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Developing synthetic pathways that exhibit well-controlled yet versatile characteristics to prepare
nanoparticles (NPs) with properties tailored to the desired application is a topic of continuous interest.
Herein, we introduce an innovative approach to form bimetallic alloy and core—shell-like Ag—Au NPs,
employing nanoreactors at the polarized electrolyte/electrode interface.
Encapsulation of the metal precursors in the nanocavities of polystyrene-b-poly(2-vinylpyridine) (PS—

reverse micelles as

P2VP) reverse micelles provides a route to control the NP size without the need for additional chemicals.
By investigating the relations between the electrochemical driving force of the process and the complex
interplay among the precursor species and the electrolyte medium, bimetallic Ag—Au NPs with sizes
ranging from below 10 nm to 140 nm were synthesized with adjustable element configuration (core—
shell vs. alloy) and composition. Notably, the resultant NPs were either Ag-rich alloys or Au-rich alloys or
had a core-shell-like configuration with adjustable core and shell compositions based on the applied
electrode potential and electrolyte medium. Finally, the prepared NPs were evaluated for their catalytic
activity based on their physical properties against the hydrogen evolution reaction, where the core—
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Introduction

The distinct properties of particles at the nanoscale and their
high surface to volume ratio render nanoparticles (NPs)
particularly promising candidates for a range of applications,
such as biomedicine," energy storage,>® optoelectronics,*®
sensing,*” and (electro)catalysis.*® The use of NPs, in particular
noble metal-based NPs, can result in comparable or even higher
overall performance than their bulk counterparts, while also
reducing material usage and lowering costs.’*** Therefore, the

“Chair of Analytical Chemistry II, Faculty of Chemistry and Biochemistry,
Ruhr-Universitdt Bochum, UniversitdtsstrafSe 150, 44801 Bochum, Germany. E-mail:
kristina.tschulik@rub. de

*Max Planck Institute for Sustainable Materials GmbH, Max-Planck-Strafe 1, 40237
Diisseldorf, Germany

‘Department of Interface Science, Fritz Haber Institute of the Max Planck Society,
Faradayweg 4-6, 14195 Berlin, Germany

“Department of Chemistry, Colorado State University, Fort Collins, CO 80523-1872,
USA

“Department of Electrical and Computer Engineering, Colorado State University, Fort
Collins, CO 80523-1373, USA

T Electronic  supplementary  information
https://doi.org/10.1039/d5ta01833a

(ESI) available. See DOI:

24014 | J Mater. Chem. A, 2025, 13, 24014-24027

shell-like NPs showed the most promising performance.

generation and fundamental characterization of NPs is impor-
tant because it could impart better control over future design of
systems.

Despite the variety of applications' and reports demon-
strating the flexibility of bimetallic NP properties**** by modi-
fying their size, composition, and element configuration (such
as core-shell, inverted core-shell, or alloy), comparably few
examples of the exploitation of this potential have been re-
ported. This arises from the challenge of easily adjusting core-
shell, inverted core-shell, and alloy nanoparticles beyond their
chemical “nobility”, i.e., their position in the electrochemical
series. In classic wet-chemical methods involving more than
one metallic precursor species in the solution, the more noble
element, i.e., the one with a higher reduction potential, typically
is enriched in the core, while the less noble one tends to
concentrate in the shell, even in nominal alloy systems. For
silver-gold nanoparticles (Ag-Au NPs), for example, the
commonly reported core-shell structure following the single
step wet-chemical synthetic route is Au@Ag (core@shell),
comprising the more noble element, i.e., Au, in the particle core,
as Au is preferentially reduced.'*>°

Decorating the more noble component onto the outermost
layers of the shell is also possible, for instance, by techniques

This journal is © The Royal Society of Chemistry 2025
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such as galvanic replacement*** or by appropriately controlling
the reaction environment (e.g., different gas atmospheres or
vacuum to induce surface segregation®*>*). The configuration
with the more noble metal in the shell can be achieved by wet-
chemical routes too, when synthesized in two steps, that is, first
the core composed of the less noble metal is formed, and in the
second step the more noble metal is deposited onto these
seeds.”>>

Due to their low cost and versatility when compared with
other methods, wet-chemical methods are the most widely used
approaches to synthesize metallic NPs, starting at the molecular
level and growing to the nanoscale. These methods require
various chemical reagents that serve as reducing agents (e.g.,
NaBH, and N,H,) and stabilizing agents (e.g., citrate), which
can significantly alter the NP properties. This variability makes
it difficult to study the structure-property relation of nano-
particles, as altering the NPs' configuration (core-shell, inverted
core-shell, or alloy) while keeping all other conditions identical
has not been possible using these wet-chemical approaches.
Furthermore, the NP growth process is complex,* and their
functionalization on an electrode surface via additional steps,
such as drop casting, spin coating or dip coating, can lead to
agglomeration upon solvent removal, which is usually per-
formed via evaporation.®
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Electrosynthesis is a promising alternative to circumvent the
drawbacks introduced in wet-chemical synthesis, as the addi-
tion of reducing and/or stabilizing agents is not always neces-
sary. At the same time, the metal precursor(s) can be reduced
and functionalized directly on the electrode substrate by the
electrochemically induced reduction reaction. Appropriate
tuning of the experimental parameters, such as applied poten-
tial bias and the precursor concentration, can lead to the
desired composition and morphology of the NPs. While elec-
trosynthesis offers significant advantages, potential challenges
include achieving uniform surface coverage, which can
complicate precise nanoparticle localization.

