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Abstract
In this work, a cost-effective method for fabricating silver–platinum nanoalloys through thermally activated dewetting of thin
metallic films is demonstrated. Ag and Pt bilayers with a total thickness of 8 nm were deposited using DC magnetron sputtering,
followed by annealing at 650 °C under an argon atmosphere. The process induced the transformation of continuous bilayers into
isolated nanoislands through solid-state dewetting. Scanning electron microscopy and transmission electron microscopy analyses
revealed the formation of well-defined, nearly spherical nanoislands with a homogeneous elemental distribution, as measured by
energy dispersive spectroscopy. Additionally, X-ray photoelectron spectroscopy measurements confirmed the coexistence of both
metals in metallic states, with a slight Ag deficiency attributed to its higher instability and desorption during the annealing process.
Optical measurements revealed the presence of a single resonance peak. The composition-dependent plasmonic resonance band was
observed for low Pt contents, while progressively blue-shifting and decreasing in intensity with increasing Pt concentration. This
behavior is consistent with the strong d-electron contribution of platinum, which suppresses plasmonic oscillations. The obtained
results demonstrate that thermally activated dewetting enables the synthesis of homogeneous Ag–Pt nanoalloys at the nanoscale,
both in volume and on the surface of nanostructures, overcoming miscibility limitations of the bulk Ag–Pt system, and provide
insight into their structure–property relationships relevant for catalytic and plasmonic applications.
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Introduction
Nanoalloys in the form of nanostructures exhibit novel and
intriguing physical and chemical properties. This phenomenon
arises due to their exceptionally high surface area relative to the

number of atoms in their volume, as well as the influence of
quantum effects [1,2]. Notably, nanoalloys facilitate the forma-
tion of unique phases and systems that are often unattainable in
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macroscopic alloy systems (e.g., Ag–Pt nanoalloys [3,4] or
Ni–Au [5,6]). Furthermore, they enable the formation of various
crystalline arrangements and structures.

There are various methods for synthesizing metallic nanoalloys,
both on solid substrates and in solution [7-9]. An auspicious
method seems to be thermally activated dewetting of thin metal
films deposited on glass or other substrates [9-12]. This method
is noteworthy due to its cost-effectiveness, making it a compel-
ling alternative for various applications. From a thermo-
dynamic perspective, continuous metallic layers with nanoscale
thickness can be metastable or even intrinsically unstable. This
instability leads to the gradual disintegration of the continuous
film, and, consequently, the formation of isolated nanoscale
islands [13-16]. This process occurs at temperatures lower than
the melting point of the thin film. The disintegration mecha-
nism is driven by atomic diffusion, and the tendency of the
system is to reduce the surface energy through the formation of
isolated islands [17-20]. This process is governed by the pursuit
of balance between the energy needed to create a new surface
(surface tension) and the energy gained by reducing the total
contact area between the film and the substrate (interfacial
tension).

A comprehensive analysis of the transformation of a thin layer
into isolated islands was provided in a series of publications by
Thompson and collaborators [13,20-22]. They postulated a
mechanism based on the dewetting phenomenon. According to
their model, the disintegration of the film initiates at pre-
existing discontinuities or voids, which can be associated with
nanoscale irregularities at intergranular boundaries. A key
factor governing the disintegration process of thin metallic
layers is their thickness: the thinner the layer, the lower the tem-
perature at which it transforms into isolated islands. It can be
stated that the significant influence of surface energy in thin-
film structures, phase separation boundaries (layer–substrate,
layer–liquid phase), grain boundaries in polycrystalline struc-
tures, various defects, mainly linear and plane (e.g., twinning),
or finally local inhomogeneities of the thickness of thin films,
strongly modify the phase equilibrium system. This, in turn,
affects critical properties, including the melting temperature of
metallic structures, an effect that becomes particularly pro-
nounced at the nanoscale. Consequently, these factors create op-
portunities for thermal-kinetic control, enabling the manipula-
tion of thin-film continuity and facilitating their disintegration.

