by dealloying
requires the following criteria: (i) the master alloy particles
must be large enough to evolve pores that are several nano-
meters in size;®° (ii) the content of less noble metal in the
master alloy must be above a critical threshold, which can be
higher than 60 wt% of the less noble metal;?*** (iii) the deal-
loying occurs above a critical potential (E;), which is charac-
terized by the sharp increase of anodic current.”>>* Below the
E.it, a quick passivation takes place due to the accumulation
of more noble metal surface atoms. Generally, the E;
depends on the interplay between the reduction of free energy
during dissolution and the increase in energy attributed to
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higher roughness and surface area.** For monometallic nano-
materials, the dissolution potential is a function of 1/r, r being
the particle radius. This relationship is based on the energy
gain from dissolution as a function of surface curvature - the
so called Gibbs-Thomson effect.>>2° Recently, Kinetic Monte
Carlo (KMC) simulations reported by McCue et al.”” show that
the E.. for alloy NPs is higher than for bulk and increases
with 1/r. This can be explained not only by increased dis-
solution of less noble metal, but also an increased surface
mobility of the remaining noble metal atoms for smaller NPs
and is therefore based on kinetic effects. Principally, the deal-
loying process can continue if the fluctuations of the surface
expose the underlying less noble metal atoms long enough for
their dissolution.

One of the first systematic studies pointing out the particle
size effects for highly active Co-Pt and Cu-Pt alloy NPs for
ORR during electrochemical dealloying was reported in our
previous works.*®?° The evolution of different dealloyed par-
ticle motifs such as core-shell and porous NPs is based on the
differences in surface mobility of the remaining noble metal
atoms. More preciously, the critical particle size for porosity of
Cu-Pt and Co-Pt NPs is above 25-30 nm. In case of size effects
on Ag-Au NPs, Sieradzki et al.* investigated the dealloying be-
havior of initial 20-55 nm and 2-6 nm NPs under chronoam-
perometric conditions. Above the E., the large NPs show a
pore network structure, while smaller NPs tend to form core-
shell structure. Tschulik et al*' studied the effect of rapid
potentiodynamic conditions (0-1.25 Vysg) on the dealloyed
structure for 30 + 9 nm AggoAu,, NPs. They show a relationship
between cycle number and structure for the porous Au rich
NPs. Despite the massive Ag loss in the first 100 cycles, the
porosity evolution is further observed between 100 and 500
cycles, but with increasing cycle number particle agglomera-
tion prevails. As another excellent work, Cha et al.*’ performed
Bragg coherent diffractive image studies to visualize local 3D
morphology and strain distributions of porous NPs prepared
by dealloying. They showed that the displacement field magni-
tudes and the lattice strain increase over the dealloying time.
Very interestingly, Liu et al.®' carried out in situ liquid cell
HAADF-STEM experiments to evaluate the dealloying kinetics
of shape controlled AgAu NPs. Here, they observed that Ag-Au
nanorods and nanocubes show a volume shrinkage of 43%
and 39%, respectively, which is significantly higher than for
bulk materials. Furthermore, quantitative three-dimensional
(S)TEM tomography studies enable to establish structural
information of NPG like pore size, porosity, specific surface
area, and tortuosity. Very interestingly, the porosity character-
istics of porous NPs prepared by dealloying strongly differ
from bulk materials. More precisely, porous NPs with smaller
ligaments show lower residual Ag content and vice versa.
However, an opposite trend is observed for bulk NPG.*?

Altogether, those studies have addressed the dealloying
behaviors of Ag-Au NPs, showing the effects of particle size,
dealloying dynamics, and structural evolution. However, only
very little attention has been paid to the fine-structure and
spatial distribution of the residual silver atoms within the deal-
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loyed NPs at different size groups. This knowledge is very
important to fundamentally understand the Ag distribution
within these dealloyed NPs ranging from core-shell to porous
and their mechanic, physicochemical and catalytic properties.
Recently, a heterogeneous distribution of the residual Ag
atoms has been reported for NPG. Based on high-resolution
STEM-EDX data, the regions with high content of residual Ag
atoms form within the ligament structure and might be the
relics of the master alloy during the dealloying processes.'®
This has not yet been explored in the case of porous Au rich
NPs prepared by dealloying. In addition, the effect of the deal-
loying parameters on the structure and Ag distribution
especially within dealloyed NPs at different sizes is poorly
understood to date.

Therefore, this work shows a systematic study of two size
groups of Ag rich Ag-Au NPs and uncovers the fine-structure
and Ag distribution of dealloyed NPs in dependence of the
dealloying parameters for the first time.

Experimental section

Synthesis of carbon supported 77 nm Ag rich Ag,Au,_, master
nanoparticles (NPs)

77 nm Ag rich Ag,Au,_, NPs (0 < x < 1) deposited on carbon
black (CB) were prepared by using an impregnation - freeze-
drying - annealing route.**** All chemicals were used without
further purification: 5 wt% Au NPs (15 + 5 nm) supported on
CB (STREM Chemicals, Inc.) and AgNO; (>99.9%, p.a., Ultra
Quality; Carl Roth). 26 mg of AgNO; were dissolved in 2 mL of
highly purified water (0.055 pS ecm™" at 21 °C). 200 mg of CB
supported Au NPs were then added into the aqueous AgNO;
solution (13 g L™'; 76.5 mM). The suspension was mixed and
sonicated alternatively each for one minute and a total of five
times. The last step of homogenization was the horn-soni-
cation (Branson Digital Sonifier 250d, amplitude of 10%) for
5 minutes. Afterwards, the highly viscous black dispersion was
frozen in liquid nitrogen for 15 minutes and freeze-dried
(Dieter Piatkowski, Model P10-85) in vacuum (2 x 10~> mbar)
for 2-3 days. The resulting dried catalyst powder was annealed
under 5 vol% H,/95 vol% Ar atmosphere (Air Liquide, purity of
5.0) with a flow rate of 140 NmL min~" using a three-zone
tubular furnace (Carbolite, Model HZS). The temperature-time
program consisted of two temperature steps: at 250 °C for
2 hours and at 800 °C for 8 hours each with a heating rate of
10 °C min~". After 8 hours at 800 °C, the quick cooling pro-
cedure was initiated by opening the lid of the tubular furnace.