An emerging method alternative to traditional (electro)
synthetic routes involves encapsulation of the precursor in the
nanocavities of droplets, emulsions, or reverse micelles,
rendering them nanoreactors.'**'~** Besides the control of the
NP size,*”*® the introduction of nanoreactors in the electrode-
position process can be used for adjusting the otherwise
difficult-to-alter reactivity as it can influence additional physi-
cochemical processes, such as the interplay between the
precursor interactions with the electrode and the electrolyte in
the vicinity of the electrode, its mass transport, and the inter-
facial structure. Such effects induced by the nanoreactor species
can be classified as electrochemical confinement effects.*
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Scheme 1 Overview of the synthesis outcomes of Ag—Au NPs under varying conditions. Schematic representation not to scale.
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In this work, we demonstrate how the composition and
structure of Ag-Au NPs can be tailored by adjusting the elec-
trosynthesis parameters, independently of the position of the
individual element precursor species in the electrochemical
series. This is achieved by selectively controlling the reactivity
and stabilization of each component in a reverse micellar
environment. Additionally, we provide insights into the role of
the electrolyte medium in the electrosynthesis process from
nanoconfinement. Scheme 1 provides a concise summary of the
findings presented in this paper.

We synthesized mixed Ag-Au NPs via a one-step electro-
chemical reduction of encapsulated metal precursors in diblock
copolymer  polystyrene-b-poly(2-vinylpyridine)  (PS-P2VP)
reverse micelles. The reverse micelles are dispersed either in an
organic electrolyte or an ionic liquid. The influence of the
electrolyte medium and applied potential on the morphological
characteristics, size, composition, and element configuration of
the NPs formed is explored. The derived results are rationalized
based on the complex interplay between the charged precur-
sors, electrolyte, solvent, and substrate in the interfacial region.

By tuning the electrosynthesis parameters, we demonstrate
the single-step formation of Ag-Au core-shell-like NPs with
a Ag-rich core. Starting with both precursors in solution and
synthesizing such a type of nanoparticle in a one-step approach
is not yet reported and is accomplished in this work by
adjusting the electrolyte composition and the applied potential,

View Article Online
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with the precursors encapsulated within the PS-P2VP reverse
micelles. Single entity electrochemistry measurements were
employed to further explore the mechanism of electrodeposi-
tion at the nanoscale.

Finally, the mixed Ag-Au NPs were evaluated as electro-
catalysts towards the hydrogen evolution reaction (HER). The
performance was analyzed to link synthesis conditions to elec-
trochemical activity in NPs with altered element configurations
but identical capping agents. Our work conceptualizes
a strategy for controlled synthesis of NPs with adjustable
properties for diverse applications. By varying reduction
potentials to control reduction rates, rather than changing
reducing or capping agents, we maintain identical chemical
components. This enables more systematic adjustment and
comparison of nanomaterials than existing approaches.

Results and discussion
Nanoparticle synthesis and characterization

Ag-Au bimetallic NPs were prepared from PS-P2VP reverse
micelles by electrochemical reduction on highly oriented pyro-
Iytic graphite (HOPG) electrodes using (i) the organic electrolyte
(OE) 33.5 mM tetra n-butylammonium hexafluorophosphate
(TBAPF,) in a 2 : 1 volume ratio mixture of dichloroethane (DCE)
and toluene at applied potentials of —0.7, —1.0 and —1.3 V vs.
a Pt quasi-reference electrode (QRE) or (ii) the ionic liquid (IL)
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(A—C) SEM images and (D—F) size distribution plots with mean and standard deviation values of Ag—Au NPs synthesized from confined

precursors in PS—P2VP reverse micelles in organic electrolyte (TBAPFg in DCE + toluene) at —1.3V, —1.0 V, and —0.7 V. Note: mean and standard
deviation values were determined from the lognormal fitting parameters u and o, as described in the ESI, Section 1.2.F
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EMIMNTTf, at applied potentials of —0.7 or —1.0 V vs. Pt QRE.
We selected these electrolytes to shift the reducibility of silver
and gold precursors with respect to each other, aiming to
influence the configuration of the bimetallic NPs (see Fig. 2 and
S5 and the detailed discussion in Section 1.3 in the ESIt). The
choice of the applied biases relies on preliminary cyclic vol-
tammetry (CV) experiments used to investigate the potential
range within which the reduction of the metal precursors occurs
(Fig. S17). By varying the applied potential for the electrodepo-
sition process, we change the electrochemical driving force (i.e.,
the applied overpotential) for the precursor reduction in each
medium, enabling us to investigate their effect on the physical
properties (i.e., composition, morphology and configuration) of
the NPs deposited on the electrode surface.