Our earlier studies have shown that thermally activated disinte-
gration can be used to fabricate single-metal nanostructures,
nanoalloys, and nanocomposites on various substrates [23-26].
In this paper, we present a method for manufacturing Ag–Pt
nanoalloys by thermal disintegration of thin metallic films. This

nanoalloy system is particularly significant due to its high gas-
absorption capacity, making it highly relevant for catalytic ap-
plications. According to phase diagrams, bulk Ag–Pt bimetallic
systems exhibit a large miscibility gap at temperatures below
approximately 1190 °C, allowing alloy formation only at very
high atomic concentrations of either Ag or Pt [27-29]. However,
recent studies have reported the formation of Ag–Pt nanoalloys
with nearly equal ratios of Ag and Pt atoms, supported by both
theoretical calculations [30-32] and experimental investigations
[27,33-35], raising several important questions worth answer-
ing. Observations of alloy formation at the nanoscale confirm
that the miscibility between different metals can significantly
increase as particle size decreases [3-6,33]. Nevertheless, in the
case of nanoalloy formation induced by thermal dewetting of
alternately deposited thin metallic layers, it is essential to deter-
mine whether the atoms forming the nanoalloy mix to the same
extent at the surface as within the entire volume of an indi-
vidual nanostructure [25,26].

Whether a nanostructure forms a genuine atomic-scale nano-
alloy or a nanocomposite has a major impact on its plasmonic
and catalytic properties, and thus, the application potential of
the fabricated nanosystem. Moreover, when designing plas-
monic devices based on Ag–Pt nanoalloys, one must take into
account the damping of the plasmon resonance in platinum
alloys. This phenomenon was theoretically investigated [36-39]
and supported by a few experimental studies [40,41]. However,
in this work, we address the question of the threshold Pt content
at which its influence on the resonance position remains observ-
able. Upon addition of Pt to the Ag nanostructures, intense
d-electron excitations of Pt increase the dielectric function com-
ponents, causing quenching of the plasmon resonance. We
demonstrate that the Ag plasmon resonance is damped once the
compositional threshold is reached.

Taking into consideration both the intrinsic challenges of Ag–Pt
nanoalloy formation and their promising application potential,
developing an optimized and cost-effective fabrication method
remains a critical objective. In this work, we present a detailed
analysis of the structure of the obtained nanoalloys, both within
the volume of the nanostructures and at their surfaces, as well as
the influence of Pt content in Ag–Pt nanoalloys on their plas-
monic properties.

Results and Discussion
As-deposited thin Ag–Pt bilayers exhibit a granular morpholo-
gy, as evidenced by atomic force microscopy (AFM) measure-
ments shown in Figure 1. This granular character leads to insta-
bility of the layers at higher temperatures, causing cracking of
the continuous film in the multiple grain junctions and transfor-
mation into isolated islands. These phenomena are consistent
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Figure 1: AFM image and profile of the as-deposited 4 nm Ag and 4 nm Pt bilayer.

Figure 2: a) SEM image of nanostructures obtained by annealing at 650 °C for 15 min. 4 nm Ag and 4 nm Pt bilayer; b) results of the EDS analysis in
a selected region.

with our earlier observations [23,24] and those of others [42-
44]. It is worth noting that the nucleation of holes can also be
accelerated by surface melting or premelting, especially in a
region with a lower film thickness at grain boundaries, which is
well visible on the linear AFM profile in Figure 1 [45-47].
Figure 2a presents an exemplary scanning electron microscopy
(SEM) image of nanostructures formed as a result of annealing
of a silver–platinum bilayer with a thickness of 4 nm each at
650 °C for 15 min. These annealing parameters correspond to
the lowest temperature at which well-defined, nearly spherical,
isolated islands were formed. These findings demonstrate that
the applied annealing temperature and duration provide suffi-
cient thermal energy to drive the decomposition of the thin
Ag/Pt bilayer into isolated homogenous nanoislands. The chem-
ical composition of the nanostructures was examined using
energy dispersive spectroscopy (EDS) in point analysis mode.
The example spectrum, shown in Figure 2b, confirms the coex-
istence of Ag and Pt in the analyzed nanostructure. The esti-
mated compositional ratio of Ag and Pt was approximately
48 atom % Ag and 52 atom % Pt, which perfectly matches the
theoretical prediction presented below in Figure 10b. Measure-

ments for other compositions are also consistent with the theo-
retical concentrations of Ag and Pt. The results of the EDS mea-
surements are presented below in Figure 10b and marked by
blue triangles.