Synthesis and immobilization of oleylamine capped 12 nm Ag
rich Ag,Au,_, master NPs

Oleylamine capped 12 nm Ag rich Ag,Au;_, NPs (0 < x < 1)
were synthesized using a one-pot synthetic route®® followed by
a washing procedure.?® Chemicals like HAuCl,-3H,0 (>99.9%,
trace metal basis; Sigma Aldrich), AgNO; (>99.9%, p.a., ultra
quality; Carl Roth), oleylamine (technical grade; Sigma
Aldrich), 1-octadecene (technical grade; Sigma Aldrich),

This journal is © The Royal Society of Chemistry 2024
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methanol (HPLC grade, >99.8%), and ethanol (absolute,
>99.8%) were used without additional purification. 680 mg of
AgNO; were dispersed in 20 mL of oleylamine and slowly
heated to 100 °C under nitrogen atmosphere to obtain a com-
plete solution. An orange solution of 79 mg HAuCl, dissolved
in a mixture of octadecene and oleylamine (5 mL:1 mL) was
added to the yellow dissolution of AgNO; in oleylamine (34 g
L% 200 mM). The color of reaction mixture changed from
orange to dark red at 100 °C. The reaction solution was further
heated to 120 °C and then stirred for 2 hours under reflux con-
ditions. Afterwards, the heating plate was removed to quickly
cool down the reaction solution. Afterwards, the viscous col-
loidal solution with dark purple, nearly black color was diluted
by adding 20 mL of ethanol and centrifuged at 7800 revolu-
tions per minutes (rpm) (7142 relative centrifugal force (rcf))
for 20 min at room temperature. After removing the super-
natant solvent, the colloidal NPs were re-dispersed in 20 mL of
ethanol and centrifuged at 7800 rpm again. This washing
process was repeated twice before the colloidal Ag-Au NPs
were re-dispersed in 15 mL of pure hexane and stored at 4 °C
under exclusion of daily light.

For the immobilization, 31 mg of commercially available
carbon black, here Vulcan XC72, were dispersed in a mixture
of 3 mL ethanol and 3 mL hexane and sonicated for
15 minutes. 2 mL of the colloidal dispersion in hexane was
then added to the carbon dispersion and was sonicated for
2 hours using ultra-sonication bath. Afterwards, the dispersion
was stirred at room temperature for around 3 days and sub-
sequently dried in an oven at 80 °C overnight.

Electrochemical dealloying procedure using a thin-film
rotating disc electrode (RDE)

All electrochemical experiments were performed in a self-made
electrochemical three-compartment glass cell using a potentio-
stat (SP-300, BioLogic) and a rotator with a control unit (PINE
Research Instruments). A three-electrode arrangement with a Pt
mesh, a mercury-mercury sulfate (MMS) electrode and a com-
mercial glassy carbon (GC) of a rotating disc electrode (RDE,
PINE Research Instruments) was used as counter, reference and
working electrode, respectively. The electrodes were spatially
separated in the electrochemical glass cell by using glass frits
between counter and working electrode. A Luggin-Haber capil-
lary was used to position the reference electrode very close to
the working electrode. The electrolyte solution was 0.1 M HCIO,
(diluted from triple distillated 70% HClO,4, 99.999% trace metal
basis, VWR). Dealloying experiments were either performed
using a potentiodynamic (cyclic voltammetry, CV) or potentio-
static (chronoamperometry, CA) method at room temperature.
All given potentials were converted and are reported in the
reversible hydrogen electrode (RHE) scale.

5-8 mg of the carbon supported Ag-Au NPs were dispersed
in 2 mL of a 1:1 mixture of purified water and 2-propanol
(HPLC grade; VWR). After homogenization for 10 minutes, an
aliquot of 10 pl of the suspension were dropped onto a GC
surface of the RDE (outer diameter of 5 mm) and dried for
20 minutes at 40 °C in air. The calculated Au loading of the
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resulting homogeneous thin film was 9-14 ug,, cmgeo_z. The
GC of the RDE was previously polished with 0.05 pm alumi-
num oxide powder (Buehler) using a Microcloth polishing
cloth (Buehler) for 5 minutes and cleaned in purified water,
and 2-propanol using an ultra-sonification bath.

Potentiodynamic dealloying via cyclic voltammetry (CV). The
CV dealloying protocol consisted of 16 potential cycles
between 0.2-1.3 Vryg followed by 4 cycles from 0.2 to 1.6 Vgug
at a scan rate of 20 mV s ! in Ar-saturated 0.1 M HClO,. These
measurements were performed with a rotation speed of 1600
rpm to enable a sufficient mass transport of dissolved Ag ions
from the NP surface to the bulk electrolyte solution.

Potentiostatic dealloying via chronoamperometry (CA). The
potential between the working and reference electrode was
altered from OCP to 0.9, 1.2, or 1.6 Vyyg for 15 minutes in Ar-
saturated 0.1 M HCIO,.

Structural characterization techniques

(Scanning) transmission electron microscopy with energy
dispersive X-ray spectroscopy ((S)TEM-EDX). Particle size distri-
bution and morphology of pristine and dealloyed Au-based
NPs were evaluated using a high-resolution JEOL JEM 2100F
transmission electron microscope operated at 200 kV with a
Gatan Orius SC600 fiber optic coupled camera. Fine structure
analysis of pristine and dealloyed single Au-based NPs was
carried out on different high-resolution microscopes: FEI
Titan 80/300 G1 (300 keV) with a high angle annular dark-field
(HAADF) detector, FEI Titan 80-300 STEM (300 keV) equipped
with a probe spherical aberration corrector and a Fischione
Model 3000 HAADF detector’’ and a FEI Titan G2 80-200
(ChemiSTEM) equipped with a high-brightness Schottky field
emission electron gun, a Cs-probe corrector and a Super-X
EDX system.?® The characteristic energies of the La lines of Au
and Ag from the EDX spectra were used for quantification. For
the analysis of the EDX maps and line scans, the Velox
Software (V 2.12.0934) was applied with the Brown-Powell
ionization cross-section model.**

Other techniques. Scanning electron microscope with EDX.
Chemical composition of carbon supported Au-based NPs as
powders or thin films was established using a Hitachi S-3200N
SEM equipped with a PentaFET Precision INCA X-act EDX
detector (Oxford Instruments). X-ray photoelectron spectroscopy
(XPS). XPS measurements were performed on an ESCALAB 250
Xi spectrometer (Thermo Fisher) with a monochromatized Al
Ko (1486.68 eV) source. For pristine Ag-Au NPs supported on
carbon, the high-resolution XPS spectra were recorded at an
energy step size of 0.02 eV, a dwell time of 50 ms and a pass
energy of 10 eV and 20 eV for Au 4f and Ag 3d, respectively.
Due to the low Ag content after dealloying, the pass energy for
the Ag 3d XPS spectra was increased to 60 eV. Analysis of XPS
spectra was performed with Thermo Avantage v5.9911. X-ray
diffraction (XRD). XRD data were acquired using an Empyrean
Series 2 X-ray diffractometer in Bragg-Brentano geometry
(PANalytical, Netherlands) equipped with a Cu Ka source
(1.45 A) and a position-sensitive PIXEL 1D detector (PSD). The
following setting parameters were used: 260 of 10-90°, step size
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of 0.013°, and holding time per step of 850 s. The XRD data
were analyzed by using High Score Plus Software (Panalytical,
version 4.5) and TOPAS Software (Bruker AXS, version 5).
Thermogravimetric analysis (TGA). Total metal content of pris-
tine Ag,Au;_, NPs supported on carbon was determined using
STARe System TGA (Mettler-Toledo GmbH). ~3 mg of NPs on
carbon powder was weighed into a crucible. The oven tempera-
ture was raised from 25 to 900 °C at 5 °C min~" and held for
additional 10 minutes at 900 °C and a flow rate of 20 mL
min~" of synthetic air (Air Liquide, quality of 4.0). The total
mass of each metal (Agora1 and Auora) Was calculated from the
total metal content via TGA (Mergs) and atomic Au: Ag ratio
via EDX data (Augpx and Aggpx) given by the eqn (I) and (II).