Scanning electron microscopy (SEM) images (Fig. 1A-C)
show the morphological characteristics of a series of mixed Ag-
Au NPs deposited on HOPG from the organic electrolyte (see the
Experimental section for the detailed protocol). At the most
negative potential used, the resulting NPs, on average, appear
much smaller than those created at less negative potentials
(Fig. 1A-C). Size distribution plots (Fig. 1D-F) obtained by
image analysis of at least 200 nanoparticles for each sample

View Article Online

Journal of Materials Chemistry A

demonstrate that NPs in Fig. 1A are ~15 times smaller than
those shown in Fig. 1B and C. These small NPs formed at the
most negative applied potential also display a higher degree of
substrate coverage, with well dispersed NPs in the nanometer
range as opposed to large, isolated agglomerates at less negative
biases. Similar results were obtained for the electrodeposition
in IL, as shown in Fig. S2.1*° Additional SEM images of samples
prepared in both organic electrolyte and IL are shown in
Fig. S4.7

To elucidate the underlying physicochemical factors result-
ing in the observed morphological characteristics and identify
the corresponding electrochemical processes for the bimetallic
system, we investigated the electrodeposition of each individual
encapsulated metal precursor in the electrolytes used for the
preparation of the bimetallic NPs (Fig. 2 and S51). Fig. 2 shows
voltammograms recorded in organic electrolyte for bare HOPG
and for PS-P2VP reverse micelles loaded with AgNO;, HAuCl,
and mixed AgNO; + HAuCl, (for a detailed discussion see
Section 1.3 in the ESI1***2). These voltammograms show that Au
electrodeposition requires a more negative applied potential
compared to Ag in the electrolytic medium used, which is the
opposite of what is observed in aqueous electrolytes® and is
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Fig. 2 Consecutive cyclic voltammograms of (A) bare substrate, (B) AgNOz@PS—-P2VP, (C) HAuCl,@PS—-P2VP and (D) AgNOsz + HAuCl,@PS—-
P2VP reverse micelles in organic electrolyte (TBAPFg in DCE + toluene). CV plotting convention: [IUPAC. WE: HOPG (ZYB grade, 10 x 10 mm,
exposed area = 0.5 cm?). QRE: Pt wire. CE: Pt gauze. The WE compartment is not separated from the CE. Applied voltage is not /R corrected.
Starting point: 0.4 V vs. Pt QRE. Direction of the scan: cathodic. Scan rate: 50 mV s .
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further supported by the unsuccessful attempt to deposit Au-Ag
NPs at less negative potentials, i.e., at —0.5 V and —0.35 V (data
not shown).

To interpret this finding, we consider the interplay between
the precursors-solvent-electrolyte specific interactions. AuCl,~
reduction to metallic Au involves the release of Cl™ ions. In
general, the solubility of small anions is determined by the
electrophilicity of the solvent, which can be assessed using its
acceptor number.*® DCE has a low acceptor number of
16.7 k] mol " and toluene exhibits no electrophilic properties.
This predicts that the solvation degree of Cl™ in the organic
electrolyte is much weaker than it would be in water, rendering
the anion release thermodynamically less likely.*® This shifts
the reaction reduction potential to more negative values*®**
compared to the reduction of Ag’, where no such step is
involved. This difference in the electrochemical behavior of the
two metal precursors with the electrolyte used influences both
the composition and morphological characteristics of the
prepared binary NPs.

When using IL as the electrolyte, the thermodynamic barrier
for Cl™ release is expected to be less pronounced due to the
solvent-free nature of IL, which also leads to an enhanced
interaction between the precursor species and the medium. The
role of electrolyte in NP morphology is, however, less straight-
forward when using the IL, as the voltammograms display no
clear features of Ag deposition (see Fig. S5t). Nonetheless, in
addition to tracking the individual precursors, the EMIM"
cations are known to adsorb strongly to the surface of both
HOPG and various metals,*”** with the extent of adsorption
increasing with more negative biases with respect to the
potential of zero charge, E,,.. The strong interaction between
EMIM' and Au can lead to a dynamic state of disordered
crystallographic-dependent adsorption that results in surface
etching due to the formation of soluble complexes, e.g,
[EMIM]TAuUCL,]™ (similar complexes, e.g., [EMIM][AgCl,]~, can
also be formed with Ag),** with accompanied surface recon-
struction. Various in situ surface sensitive microscopic and
spectroscopic techniques have reported this phenomenon,**%>°
which becomes more pronounced as the applied potential
shifts to more negative values, thus strongly influencing the
surface morphology and possibly composition, e.g., for alloys or
mixtures of the substrate. On this basis, we attribute the
decreased size of the NPs prepared at —1.0 V to the combined
effect of increased overpotential for the deposition process and
more intense etching. We also emphasize that the determina-
tion of Ej,. at HOPG in ionic liquids, such as EMIMNTTf,, via
common electrochemical techniques, e.g., electrochemical
impedance spectroscopy, is very challenging due to the complex
nature of the underlying processes, e.g., the space-charge-like
capacitance arising from HOPG and the electrode-ion interac-
tions.*® Nonetheless, the potential values applied in our study
during the electrodeposition experiments correspond to
significantly more negative values than those lying in the
potential region where E,. is expected in similar systems® and
hence the adsorption of EMIM" is a reasonable assumption. An
additional phenomenon that needs to be accounted for here is
the increased density of ClI™ ions inside the electrochemical
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double layer (EDL) region, emerging from the release of Cl~
during the complete reduction of AuCl,”. On this basis, the
excess negative charge introduced in the electrolyte side of the
EDL is screened by attracting more EMIM' near the electrode.
Considering that the lower the applied potential the higher the
rate of the deposition reaction (hence the release of Cl7), it is
expected that the density of EMIM' near the surface of the
electrode would also increase.