To further investigate the thermal decomposition behavior,
Ag/Pt bilayers with increased individual layer thicknesses of
5 nm each were also examined. This approach was expected to
provide a wider range and greater control over the final alloy
composition. However, SEM observations revealed that an
annealing temperature of 650 °C was insufficient to produce
spherical, isolated nanostructures, instead resulting in the for-
mation of irregularly shaped nanoislands. Therefore, the
annealing temperature was gradually increased. At 700 °C,
well-developed, isolated metallic islands with nearly spherical
shapes were obtained, indicating a more advanced stage of mor-
phological transformation. SEM images of the nanostructures
formed after annealing at 650 °C, 675 °C, and 700 °C are
presented in Figure 3a–c. In Figure 3c, in addition to the clearly
visible nanostructures, lighter gray, triangular-shaped islands
can also be observed on the surface. These features may origi-
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Figure 3: SEM images of nanostructures obtained by annealing of 5 nm Ag and 5 nm Pt bilayer for 15 min. at: a) 650 °C, b) 675 °C, c) 700 °C.
d) Results of the EDS analysis in a selected region of the nanostructures obtained by annealing of the 10 nm Ag–Pt bilayer at 700 °C.

nate from the formation of metallic or metal–silicon compound
flakes during annealing at higher temperatures. It may also be
associated with partial sublimation or evaporation of the materi-
al at 700 °C. Similar triangular flakes have been previously re-
ported during the formation of, for example, Ag [48], MoS2
[49], or WS2 [50]. Additionally, the chemical composition of
the nanostructures manufactured at 700 °C was measured by
EDS. The spectrum presented in Figure 3d confirms the pres-
ence of Ag and Pt. The Ag and Pt ratio was calculated to be
approximately 40 atom %:60 atom %. This reduced fraction
may result from partial desorption of silver. Sublimation of Ag
atoms plays a significant role in the morphology and the evolu-
tion of the elemental composition of the nanostructures. Due to
the higher vapor pressure of Ag atoms, they can preferentially
desorb from the nanostructures, and the rate of Ag sublimation
exponentially increases with temperature [51-53]. Additionally,
based on lower-magnification SEM images of the nanostruc-

tures, we determined the size distribution of the formed struc-
tures, which is presented in Figure 4. It can be observed that
annealing the 4 nm Ag/4 nm Pt bilayer at 650 °C for 15 min
results in the relatively small average nanostructure size and the
well uniform size distribution. This observation prompted the
selection of a series with a total bilayer thickness of 8 nm, fabri-
cated at 650 °C, for further investigations.

A detailed chemical composition analysis of pure Ag and Pt
nanostructures, as well as those synthesized with various Ag–Pt
ratios, was performed using X-ray photoelectron spectroscopy
(XPS) and is shown in Figure 5. The survey spectra confirm the
high chemical purity of all samples. Apart from Ag and Pt, only
silicon originating from the substrate, as well as oxygen and
carbon adsorbed from the atmosphere, were detected. The quan-
titative composition was determined from the survey spectra
and is presented below in Figure 10b. The obtained values
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Figure 4: SEM pictures of nanostructures and calculated island diameter distribution resulting from annealing: a) 4 nm Ag and 4 nm Pt bilayer at
650 °C for 15 min, and 5 nm Ag and 5 nm Pt bilayer for 15 min. at: b) 650 °C, c) 675 °C, d) 700 °C.

showed a good agreement with the theoretical compositions, in
line with the EDS measurements. To determine a detailed
chemical state analysis of the elements, high-resolution spectra
were also recorded. The position of Pt 4f7/2 peaks at 71.2 eV
and a characteristic doublet with a splitting energy equal to
3.3 eV is consistent with metallic Pt [54,55]. The Ag 3d5/2 and
Ag 3d3/2 photoelectron peaks were detected at ca. 368.2 eV and
374.2 eV, respectively, and the spin–orbit splitting was equal to
6 eV, which is characteristic of silver. However, distinguishing
between different silver chemical states solely from the posi-
tion of the 3d5/2 peak is difficult. For this reason, the Auger pa-
rameter was calculated according to the formula: α = BE + KE,
where BE is the binding energy of the Ag3d5/2 peak and KE is
the kinetic energy of the Ag M4N45N45 peak [56,57]. To calcu-
late the parameter, the kinetic energies of the Ag M4N45N45
Auger lines were recorded (Figure 5). Their positions were
detected at ca. 357.8 eV for all samples. The calculated parame-
ter is equal to 726 ± 0.1 eV, which perfectly matches the refer-
ence value for metallic silver [57-59].