Autotal [Wt%] =

Augpx([at%)] x May[g mol™']

I

Augpx[at%] X Mau[gmol '] + Agpp [at%] x Myg[g mol ] @
X Merga [Wto/() ]

Agtotal [Wt%] = MeTGA [Wt%] - Autotal [Wt%] (II)

Results

Morphology and structure of pristine Ag rich Ag,Au,_, master
alloy nanoparticles (NPs)

Carbon supported Ag rich Ag,Au;_, (0 < x < 1) master alloy
NPs with controlled size ranges of 8-12 and 50-80 nm were
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prepared via two different synthetic routes. Morphology, struc-
ture and elemental distribution of these NPs were comprehen-
sively evaluated using high-resolution (S)TEM, EDX, XRD, and
XPS techniques.

First, we will focus on Ag rich NPs with larger sizes pre-
pared by wet-impregnation - freeze-drying — annealing route.
Fig. 1a and b display a TEM micrograph and the respective
size distribution of well-dispersed Ag rich Ag,Au,_, master
alloy NPs supported on carbon. After analyzing more than 200
particles, the mean size was determined to be 77 + 26 nm. In
Fig. S1a of the ESIL,{ the XRD data shows peakes at 26 values
of around 38°, 44°, 64°, 77°, and 82°, assigned to the lattice
planes (111), (200), (220), (311), and (222) of a face-centered
cubic (fcc) unit cell with a space group of Fm3m. Rietveld
quantification analysis indicates the formation of a single fcc
crystal phase with a crystallite size of 28 + 1 nm, see Table S1.7
Due to the very similar lattice parameters of pure silver and
gold, the peak positions cannot be used to establish the com-
position of the disordered Ag-Au alloy phase according to the
Vegard’s law.** Thus, high-resolution STEM-EDX measure-
ments were carried out to obtain detailed information of the
elemental distribution within the individual NPs. Fig. 1c dis-
plays high-resolution overlaid EDX maps of a representative
NP, demonstrating a uniform distribution of both elements
and therefore the formation of a homogeneous alloy. The
chemical states of Au and Ag surface atoms were evaluated
using XPS technique. In Fig. S2,7 the deconvoluted Au 4f and
Ag 3d XPS data imply the presence of single components. The
binding energies (BEs) of 84.0 and 368.2 eV for the Au 4f;,
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(a and d) Overview TEM images, (b and e) particle size distributions, and (c and f) elemental EDX maps of carbon supported Ag rich Ag—Au

master nanoparticles (NPs) with mean sizes of (a—c) 77 + 26 nm and (d—f) 12 + 5 nm.
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and Ag 3ds,, peaks are in excellent agreement with metallic
gold and silver and confirmed by another work.*’ No signifi-
cant contribution of surface oxides is detected for these NPs.
Based on the Au 4f;), and Ag 3ds,, XPS data, the chemical com-
position is 84 at% Ag and 16 at% Au for the large NPs, being
very similar to the overall atomic ratio (77 + 3 at% Ag and 23 +
3 at% Au via SEM-EDX). It is noted, that only components of
the carbon support material were detected by XPS, indicating a
surfactant-free surface of the uniform Ag rich master alloy NPs
and therefore a complete decomposition of precursor salts
after thermal annealing. Based on the composition and size
obtained from EDX and TEM data, these large master NPs will
be referred to as 77 nm Ag;,Au,; NPs throughout the paper.

The size distribution of Ag rich NPs prepared by a one-pot
synthetic route were analyzed before (not shown) and after
immobilization. After immobilization, the mean size of the
NPs alters from 11 + 2 nm (not shown) to 12 + 5 nm (~200 par-
ticles counted), see Fig. 1le. The broadening of the size distri-
bution can be explained by the appearance of particle agglom-
eration (see bottom right of the TEM image in Fig. 1d).
Fig. S1bt displays the XRD profile of the supported small NPs,
implying the formation of a single disordered fcc alloy phase
(space group of Fm3m) with mean crystallite size of 10 + 1 nm
(Table S1f). Very interestingly, high-resolution STEM-EDX
measurements uncover the formation of a core-shell arrange-
ment of the pristine small NPs, as shown in Fig. 1f. Silver on
the surface is clearly increased to form a particle shell, while
the core of the NP mainly contains gold. Moreover, the Ag
enrichment at the particle surface was also confirmed by XPS.
In Fig. S2e,t the two silver components show BEs of 368.1 and
367.0 eV for Ag 3ds/, peaks, which can be assigned to metallic
(Ag®) and oxidized (Ag") silver species reported in the litera-
ture.”’ In Fig. S2d,T the Au 4f,,, XPS spectrum shows only one
component with a BE of 84.0 eV, which is attributed to metallic
gold. The quantification of the Au 4f;,, and Ag 3ds,, XPS peaks
yields an atomic Ag": Ag®: Au® ratio of 20:59: 21, being similar
to the overall composition of 14 + 2 at% Au and 86 + 2 at% Ag
obtained from the SEM-EDX. Throughout the manuscript, the
small NPs will be referred to as 12 nm AggsAu,, NPs.

We can conclude, that the 12 nm AggsAu,4 NPs prepared by
the one-pot synthetic route show a strong segregation tendency
of silver, forming core-shell NPs with a Ag rich shell. In con-
trast, the wet-impregnation - freeze-drying - annealing route
produces homogeneously distributed 77 nm Ag,;Au,; NPs.
The tendency of Ag segregation for small NPs will be discussed
in detail later.

Electrochemical dealloying of carbon supported Ag rich
Ag,Au,_, nanoparticles (NPs) under potentiodynamic and
potentiostatic conditions

Electrochemical dealloying of both size groups of Ag rich Ag-
Au master NPs with different atomic arrangements (alloy and
core-shell) was performed under either potentiodynamic
(cyclic voltammetry, CV) or potentiostatic (chronoamperome-
try, CA) conditions in Ar-saturated 0.1 M HClO, at room
temperature.