Having clarified the electrochemical reduction of the indi-
vidual encapsulated precursors, we return to the reverse micelle
assisted electrodeposition of the mixed precursors and the NPs
presented in Fig. 1. If the reverse micelle (size: 28 + 4 nm,
Fig. S6t) acts as a nanoreactor that can limit the size of the
formed NP, we interpret the formation of larger NPs to result
from the reduction of precursors encapsulated inside more
than one reverse micelle. In agreement with established
nucleation theories,**® this suggests that at more negative
potentials a higher number of NPs is formed by instantaneous
reduction and nucleation of precursors from single reverse
micelles, due to the higher electrochemical driving force for
precursor reduction. Hence, small NPs are formed. Conversely,
at less negative potentials, with a smaller driving force for
precursor reduction, NPs are formed more progressively. Fewer
NPs nucleate progressively at a lower rate and growth of these
NPs results from successive reduction of precursors from other
micelles leading to a higher polydispersity.>** The driving
forces resulting from varying applied potentials can be
conceptualized as different reducing strengths and reduction
rates. For example, in a typical wet-chemical synthetic proce-
dure, the use of different reducing agents, e.g., NaBH, instead of
citrate, can result in varying sizes and degrees of poly-
dispersity.®>*> The electrochemical route we present here is
highly advantageous, as it does not require the introduction of
additional chemical compounds and subsequent removal steps.
Furthermore, the electrochemical approach can be tuned
continuously via the applied potential (down to a few mV steps)
and is not restricted by the reduction potential of typical
chemical reducing agents.

We used scanning transmission electron microscopy
(STEM), secondary electron imaging and energy dispersive X-ray
spectroscopy (EDX) to explore the NP morphology. Both the
STEM images in Fig. 3A-C and the secondary electron images in
Fig. 3D-F show that NPs formed at more negative potentials
have a smoother, more spherical surface than the irregular NPs
formed at less negative potentials and further support the
differences in nucleation and growth behaviour discussed
above. We interpret the irregular morphology as originating
from anisotropic particle growth resulting from reduction of
precursors released from additional reverse micelles on top of
the initially nucleated NPs. This is in contrast to the formation
of NPs from single reverse micelles, which we discuss in more
detail, in section “Single entity electrochemistry”.

EDX mapping (Fig. 3G-1I) suggests different element config-
urations for the NPs formed at different potentials in the
organic electrolyte. At —1.0 and —0.7 V, EDX measurements
reveal that NPs with different bimetallic compositions between
the inner (“core”) and outer (“shell”) parts are formed, resulting

This journal is © The Royal Society of Chemistry 2025
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Fig. 3

(A—C) Dark-field STEM image, (D—F) corresponding secondary electron image and (G-I1) EDX mapping of Ag—Au NPs synthesized from

confined precursors in PS—P2VP reverse micelles in organic electrolyte (TBAPFg in DCE + toluene) at —1.3V, —1.0 V, and —0.7 V. Note that NPs
seen in STEM images may look larger or more aggregated than in SEM images due to the scratching step in sample preparation for STEM
measurements (details in the electron microscopy experimental section).

in a “core-shell-like” NP. At a more negative potential, —1.3 V,
alloy-like NPs are produced. The NPs' overall composition is Ag-
rich, corroborating the favored Ag deposition in this organic
electrolyte compared to Au. According to EDX analysis, the
alloy-like NPs formed at —1.3 V have a composition of 79 + 6%
Ag and 21 + 6% Au, which matches with the Ag: Au ratio for the
core of the NPs formed at —1.0 V (80 £+ 8% Ag and 20 + 8% Au).
The shell in the NPs prepared at —1.0 V comprises 58 & 10% Ag
and 42 £ 10% Au. For the NPs synthesized at —0.7 V, the core
and shell compositions are Ag: Au88 £2:12+2and 68 £1:32
=+ 1, respectively (see Fig. S771). The overall composition of NPs
was determined from at least 100 nanoparticles for each
sample. Therefore, these latter NPs have a core-shell-like
configuration with a Ag-richer core and a Ag-poorer shell. The
Ag content in both the core and shell increases when a less

This journal is © The Royal Society of Chemistry 2025

negative potential is applied during synthesis, as anticipated
when considering the deposition processes of the individual
encapsulated precursors (Fig. 2). Starting with both precursors
in solution and forming core-shell-like NPs with a Ag-rich core
in a single step have not been reported previously; we achieve
this novel synthesis by tuning the applied potential parameter
when the precursors are encapsulated inside PS-P2VP reverse
micelles. Therefore, the synthetic approach reported might be
an early-stage proof of concept study demonstrating the one-
step preparation of core-shell-like NPs using reverse micelles
as morphology regulators, while simultaneously tailoring their
physicochemical characteristics by establishing structure-
composition relations through the elaborate control of the
electrolyte-precursor interactions and electrochemical driving
force.
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We observe similarities and differences for Ag-Au NPs
synthesized in IL compared to the organic electrolyte. The
morphology observed in STEM and secondary electron images
of Ag-Au NPs prepared from confined precursors in PS-P2VP
reverse micelles in EMIMNTY, (Fig. 4) is similar to that observed
in the organic electrolyte. NPs prepared at more negative
potential are smaller with a smoother surface than the bigger
irregular-surfaced NPs formed at less negative potential. In IL,
alloy NPs are also produced. However, contrary to the NPs
synthesized in the organic electrolyte, EDX mappings of the NPs
formed in IL (Fig. 4) do not exhibit core-shell-like configura-
tion. Instead, these NPs have a uniform composition
throughout their structure and are Au-rich, rather than the Ag-
rich alloy, at both applied biases used (Ag:Au 10 + 6:90 £ 6 at
—1.0Vand 8 +1:92 + 1 at —0.7 V). This indicates the role of
electrolyte in NP formation and morphology.