This journal is © The Royal Society of Chemistry 2024
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For the potentiodynamic dealloying, 16 potential cycles
between 0.2 and 1.3 Vgug followed by 4 cycles from 0.2 to 1.6
Vgue at 20 mV s~ were performed. The latest was used for
qualitatively probing the electrochemical Au surface oxidation
features of the dealloyed NPs. Low Au loading (29 + 4 wt%
from thermogravimetric analysis (TGA)), large particle size and
high capacity of the carbon support material, however, makes
it very difficult to establish the electrochemically active surface
area (ECSA) of these dealloyed Au rich NPs. Therefore, the Au-
OH reduction current peak could not be analyzed, as illus-
trated for polycrystalline Au surface in Fig. S3.t

Fig. 2a displays the first CV profile (red) of 77 nm Ag,,Au,;
master NPs, showing a very broad current peak at an onset
potential of ~0.6 Viyg followed by a sharp increase in the
current density at ~1.0 Vgyg in the anodic direction. The last
one is attributed to the strong dissolution of Ag atoms from
the surface of master alloy NPs and is assigned to the critical
dealloying potential, E... It is noted that the initial electro-
chemical dissolution of a clean silver surface occurs at ~0.7
Vrue under the same conditions, as shown in Fig. S3.1 The
shift of the E.;; to higher anodic values is caused by the alloy
formation. No significant changes in the CV profiles during
the second (blue), third (black), and 16™ (not shown) cycle are
observed, indicating that the dealloying process is already
completed after the third cycle. The small anodic current peak
starting from 1.0 Vyyg is very likely related to carbon corrosion
(compare the CV profile of pure carbon, see Fig. S4at). As the
potential cycling up to 1.2 Vg does not expose the character-
istic features of an Au rich surface, we increased the upper
vertex potential up to 1.6 Vryg to probe the formation and
reduction of Au-O monolayer. Fig. S5af shows a small
reduction current peak for the Au-O monolayer at ~1.2 Vgug
(filled with turquoise), signifying the formation of a passiva-
tion layer for the initial 77 nm dealloyed NPs. It is noted that
the anodic current is much larger than the Au-O reduction
peak due to the concomitant carbon corrosion in the same
potential range.

Under potentiostatic (chronoamperometry, CA) dealloying
conditions, the current-time profiles for the pristine 77 nm
Ag,,Au,; master alloy NPs were recorded at three different
potentials (0.9, 1.2, and 1.6 Vgyg in blue, red and black line,
respectively) and displayed in Fig. 2b. It is obvious that the Ag
depletion from the 77 nm master alloy NPs is more pro-
nounced with increasing potential during the CA experiments.
Generally, the measured current is a result from a faradaic
process which is occurring at the electrode-electrolyte inter-
face as a function of time, namely the electrochemical Ag dis-
solution from the NP surface. Thus, the integrated current-
time profiles reflect the electric charge for the Ag dissolution
as a function of the applied potential. As a complementary
method, the EDX data provides information about the Ag loss
within the NPs. The results are summarized in Fig. S6 and
Table S2.1 The potential at 0.9 Vrug Was selected because it is
above the dissolution potential of pure silver and below the
Eyi¢ for Ag rich Ag-Au master alloy NPs as recorded in the CV
profile (Fig. 2a). After holding the potential at 0.9 Vgyg for

Nanoscale, 2024, 16, 9603-9616 | 9607


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00046c

Open Access Article. Published on 22 April 2024. Downloaded on 8/14/2025 1:51:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale
T T T T T T T T
100 +cycle 1 @4 s+ 1.6 Ve (B)-
T cycle 2 — 1.2 Vgye
=737 eyl 1 <247
-2 ycle 3 o
g T =1
250+ 1 < 3
3 £,
225+ - §
g £
T~ — 14
O = B =
r 0
-25 f f } f f f f f + f + f +
0.2 0.4 0.6 0.8 1.0 1.2 1 0 3 6 9 12
E Vauel time [s]
T T T T § T 6 T T T T T T T
" cycle 1 1 1.6 Vgyye(d)
__40cycle 2 1.2V A
<& lcycle3 4
S y 0.9 Vare ]
< 20+ i
=
£ ot
2204 29 mA's i o-H
——t—t—t—t— f + f f f +
0.2 04 0.6 0.8 1.0 1.2 14 0 3 6 9 12
E [Vryel time [s]
Fig. 2 (a and c) Cyclic voltammetry (CV) and (b and d) chronoamperometry (CA) profiles of the as-prepared Ag rich (a and b) 77 + 26 nm Ag;7Auzs

NPs and (c and d) 12 + 5 nm AggeAuss NPs. The CV profiles were recorded between 0.2-1.3 Vg at 20 mV s, while the CA experiments were
carried out at 0.9, 1.2, and 1.6 Vg each for 15 minutes in Ar-saturated 0.1 M HCIO,4 at room temperature.

15 minutes, the Ag content of the initial 77 nm NPs alters
from 77 + 3 at% to 66 = 3 at%. The estimated Ag loss is 14 + 7
at% from the EDX data and 7 + 2 at% from the electric charge,
as shown in Table S3 and Fig. S6.1 Further potential increase
up to 1.2 Viyg leads to a moderate loss of Ag atoms (28 + 2
at% from the charge and 18 + 14 at% from the EDX). We can
point out that the applied potentials up to 1.2 Vgyg cause a
rather fast Au passivation layer to protect the 77 nm NPs
against massive Ag dissolution.

It is noted, that the carbon corrosion associated with par-
ticle detachment cannot be excluded at high applied poten-
tials. Based on this fact, the EDX results are more reliable,
when the dealloying was performed above 1.0 Vgyg. Fig. S6t
illustrates the relative Ag loss of around 80% after applying a
potential of 1.6 Viyg for 15 min, which is significantly higher
than at 1.2 Vyyg. Interestingly, only intermediate potentials
higher than 1.5 Vgyg show a strong Ag depletion for 77 nm
NPs. Below this critical dealloying potential, the quick for-
mation of the Au passivation layer clearly dominates. We can
sum up that the potentiostatic dealloying requires higher
anodic potentials to overcome the Au passivation layer than
the potentiodynamic approach.

Fig. 2c and d display the electrochemical dealloying beha-
viors of 12 nm AggeAu,, master NPs under steady-state and
dynamic conditions in Ar-saturated 0.1 M HClO, at room temp-
erature. During the potentiodynamic experiment, the first CV
profile (red line) exhibits multiple oxidation processes at ~0.6,

9608 | Nanoscale, 2024, 16, 9603-9616

0.9, and 1.1 Vgyyug which can be ascribed to pure Ag dissolution
(compare with Fig. S31), and alloyed Ag atoms incorporated in
the Au lattice to different extents. The first increase of the
anodic current at ~0.6 Vyyg is clearly related to the dissolution
of Ag atoms in an Ag rich environment, e.g., from the particle
shell. The subsequent peaks at 0.9 and 1.1 Vgyg are more
complex, because the Ag atoms are alloyed in an Au rich environ-
ment and thus their dissolution potential is strongly shifted due
to electronic interactions of dissimilar atoms. The extent of the
shift of the Ag dissolution potential depends on the concen-
tration of the neighboring Au atoms, i.e., the more gold atoms
neighboring silver atoms, the more the potential is shifted.