=L.ON

Fig. 4 Dark-field STEM image, corresponding SEI image and EDX
mapping of Ag—Au NPs synthesized from confined precursors in PS—
P2VP reverse micelles in ionic liquid (EMIMNTf,) at (A-C) —=1.0 V, (D-F)
—0.7 V. Note that NPs seen in STEM images may look larger or more
aggregated than in SEM images due to the scratching step in sample
preparation for STEM measurements (details in the electron micros-
copy experimental section). Apparent high background Ag content
may be misleading due to different intensity color scales for Ag and Au
(see Fig. S87 for individual elements EDX mappings).
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Anodic stripping voltammograms of the Ag-Au NPs synthe-
sized from precursors-filled PS-P2VP reverse micelles provide
additional insight into the NPs formed in organic and IL elec-
trolytes. For samples prepared in the organic electrolyte
(Fig. S97°**%), we observe progressive dealloying for Ag-Au
NPs formed at all three investigated potentials. Because the
core-shell-like NPs have an alloy shell, the electrolyte can easily
reach the Ag-rich core before oxidizing all Au that is in the shell.
The voltammetric curves of samples prepared in IL (Fig. S107)
show primarily anodic peaks that we assign to Au species based
on the relatively high potential. This observation agrees with the
high Au content (~90%) in the NPs formed in ionic liquid.

To explore the role that the reverse micelles play in the NP
formation, composition and morphology, we also investigated
the deposition from precursors not encapsulated inside the
reverse micelle but free in the same electrolyte (organic elec-
trolyte or IL), resulting in completely different coverages. In the
organic electrolyte (Fig. S111), STEM and secondary electron
images show aggregated islands of around 1 um or more on the
electrode surface. The EDX mapping of these deposits indicates
that neither alloy nor core-shell-like Ag-Au NPs form in the
bulk electrolyte. Instead, Ag NPs and Au NPs are separately
synthesized. The overall composition percentage of the islands
is Ag 80 £ 6%, Cl 16 £ 6%, and Au 4 + 4%, indicating that the
NPs are mostly formed by Ag and that AgCl is also significantly
formed. This differs substantially from what is observed for Ag-
Au NPs formed from precursors confined in reverse micelles,
where the overall CI content is less than 1%. Deposition from
unconfined precursors in IL (Fig. S12t) also forms Au-rich alloy
particles; however, the particles are around 400 nm, signifi-
cantly larger than the NPs obtained under confined conditions.
The results from unconfined precursors synthesis further
confirm the importance of reverse micelles as nanoreactors to
successfully form alloy or core-shell-like Ag-Au NPs.

By selecting synthesis parameters, i.e., applied potentials and
electrolyte type, we demonstrate Ag-Au NP formation with
adjustable size, composition and element configuration from
precursors confined in PS-P2VP reverse micelles. Table 1 provides
a summary of NPs formed under each synthesis condition,
including how the single-step formation of a Ag-rich core in a Ag-
Au core-shell-like NP was possible. This is in contrast to the vast
majority of Ag-Au core-shell-like NPs reported, that include a Au-
rich core.’?® Hence, our work showcases manipulation of core
and shell Ag and Au compositions independent from the element
position in the electrochemical series. For both organic and IL
electrolytes, the synthesis at a more negative potential leads to
significantly smaller NPs. The different sizes and surface
morphologies corroborate the hypothesis of NP formation from
nucleation of precursors entrapped inside single reverse micelles
at more negative potentials and from nucleation and further
growth from precursors encapsulated in more reverse micelles at
less negative potentials.

Single entity electrochemistry

To reveal if the single-digit-nanometer-sized NPs formed at
more negative potentials in both the organic electrolyte and the
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Table 1 Summary of characteristics of Ag—Au NPs electrochemically synthesized from precursors confined in PS—P2VP reverse micelles in
different media (organic electrolyte — OE and ionic liquid — IL) at different applied potentials

Medium Applied potential/V Size/nm Configuration Composition Ag/% Au/%
OE -1.3 8+5 Alloy-like Ag-rich 79+ 6 21+6
-1.0 134 + 44 Core-shell-like Ag-rich 80 + 8 (core) 20 =+ 8 (core)
58 £ 10 (shell) 42 + 10 (shell)
-0.7 111 + 39 Core-shell-like Ag-rich 88 + 2 (core) 12 + 2 (core)
68 £ 1 (shell) 32 £ 1 (shell)
IL —1.0 8+6 Alloy-like Au-rich 10+ 6 90 + 6
—0.7 75+ 36 Alloy-like Au-rich 8+1 92 +1

IL arise from single reverse micelles, nanoimpact measure-
ments were performed. In these measurements, when single
reverse micelles collide with a polarized electrode, the precur-
sors loaded in the reverse micelles are reduced forming a Ag-Au
NP, which is observed as a spike in the current-time plot."* We
only observed these spikes in the presence of precursor-loaded
reverse micelles, not in their absence (Fig. S137).