In the backward direction, a broad current peak is observed
starting from 0.5 Vryg, Which is very likely related to the Ag re-
deposition from the electrolyte solution. The re-deposited Ag
atoms are electrochemically re-dissolved between 0.7-0.8 Vyyg
in the anodic scan of the second cycle (blue line, Fig. 2c). The
electric charges of the silver re-deposition (first cycle, in red)
and dissolution (second cycle, in blue) are very similar (ca.
0.3 mA s). The dissolution/re-deposition of Ag surface atoms,
however, becomes more and more irreversible and is already
neglectable in the third scan (black line, Fig. 2c). Afterwards,
the CV profiles are unchanged, resulting in a steady-state con-
dition of the dealloying process. Fig. S5bt shows the enrich-
ment of Au surface atoms by detecting the Au-O reduction peak
(turquoise) of the CV profile. Again, the formation of Au-O at
~1.3 Vgyg is strongly superimposed with the carbon corrosion.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2d displays the CA profiles of 12 nm AggsAu,, master
NPs at three different potentials, analog to the previous steady-
state dealloying experiments for large NPs. It is noted that the
first applied holding potential was clearly above the E; of
~0.6 Vgpg detected from the first CV profile (red, Fig. 2c). The
measured current over time at 0.9 Vgyg is very small, which is
attributed to a low Ag dissolution rate. This observation is also
confirmed by the compositional analysis of the dealloyed NPs,
listed in Table S2.1 It is noted that the Ag loss was established
from the STEM-EDX measurements of single dealloyed NPs.
This method suffers from poor statistics and is therefore more
prone to error. Such a method is limited with the information
obtained, as it focuses on individual particles rather than aver-
aging over a population. Despite the inherently poor statistics,
a general trend can be seen, ie., as the potential of the CA
method increases, the content of Ag within the particles
decreases. After dealloying at 0.9 Vg for 15 min, the residual
Ag content dropped from 86 + 2 to 60 + 7 at% obtained from
EDX (Fig. S6b and Tables S2, S31). We explained the discre-
pancy between the Ag loss calculated from EDX (31 + 9 at%)
and charge (12 + 4 at%) by the fact, that the STEM-EDX
measurements were conducted from dealloyed individual NPs
and can locally differ from the overall composition. At 1.2
Vgue for 15 min (red, Fig. 2d), a decrease of the Ag content by
53 + 21 at% (charge) and 43 + 10 at% (EDX) is observed. The
residual Ag content via STEM-EDX decreases to 19 + 8 at%
(loss of 78 + 11 at%, Fig. S6t) at 1.6 Vgyg. The measured
charge from these CA experiments above 1.2 Vgyg is not calcu-
lated due to the favored carbon corrosion. Altogether, we can
sum up, that the Ag dissolution rate for smaller NPs is
enhanced than for larger NPs at the same potential of the CA
protocol, which will be discussed later.

Morphology and chemical state of 12 and 77 nm Ag rich
master NPs dealloyed under dynamic and steady-state
conditions

In Fig. S7a,f the overview TEM image of the 77 nm Ag,,Au,;
master alloy NPs shows no changes in the structure and size (20
NPs analyzed) after applying 0.9 Vgyg for 15 min. At 1.2 Vgyg,
the majority of the dealloyed NPs are still dense and solid with
the mean size of 73 + 25 nm (100 NPs counted). Only few deal-
loyed NPs exhibit a pore evolution and size shrinkage from 77 +
26 to 50 + 10 nm, see Fig. S7b and c.f However, after dealloying
at 1.6 Vgyg for 15 minutes the TEM image shows porous NPs
with a smaller size of 57 + 17 nm (80 NPs counted), see
Fig. S7d.T Obviously, the Au passivation layer at lower holding
potentials protects the underlying Ag atoms from dissolution.
More interestingly, the potentiodynamic dealloying experiment
up to 1.3 Vyyg leads to a majority of porous NPs with 60 +
20 nm size (100 NPs analyzed), see Fig. S7f and g.}

The effect of the dealloying protocol on the chemical state
of both elements within the NP surface was also evaluated by
XPS. In Fig. S8, the analysis of either Au 4f or Ag 3d XPS
spectra indicates the presence of a single component irrespec-
tive of the dealloying method. The BE of Au 4f;, was deter-
mined to be 83.8 eV for both potentiodynamically and poten-

This journal is © The Royal Society of Chemistry 2024
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tiostatically dealloyed NPs, which is in excellent agreement
with metallic gold.*! Only slightly lower BE values for Ag 3ds,,
(~367.6 eV) were obtained compared to metallic silver,?” which
is very likely attributed to the Au neighboring atoms. The
quantification of the Au 4f;,, and Ag 3ds,, XPS peaks yields to
Ag : Au ratio of 24 : 76 and is similar to the results from EDX in
the respective error range (Table S2}). Moreover, the absence
of Ag oxide species confirms the formation of Au passivation
layer to protect the residual Ag atoms against dissolution and
air-oxidation.

Fig. S9t illustrates the morphology and size distribution of
initial 12 nm Ag rich AggsAu;, master NPs after potentiody-
namic and potentiostatic dealloying experiments. Independent
of the dealloying method, the electrochemically treated NPs
are still dense and solid and show a gradual shrinkage in size
(from ~12 to 9-10 nm, see Fig. S97). In addition, particle
coalescence is observed in several TEM images due to the
carbon corrosion. We want to stress that an individual NP with
~18 nm size dealloyed under potentiodynamic conditions
shows the pore evolution, see Fig. S10.1 This dealloyed Ag-Au
NP is among the smallest, where the formation of stable pore
(s) is observed in our study and have been even published in
the literature.>**!

Due to the similar Ag losses (Table S2t), we now compare
the composition and morphology of initial 12 nm Ag rich
AggeAu, 4 NPs after the potentiodynamic and potentiostatic (1.6
Vgrae) protocols with each other. Fig. 3 shows the high-resolu-
tion Au 4f and Ag 3d XPS spectra of initial 12 nm AggsAu,4 NPs
dealloyed via CV, indicating the appearance of only single Au
and Ag components. The BEs were determined to be 83.6 eV
for Au 4f;,, and 367.5 eV for Ag 3ds,,, which can be ascribed to
the corresponding metal compounds.*’ The Au 4f,, and Ag
3ds, XPS peaks were used for quantification and yielded
atomic Ag: Au ratio of 21: 79, which is in very good agreement
with the EDX data (Ag 17 + 8 at% and Au 83 + 8 at%). More
importantly, the XPS data shows the absence of Ag oxide at the
surface of the dealloyed NPs. This fact is opposite to the initial
structure, namely core-shell NPs with Ag (oxide) particle shell,
as demonstrated in Fig. 1f.