We determine the charge associated with the amount of Ag-
Au deposited by integrating the area of the electrochemical
spike. Eqn (1) correlates the charge to the diameter of the NP
through the volume of a sphere and Faraday's law.*

oV
Q=:zmF = ZﬁF (1)
where Q is the total charge determined by integration of the
spike; z is the total number of transferred electrons; n is the
total Ag-Au mol amount; F is the Faraday constant; p is the total
Ag-Au density; V is the total Ag-Au volume; and M is the total
Ag-Au molar mass.

Assuming a spherical geometry for the NPs formed (Fig. S21

and 4), eqn (1) can be rearranged into eqn (2) to yield the

particle diameter, d.
5/ 30M
d=2 2
4mtpzF 2)

Based on the oxidation state of the metallic precursors (AgCl
and HAuCl,), the number of transferred electrons for each Ag
and Au atom is 1 and 3, respectively.’*>*” Assuming a direct
electron transfer path:

Agt+1e” — Ag° (3)
AuCl,™ + 3e” — Au’ + 4CI- (4)

Because the NP formed is a bimetallic mixture of Ag and Au,
the total molar mass, total density, and total number of trans-
ferred electrons are related to the final NP composition. For NPs
formed in the ionic liquid at —1.0 V applied potential, the
composition is 10% Ag and 90% Au, as demonstrated by EDX
and X-ray photoelectron spectroscopy (XPS) (Section 3 in the
ESIT%%). We determined the size of the Ag-Au NPs formed from
single reverse micelles to be 9 £ 5 nm from a total of 593
individual impacts (size distribution in Fig. 5). This agrees with

This journal is © The Royal Society of Chemistry 2025

the sizes of NPs formed by electrodeposition at the most
negative potential described in the previous section.

The single entity electrochemical measurements indicate
that the NPs formed at the most negative potentials occur
instantaneously from single micelles, corroborating the
previous explanation that at more negative potentials, instan-
taneous nucleation of NPs from individual reverse micelles
dominates, while at less negative potentials nucleation and
further growth from precursors contained in multiple reverse
micelles occurs.

Hydrogen evolution reaction electrocatalysis

The electrocatalytic activities of Ag-Au NPs synthesized from
precursors-loaded PS-P2VP reverse micelles were investigated
using the hydrogen evolution reaction as a model reaction
(Fig. 6) to showcase how the overall activity of the NPs can be
influenced by adjusting the synthetic route parameters. As NPs
formed in organic electrolyte at —0.7 and —1.0 V showed very
similar properties in the previous characterization techniques,
only the NPs synthesized at —0.7 V are shown in Fig. 6. To
provide insights into the influence of the deposition process on
the electrocatalytic activity of Ag-Au NPs towards the HER, we
need to exclude surface area effects. To achieve this, the elec-
trochemically active surface area (ECSA) of the prepared NPs
should be determined. ECSA was estimated, following an elec-
trochemical stripping procedure, as described in Section 4 in
the ESL.t The resulting ECSA for each sample was then used to
normalize the respective raw current values per ECSA. In this
regard, the results in Fig. 6 provide an estimation of the
intrinsic catalytic activity of the prepared NPs based on their
composition and element configuration.

The Ag-rich alloy-like NPs formed in organic electrolyte at
—1.3 V exhibit the lowest catalytic activity, which is consistent
with the fact that Ag is less catalytically active than Au for the
hydrogen evolution reaction.® "> As a result, it is reasonable to
expect that Ag-rich NPs would be less active than the Au-rich
alloy-like NPs, which were formed in IL. However, the specific
differences in activity between NPs generated in IL at different
potentials remain unclear. Among the samples, the NPs formed
in organic electrolyte at —0.7 V are the most active, demon-
strating the remarkable properties that can be achieved using
the core-shell-like configuration produced in this work. Even
being Ag-rich, i.e., its composition is mostly the less catalytically
active element, the final electrocatalytic activity surpasses that
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Fig. 5 (A) Size distribution plot of Ag—Au NPs synthesized from
confined precursors in PS—-P2VP reverse micelles in ionic liquid
(EMIMNTf,) from 593 individual collision events during single entity
electrochemical measurements. Inset: a cartoon of a reverse micelle
colliding with a polarized electrode, generating a nanoparticle via
precursors reduction. (B) Transient current during one measurement
and enlarged impact features indicated with colored asterisks, with the
corresponding peak height in pA, duration in ms, area in fC and
calculated NP diameter in nm. The last enlarged region (dark yellow
asterisk) shows the background current, i.e., in the absence of impacts.

of the alloy-like NPs that are around 90% formed by Au. This
result introduces an alternative strategy for the use of less
expensive materials to achieve similar or better performance in
electrocatalysis, which can be realized by synthesizing NPs from
confined precursors. The latter further highlights the advan-
tages of using reverse micelles as nanoreactors in electrodepo-
sition. Future directions should be focused on the optimization
of the control over the size and composition of the NPs and aim
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Fig. 6 Averaged hydrogen evolution reaction linear sweep voltam-
metry (LSV) curves from at least three independent experiments of
Ag-Au NPs synthesized from confined precursors in PS—P2VP reverse
micelles in organic electrolyte (OE, TBAPFg in DCE + toluene) or in
ionic liquid (IL, EMIMNTf,). Electrolyte: Ar-saturated 0.1 M H,SO,4. WE:
HOPG (ZYB grade, 10 x 10 mm, exposed area = 0.5 cm?). RE: MSE sat.
CE: carbon rod (& = 6 mm). The WE compartment is not separated
from the CE. Applied voltage is IR corrected. Current is normalized by
the electrochemical surface area. Scan rate: 10 mV s~

towards the establishment of size-composition-activity rela-
tions for various electrocatalytic reactions of interest. At this
point, we need to emphasize that developing a new high-
performance catalyst for the HER is not the primary objective
of this work. Instead, HER activity was employed as a model
reaction to further highlight the distinct properties achieved
through our tailored synthetic approach. This functional
assessment supports our central aim of demonstrating how
different nanoreactor environments and deposition conditions
influence the resulting characteristics of the NPs. Finally, an
additional noteworthy point in the data reported in this section
is the evident activity of the prepared NPs despite the use of
reverse micelles as encapsulating reagents. Polymer-based
stabilizing reagents are reported to introduce impurities on
the surface of NPs that often require rather intense purification
methods (e.g., plasma treatment®”**) for their removal. NPs not
being purified show negligible or particularly low activities due
to the blocking of their active sites. However, the evident activity
of Au NPs previously reported'® and of the Ag-Au NPs prepared
following the approach described in this study implies that the
presence of the stabilizing ligands on the surface of the NPs is
rather minimal.

Experimental

Materials

Hydrogen tetrachloroaurate(m) trihydrate (HAuCl,-3H,0, Alfa
Aesar, 99.99% metal basis), silver nitrate (AgNOs, Alfa Aesar,
>99.9%),

tetra n-butylammonium  hexafluorophosphate

This journal is © The Royal Society of Chemistry 2025
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(TBAPF, Alfa Aesar, 98%), 1,2-dichloroethane (DCE, Carl Roth,
=99%), and ultrapure water purified using a Barnstead Gen-
Pure xCAD Plus (Thermo Fisher Scientific, conductivity 0.055
uS em~" at 25 °C) were used. Toluene (VWR Chemicals,
99.99%), isopropanol (VWR Chemicals, ACS) and acetone
(Sigma Aldrich, ACS, >99.5%) were filtered with a 200 nm pore
size PTFE filter prior to wuse. Ionic liquid 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
(EMIMNTTf,, IoLiTec, 99%) was washed with ultrapure water
and dried overnight under vacuum prior to use. Aqueous elec-
trolyte solutions were prepared by diluting 95% H,SO, (Fisher
Scientific, analytical reagent grade) and 37% HCl (Sigma
Aldrich, reagent grade).

AgNO; + HAuCl,@PS-P2VP reverse micelle synthesis

PS-P2VP reverse micelles were prepared in toluene as previously
reported'®”® and filled with silver and gold precursors in equi-
molar amounts (AgNO; + HAuCl,@PS-P2VP) using two main
solutions. The detailed synthesis procedure is outlined below.

Solution 1: 50 mg of poly(styrene-b-2-vinylpyridine) [P1330-
S2VP, M,: PS(48500)-P2VP(70 000), sourced from Polymer
Source] were dissolved in 5 mL of toluene. This formed spher-
ical micelles with polar poly-2-vinylpyridine (P2VP) heads as the
core and nonpolar polystyrene (PS) tails extending outward.

Solution 2: 33.23 mg of HAuCl,-3H,0 and 14.35 mg of
AgNO; were dissolved in 5 mL of toluene. 1 mL of tetrahydro-
furan (THF, Sigma Aldrich, >99.9%) was added to fully dissolve
the Au and Ag precursors.

Both solutions were vigorously stirred for 24 hours at room
temperature. Subsequently, solution 2 was added to solution 1,
and the mixture was stirred for an additional 48 hours at room
temperature. The presence of THF in the final reverse micelles
formed in toluene was confirmed by nuclear magnetic reso-
nance spectroscopy (Section 5 in the ESIf™*). The effective
encapsulation of AgNO; and HAuCl, in the reverse micelles
suspended in toluene was confirmed by inductively coupled
plasma mass spectrometry (ICP-MS). ICP-MS was also per-
formed in organic electrolyte and ionic liquid to determine the
amount of Ag and Au that leaches from the reverse micelles into
the different electrolyte solutions (Section 6 in the ESIT).

Electrochemical measurements

The electrochemical ensemble synthesis and electrochemical
characterization were performed in a three-electrode setup
using an Autolab PGSTAT128N (Metrohm) potentiostat.
Ensemble electrodeposition was performed using highly
ordered pyrolytic graphite (HOPG, TipsNano, ZYB grade, 10 X
10 mm, exposed area = 0.5 cm?) as the working electrode
(WE), a platinum wire as the quasi-reference electrode (QRE),
and a platinum gauze as the counter electrode (CE, 1024 mesh
cm 2). The WE surface was renewed by exfoliating the top
layers.

Cyclic voltammetry (CV) and electrodeposition were per-
formed in two media: (i) organic electrolyte (10 pL of the
micellar suspension described in the previous section was
added to 670 uL of 50 mM TBAPF in DCE + 320 pL of toluene)

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

or (ii) ionic liquid (3 pL of micellar suspension was trans-
ferred to 300 pL of EMIMNTf, and toluene was removed by
applying vacuum overnight). For CV and electrodeposition
using unconfined precursors, 1 mM of AgNO; and 1 mM of
HAuCl, were used in the same media described above (for the
organic electrolyte case, we substituted 10 pL of micellar
suspension with toluene).