In Fig. 3, the Au 4f and Ag 3d XPS spectra of potentiostati-
cally (1.6 Vgyg) dealloyed 12 nm NPs indicate the formation of
more than one component for each metal. From the Au 4f;,,
XPS peak analysis, the resulting BEs of 83.7 eV and 85.5 €V can
be assigned to metallic and oxidized Au surface species,
respectively.*' The deconvolution of 3ds/, Ag XPS peak leads to
BEs of 366.7 and 367.7 eV, which is attributed to oxidized and
metallic Ag surface species.*’ Overall, the XPS quantification
shows ca. 48 at% Au’, 10 at% Au®", 9 at% Ag® and 33 at% Ag™.
It is obvious that the residual silver within the dealloyed
12 nm NPs is strongly oxidized and located at the particle
surface. It is noted that the composition obtained from XPS
and EDX (XPS: 42 at% Ag//EDX: 19 + 8 at% Ag) strongly differs
from each other due to the different measuring principles and
information content of both techniques.

To better understand the formation of a Ag oxide surface,
additional electrochemical studies were conducted. Fig. S11
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Quantity and distribution of the chemical species obtained from the Au 4f,,, and Ag 3ds,, XPS data.

and S127 illustrate the current-time profiles of 12 and 77 nm
master NPs at 1.6 Vgyg for 15 min and the subsequent CV pro-
files in a fresh electrolyte. For the initial 12 nm dealloyed NPs,
the CV profile (Fig. S11b¥) signifies the strong dissolution of
pure Ag at 0.8 Vyyg in spite of the pre-formation of Au passiva-
tion layer. In the same experiment, the initial 77 nm dealloyed
NPs exhibit a thicker Au passivation layer and thus prevent the
dissolution of Ag atoms in the sub-surface layers, see
Fig. S12b.f

In summary, the 77 nm Ag,,Au,; master alloy NPs show
pore evolution after both potentiodynamic and potentiostatic
(at 1.6 Vgug) dealloying protocols. The XPS data reveals the
presence of metallic Ag and Au species. In contrast, no pore
formation is observed for initial 12 nm AggeAu,, master NPs
with a Ag rich shell irrespective of the dealloying conditions.
Interestingly, the XPS analysis shows the appearance of oxi-
dized Ag species only after the chronoamperometric dealloying
at 1.6 Vgyg, indicating an Ag enrichment at the particle
surface. In case of the potentiodynamic dealloying, metallic
silver is mainly located at the particle core. This observation
signifies the formation of different Au passivation thicknesses
depending on the dealloying method.

9610 | Nanoscale, 2024, 16, 9603-9616

Influence of potentiodynamic and potentiostatic dealloying on
the fine structure of initial 77 nm and 12 nm Ag rich Ag-Au
master NPs

In Fig. 4a, a HAADF-STEM micrograph of a representative
initial 77 nm Ag,,Au,; NP dealloyed under potentiodynamic
conditions shows the formation of a pore-ligament structure
with ligament size of 5-10 nm. The contrast of the
HAADF-STEM image correlates with both the material thick-
ness as well as the atomic number (Z) of the containing
elements (Z = 47 for Ag, Z = 79 for Au). As a guide to the eye, a
yellow circle denotes one of the dark regions within the deal-
loyed NP, see Fig. 4a. This observation is more visible by inves-
tigating the intensity profile of this NP along the line scan,
showing a minimum at ~12 nm, see Fig. 4c. Very interestingly,
the overlaid EDX maps highlight an inhomogeneous distri-
bution of Ag atoms within the dealloyed Au rich NP, see
Fig. 4b. The local enrichment of Ag atoms is visualized by the
green regions, that are mainly located near the particle edges
or pores. Now, the intensity minimum at ~12 nm along the
scan direction can be clearly linked with the Ag enrichment, as
detected from the EDX mapping and line

scan, See

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) HAADF-STEM micrograph, (b) overlaid EDX maps, and (c and
d) corresponding line scans of the initial 77 nm Agz;Auzs NP dealloyed
under potentiodynamic conditions. (c and d) The yellow background of
the line scan indicates the intensity minimum, which is strongly linked
with the Ag enrichment as detected by the EDX data (Ag in green, Au in
red). The direction of both intensity and EDX line scans are denoted with
the white and red arrows including a linear scale, respectively.

Fig. 4b and d. More precisely, we observed a significant
increase of the Ag content up to 38 at% in the green regions of
the NP, while the residual part of the NP shows much lower Ag
content of around 12-20 at%. The latest is similar to the
overall composition of particle ensemble (11 at% Ag and 89
at% Au via EDX) in the respective error range. It is important
to note here, that 38 at% Ag correspond to an average value

Fig. 5
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along the electron beam direction as two-dimensional projec-
tion images were measured. For this reason, the local Ag con-
centration can be even higher.

Fig. 5 displays a HAADF-STEM micrograph of an initial
77 nm NP dealloyed after holding the potential at 1.6 Vgyg for
15 min. The pore size of this NP is around 5 nm, while the
ligament size ranges from 4 to 10 nm. The dark regions within
the NP, which are denoted with blue arrows could be attribu-
ted to Ag rich regions. In Fig. 5b and c, the overlaid EDX maps
and the respective EDX line scans uncover the inhomogeneous
distribution of both elements within the dealloyed NP. Again,
we observed the appearance of several Ag rich regions located
at the particle edges and/or pores. In these regions, the Ag
content rises up to 45 at% in projection, while the overall com-
position of this single NP is only 9 at% Ag and 91 at% Au.

Additional particles dealloyed with both electrochemical
methods were investigated by using the HAADF-STEM-EDX
technique, see Fig. S13.1 Obviously, the EDX maps of these
dealloyed NPs with complex interconnected pore and ligament
structure point out the appearance of Ag-enriched regions near
the pores and particle edges irrespective of the electrochemical
dealloying method, when the critical potential E.;: is
exceeded. The massive Ag dissolution takes place at E of 1.0
Vrue via potentiodynamic (CV) method, while in the potentio-
static (CA) the E. is significantly shifted to higher anodic
values (>1.5 Vgyg). This observation highlights that the deal-
loying process and pore-ligament formation is solely kineti-
cally controlled. The formation of Ag rich regions and their
spatial location, e.g. in the bulk or at the surface will be dis-
cussed in detail later.