For CV measurements, the potential window was from —1.4
to 0.4 V in organic electrolyte and from —2.0 to 1.0 V in ionic
liquid, starting with the cathodic scan, with a scan rate of 50 mV
s~'. For electrodeposition, a potential of —0.7, —1.0, —1.3 or
—1.8 V vs. Pt QRE was applied for 30 min in chronoampero-
metric measurements. After deposition, the WE was washed
with toluene, acetone, isopropanol (three times each) and
ultrapure water (four times) and dried under Ar flow.

Linear sweep voltammetry (LSV) was performed in a three-
electrode setup using HOPG as the WE, mercury—-mercurous
sulphate in saturated K,SO, (MSE sat., SI analytics GmbH,
0.64 V vs. the standard hydrogen electrode, SHE”) as the
reference electrode (RE) and a carbon rod (& = 6 mm) as the CE.
The linear sweep voltammetry curve was recorded in an Ar-
saturated 0.1 M H,SO, solution, from —0.2 to —1.6 V vs. MSE
sat. (from 0.5 to 0.9 V vs. the reversible hydrogen electrode,
RHE), at a scan rate of 10 mV s~ .

Anodic stripping voltammetry was performed in a three-
electrode setup using HOPG as the WE, homemade silver-
silver chloride (Ag/AgCl/KCl 3 M, 0.21 V vs. SHE”®) as the RE and
a carbon rod (J = 6 mm) as the CE. To prevent silver contam-
ination, the RE was equipped with a double junction containing
0.25 M KNOj; solution. The scans were recorded in a 0.1 M HCI
solution, from —0.3 to 1.3 Vvs. Ag/AgCl (from —0.03 to 1.57 V vs.
RHE), at a scan rate of 10 mV s~ .

Single entity experiments were performed using an
analogue potentiostat (VA-10X, npi electronic GmbH) using
a three-electrode setup with a homemade carbon fiber (C, & =
7 um) as the WE and a platinum wire as the quasi-reference
counter electrode (QRCE). Nano impacts were recorded in
ionic liquid at an IL:micelles of 20:1 ratio, i.e., 15 pL of
micellar suspension was transferred to 300 uL of EMIMNT{,
and toluene was removed by applying vacuum overnight, 20 pL
of the micellar suspension in EMIMNT{, was transferred to
the electrochemical cell and different potentials from —0.8 V
to —1.65 V vs. Pt QRE were applied. By using the software
SignalCounter, the signals were evaluated and the size of the
formed NPs was determined.

Electron microscopy

Samples were measured both with scanning electron microscopy
(SEM) and scanning transmission electron microscopy (STEM).
SEM images were recorded directly on the substrate (HOPG)
using a JEOL JSM-7200F electron microscope operating at a 20 kV
acceleration voltage. For STEM imaging, an ultrathin C film on
a Lacey carbon support film, 400 mesh Cu grid (Ted Pella) was wet
in ultrapure water and scratched on the substrate surface. STEM
images were recorded using a JEOL JEM-2800 electron micro-
scope operating at 200 kV acceleration voltage. Energy dispersive
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X-ray spectroscopy (EDX) mappings were acquired with the
equipped double silicon drift detectors, with a solid angle of 0.98
steradians, a detection area of 100 mm?, and 133 eV spectral
resolution, until at least 20 000 counts of Ag or Au were acquired.
Nanoparticle size distributions were determined by analyzing
SEM and STEM images using Image]J software.

Conclusions

Different Ag-Au NPs were successfully electrochemically
synthesized wusing precursors-loaded PS-P2VP reverse
micelles as nanoreactors. The resulting nanoparticles show
how size, composition, element configuration and electro-
catalytic properties can be adjusted using electrosynthesis
conditions, such as electrolyte and applied potential. For each
investigated medium (organic electrolyte and ionic liquid),
electrosynthesis from precursors encapsulated inside indi-
vidual reverse micelles yields smaller alloy Ag-Au NPs with
a better-defined geometry when more negative potentials were
applied. At less negative potentials, morphologically irregular,
larger Ag-rich-core alloy-shell (in organic electrolyte) or Au-
rich alloy NPs (in ionic liquid) resulted from precursors
encapsulated inside more than one reverse micelle nano-
reactor. The formation of such core-shell-like NPs in a single
step shows how the NP composition and element configura-
tion can be adjusted despite the position of elements in the
electrochemical series when the precursors are encapsulated
inside reverse micelles. The unique properties of these core-
shell-like NPs are also illustrated by their superior catalytic
activity towards the hydrogen evolution reaction among all
samples described herein. Despite having a high silver
content, the Ag-Au core-shell-like NPs outperformed the
predominantly gold alloy-like NPs as catalysts for the
hydrogen evolution reaction. This finding suggests that more
cost-effective materials may deliver comparable or even better
electrocatalytic performance, with a synthesis method
utilizing confined precursors in reverse micelles playing a key
role in this advancement.

This work offers an outline for choosing electrosynthesis
parameters to produce a variety of bimetallic Ag-Au NPs from
confined conditions and the possibility to customize the core
and shell composition as needed. We expect that this approach
can be extended to non-precious elements in the future and
might be used to synthesize NPs from different precursor salts
due to the versatility of PS-P2VP reverse micelle loading.
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