Analogous to the large particles, Fig. 6 shows a direct com-
parison of the HAADF-STEM micrographs and the corres-
ponding intensity line profiles of the initial 12 nm AggeAuy,
NPs dealloyed under potentiodynamic and potentiostatic (1.6
Vruge) conditions. Very interestingly, no differences in the par-
ticle structure and composition independent from the dealloy-
ing protocol is observed. Fig. 6c displays the overlaid EDX

Composition [at.%]

!
0 10 20 30 40 50
Position [nm]

(a) HAADF-STEM image, (b) overlaid EDX maps, and (c) corresponding EDX line scan of an initial 77 + 26 nm Ag;;Au,z NP dealloyed using

chronoamperometric method at 1.6 Vgye. The blue arrows in the HAADF-STEM image denote some darker contrast regions within the dealloyed NP.
In the EDX maps and line scan, silver and gold are colored in green and red, respectively. White arrow visualizes the direction of the EDX line scan
with a linear scale. (c) As a guide to the eye, the pore regions with an Ag enrichment are highlighted in yellow background.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a and d) HAADF-STEM micrographs, (b and e) corresponding line intensity profiles and (c and f) overlaid EDX maps of the initial 12 + 5 nm

AdgsAui4 NPs dealloyed under (a—c) potentiodynamic and (d—f) potentiostatic (at 1.6 Vgrye) conditions. The EDX quantification of the single NPs
shows (c) 17 at% Ag: 83 at% Au; (f) particle 1: 15 at% Ag: 85 at% Au; particle 2: 17 at% Ag: 83 at% Au; particle 3 and 4: 10 at% Ag: 90 at% Au. (f) Blue

arrows denote the Ag-enriched regions in the overlaid EDX maps.

maps of a representative 12 nm NP after potentiodynamic deal-
loying. Obviously, the dealloyed NP shows a uniform elemental
distribution with a residual Ag content of 17 at%. In contrast,
the potentiostatic dealloying at 1.6 Vryg leads to Ag enrich-
ment at the particle surface, denoted with blue arrows in
Fig. 6f. The Ag enrichment is also supported by the surface-
sensitive XPS technique, where the appearance of Ag oxide
surface species was detected, see Fig. 3e. This observation is
very likely related to the formation of different Au passivation
thicknesses during the electrochemical dealloying protocols
(dynamic vs. steady-state), which will be discussed later.
Altogether, we can conclude that no significant differences
in the fine-structure and elemental distribution of initial
77 nm Ag rich Ag,,Au,; NPs dealloyed under either potentiody-
namic (up to 1.3 Vgyg) or potentiostatic (1.6 Vgyg) conditions
could be identified, when the critical potential, E.; (CV: >1.0
Vrue//CA: >1.5 Vgyg) is exceeded. For both dealloying proto-
cols, the dominant structural particle motif is the formation of
numerous Ag rich regions within the Au rich NPs that are
mainly located at the particle edges and/or pores. However,
these findings are not in line with the initial 12 nm AggeAu,,
NPs dealloyed under similar conditions. Potentiodynamic
dealloying leads to a rather homogenous elemental distri-
bution of the initial Au rich core-Ag rich shell NPs, while the

9612 | Nanoscale, 2024, 16, 9603-9616

Ag surface enrichment largely remains despite the potentio-
static dealloying at 1.6 Vgyg. Since the EDX maps are not atom-
ically resolved and the Au features can be still detected by the
surface-sensitive CV technique, we suggest that the Au passiva-
tion layer consists of only a few atomic layers for the potentios-
tatically dealloyed 12 nm AggsAu, 4 master NPs.

Discussion

This comprehensive study shows the impact of particle size
and dealloying method on the structure and elemental distri-
bution of Ag rich Ag-Au master NPs. 77 nm Ag,Au,; master
alloy NPs with homogeneous distribution were prepared by the
wet-impregnation process, while the one-pot route was used to
synthesize 12 nm AggsAu,, NPs with an Ag/Ag oxide rich par-
ticle shell. Dealloying methods vary between cyclic voltamme-
try (CV, 0.2-1.3 Vgyg with 16 cycles at 20 mV s™) and chron-
oamperometry (CA) by holding the potential at 0.9, 1.2, and
1.6 Viug for 15 min. As electrolyte solution used, perchlorates
are known as weakly adsorbed anions.

Dealloying process is a critical interplay between the dis-
solution rates of the less noble metal and the surface diffusion
rates of the remaining noble metal. Fig. 7 illustrates a simpli-

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Schematic representation of the morphological and chemical changes of different particle sizes of Ag rich Ag—Au master NPs after applying

different potentiodynamic and potentiostatic dealloying methods.

fied schematic to visualize the structure and elemental distri-
bution within the NPs as a function of the particle size and
dealloying method. In case of the initial 77 nm Ag,;Au,;
master alloy NPs, both dealloying protocols evolve the for-
mation of pore-ligament structure. The pore evolution,
however, is observed in different extends. Here, the CV profiles
between 0.2-1.3 Viyg achieved steady-state conditions already
after the first cycle, indicating that the dealloying process is
finished. Tschulik and coworkers have reported that steady-
state CV profiles cannot be used as a measure to ascribe the
completion of dealloying processes.”’ However, an increase of
the upper vertex potential up to 1.6 Vgyg to uncover the
electrochemical Au features shows no further Ag dissolution,
see Fig. S5.1 Generally, porosity can only be formed, when the
dealloying process occurs above the critical potential, E.y.>>*
For the potentiodynamic method, the E.; was determined to
be at ~1.0 Vyyg, while the potentiostatic dealloying leads to a
shift of E . towards >1.5 Vgyg. Below the E., the large NPs
quickly form an Au passivation layer to prevent the Ag dis-
solution in the sub-surface layers. Since the same master alloy
NPs were investigated in this work, the critical potential is not
affected by the composition, but by the dealloying method.
Thus, the shift of the E.; by holding the potential constant is
attributed to the changes in the surface diffusion rates of the
remaining noble metal atoms. For instance, the formation of
oxide or the presence of adsorbed oxygen can reduce the
surface mobility of the noble metal.*>** Even though the for-
mation of an adsorbed OH monolayer on the Au surface is
detected at 1.2-1.3 Vgyg during the anodic scan of the CV
profile (see Fig. S5%), low-coordinated Au surface atoms

This journal is © The Royal Society of Chemistry 2024

already form OH species at lower anodic potentials. The
adsorbed OH species on the low-coordinated Au surface atoms
can be electrochemically stable and reduce the mobility of
surface atoms. As a consequence, the E. is shifted to higher
values, where a steady-state Ag dissolution current at constant
potential is measured.

When the E;, is exceeded (CV: >1.0 Vgyge/CA: >1.5 Viyg),
the pore-ligament structure prevails. In this work, the smallest
size of porous NPs is observed for 18 nm, which seems to be
the critical particle size for pore evolution. This observation is
in agreement with the work of Sieradzki et al.,”® where a criti-
cal particle size of 12-24 nm proposed for pore evolution. Very
interestingly, the residual Ag atoms are inhomogeneously dis-
tributed within the porous NPs. Numerous Ag-enriched
regions form and are located near the pores and particle
edges. At least one monolayer of the passivating gold is
needed to protect the Ag rich regions from dissolution. We
believe that these trapped Ag rich regions are relics from the
master alloy. Similar observations were reported for bulk nano-
porous gold by using the STEM-EDX technique, where the
residual silver is mainly found in “Ag rich regions”."® Due to
the missing 3D reconstruction of the STEM-EDX data, it is very
difficult to distinguish the Ag rich regions from bulk and
surface. Surface-sensitive XPS investigations on bulk nanopor-
ous gold showed a higher residual Ag content compared to the
EDX data, which is ascribed to the accumulation of the Ag
atoms near the ligament surface.®

In Fig. 7, the effect of the particle size on the dealloying
process is illustrated for 12 nm AggsAu,4 master NPs. Pore evol-
ution of the initial 12 nm NPs is not observed with either the
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potentiodynamic or the potentiostatic dealloying method. The
dealloyed NPs are still dense and show a size shrinkage from
12 nm to 9-10 nm. It is obvious that the particle size is too
small to stabilize a pore of ~5 nm. On the other hand, smaller
NPs tend to form a very quick passivation layer of the remain-
ing noble metal. In this work, we observed that the formation
of Ag rich core-Au rich shell arrangement is not the dominant
particle motif. Based on our findings, the distribution of the
residual Ag atoms depends on the applied dealloying method.
Potentiodynamic dealloying leads to a homogenous distri-
bution of the residual Ag, while for the potentiostatic dealloy-
ing at 1.6 Vgyg the residual Ag atoms prefer to enrich the par-
ticle surface.

First, we observed a complex dealloying behavior with
several oxidation current peaks during the CV measurement
between 0.2-1.3 Vgryg. This can be explained by the different
environments of Ag and Au surface atoms. Since the appear-
ance of a silver (oxide) surface was demonstrated using
STEM-EDX and XPS techniques, the first oxidation current is
assigned to pure Ag dissolution. The oxidation current peaks,
that follow it, are attributed to Ag atoms surrounded by Au
atoms. As the anodic potential increases, the underlying Ag
atoms which are alloyed in an Au rich environment begin to
dissolve. The shift of the dissolution potential of Ag atoms is
related to the concentration of the neighboring Au atoms. In
case of homogeneous alloy NPs with similar initial size and
composition, the surface-sensitive CV method would show
only a simple dissolution current peak shifted to higher
anodic potentials compared to the redox potential of Ag/Ag".
The shift in the dissolution potential is due to the electronic
interactions of Ag atoms with the directly neighboring Au
atoms. Both atomic arrangements (core-shell vs. homo-
geneous alloy) for small NPs result in a quick formation of an
Au passivation layer. If a critical concentration of less noble
metal is present on the surface, the size effect predominates
over the atomic arrangement of the dissimilar atoms (core-
shell vs. homogeneous alloy) for small NPs. This is based on
the high mobility of low-coordinated Au surface atoms, which
hinder the gradual dissolution of internal Ag atoms from the
particle core. Our results reveal that the extent to which the Au
passivation layer is formed for similar initial particle size and
composition strongly depends on the dealloying method.

Although the composition differs from the larger NPs,
smaller particles are less electrochemically stable and tend to
dissolve at lower anodic potentials according to the Gibbs-
Thomson effect.?® Therefore, the E.,; is shifted to lower anodic
potentials during the CV dealloying compared to that for
larger NPs. Consistent with the observed trend between par-
ticle size and Ag dissolution, the CA dealloying experiments
demonstrate a higher Ag loss at lower anodic potentials com-
pared to larger NPs. Secondly, the formation and thickness of
a very quick Au passivation layer seems to be differently pro-
nounced. Only for the potentiostatic dealloying the appearance
of Ag oxide was detected by surface-sensitive XPS, implying a
very thin Au passivation layer. Since both samples were in
contact with air during the transportation and transfer to the
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electron microscope, an adsorbate-induced segregation of Ag
atoms to the particle surface might occur. Theoretical studies
from Tang et al.** and Chen et al.*> demonstrated that silver
tends to segregate to the surface of AgAu NPs and preferen-
tially to the particle edges. Lower surface energy and higher
electrophilic properties of silver and the formation of Ag
oxides can be the driving force for segregation processes. It is
expected that the tendency of Ag segregation is affected for
small NPs independent of the dealloying method. Based on
the results from STEM-EDX and XPS, a surface enrichment of
silver is, however, only observed, when the 12 nm NPs were
potentiostatically dealloyed. Additional electrochemical
control investigations on potentiostatically dealloyed NPs show
the re-enrichment of Ag atoms on the surface detected by the
dissolution current peak, in Fig. S11.1 An explanation could be
the variation in the thickness of the Au passivation layer and
its stability of these dealloyed NPs to different extents.
Thereby, the surface mobility of the remaining Au atoms plays
an important role and is reduced by forming adsorbed OH
species at high anodic potential, which has an effect on the
critical dealloying potential.

Conclusion

This work shows a systematic study of two size groups of Ag
rich Ag-Au NPs in dependence of the dealloying methods
(potentiodynamic vs. potentiostatic) and correlates these find-
ings with the resulting structure and distribution of the
residual Ag atoms. 77 + 26 nm Ag,,Au,; master alloy NPs were
prepared by wet-impregnation route, while a two-step colloidal
route was applied for the synthesis of 12 + 5 nm AggeAuy,
master NPs. The elemental distribution within the 77 nm NPs
is very homogenous, while 12 nm NPs show the formation of
an Ag/Ag,0 rich particle shell. Irrespective of the dealloying
protocols (CV: 0.2-1.3 Vgyg/CA: 1.6 Vgyg), the formation of
pore-ligament structure is observed for 77 nm master alloy
NPs. Only the critical dealloying potential is shifted to more
anodic potentials using the steady-state method. The EDX
mapping uncovers the spatial distribution of the residual Ag
atoms, pointing out that the Ag rich regions form near the
pores and particle edges after both dealloying methods. In
case of 12 nm AggeAu,, NPs with a Ag/Ag,O rich shell, a stable
pore could not be formed. However, the nano-sizing leads to a
higher electrochemical instability of these Ag-Au NPs. More
precisely, the critical dealloying potential is significantly
shifted to lower anodic potentials due to the size effects and
Ag segregation. Apart from the enhanced Ag losses, the quick
passivation of Au surface atoms occurs and hinders the further
dissolution of underlying Ag atoms. Based on the STEM-EDX
data, the potentiodynamic dealloying shows a homogenous
distribution of the residual Ag atoms within the Au rich NPs,
while the residual Ag atoms are mainly located near/at the par-
ticle surface after potentiostatic dealloying. We assume that
the Ag re-enrichment is caused by adsorbate-induced Ag segre-
gation after the exposure to air. Therefore, the thickness of the

This journal is © The Royal Society of Chemistry 2024
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passivation layer strongly depends on the dealloying method.
Altogether, we show that the mobility of Au surface atoms and
dealloying conditions control the structure and residual Ag
distribution within the dealloyed NPs.
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