The formation of nanoalloys was verified using UV–vis spec-
troscopy. This technique is rapid and straightforward, yet suffi-
ciently sensitive to confirm whether alloying at the nanoscale
has occurred. In nanomaterials, distinguishing between a nano-
alloy and a nanocomposite is often not trivial, as the boundary
between these two classes is not always clearly defined. Exami-
nation properties, such as optical properties, can provide a valu-
able criterion for differentiation. In plasmonic materials, in most
cases, nanocomposites exhibit two distinct resonance peaks,
each corresponding to one of the constituent phases. In contrast,
nanoalloys typically show a single resonance peak, indicating

the formation of a homogenously mixed metallic phase at the
nanoscale [26,60]. Our previous investigations confirmed these
differences. Within the Ag–Au nanostructures, nanoalloy for-
mation was clearly observed. By systematically adjusting the
elemental composition, we achieved controlled modulation of
the plasmonic band position [25]. On the other hand, in the
Ag–Cu system, the material behaved as a nanocomposite, with
two clearly distinguishable resonance peaks attributable to the
individual components [26]. From Figure 6, it can be seen that
the transmission spectra do not exhibit a plasmonic band. Only
in the spectrum measured for pure silver nanostructures, a well-
defined surface plasmon resonance band is clearly visible,
accompanied by an additional minimum attributed to the
quadrupole resonance [26,61]. Increasing the platinum content
results in a slight decrease in the overall transmission; however,
no plasmonic resonance is observed. On the other hand, when
examining very small variations in composition, within a range
of only a few atomic percent of Pt, the plasmonic resonance of
Ag–Pt alloyed nanostructures can be observable (Figure 7a).
Above approximately 10 atom % Pt, the resonance completely
disappears. A pronounced blue shift of the resonance band,
particularly visible in Figure 7b, accompanied by a rapid
smoothing of the quadrupolar resonance peak, is clearly visible
for pure silver and for nanostructures formed by the disintegra-
tion of a 7.9 nm Ag/0.1 nm Pt multilayer. The blue shift is ex-
pected upon alloying silver with platinum, since the plasmon
resonance for Pt occurs in the near-UV region [62-65]. The
rapid suppression of the plasmonic response with increasing Pt
concentration arises from the intrinsic electronic properties of
platinum, whose Fermi level lies close to partially filled
d-states. These d-electron transitions strongly enhance inter-
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Figure 5: XPS survey and the high resolution spectra of Pt 4f, Ag 3d and Ag, and 3d Ag Auger line regions of the nanostructures obtained by
annealing for 15 min at 650 °C metallic bilayers with initial thickness of: a) 8 nm Pt, b) 4 nm Ag/4 nm Pt, c) 6 nm Ag/2 nm Pt, d) 7 nm Ag/1 nm Pt,
e) 8 nm Ag.

band absorption, leading to damping of interband sp excitations
and broadening of the resonance band. In consequence, it
causes an increase in both the real and imaginary components of
the dielectric function (ε1 and ε2), leading to the quenching of
the plasmon resonance [66]. Moreover, Pt d-electrons do not
participate in the collective charge density oscillations in Ag–Pt
alloys [37,67,68].

To further confirm the formation of homogeneous Ag–Pt
nanoalloys, high-resolution transmission electron microscopy
(HR-TEM) observations were performed. Representative cross-

section TEM images of two samples with various compositions
are shown in Figure 8. Images for both nanostructures exhibit
uniform morphology, which strongly indicates alloy formation
rather than phase-separated Ag and Pt regions. A detailed EDS
analysis was performed on the cross-sections using both line
scans and area modes. For the structure fabricated from 4 nm
Ag and 4 nm Pt, the measured composition reached approxi-
mately 60 atom % Pt and 40 atom % Ag. The sample prepared
from 7 nm Ag and 1 nm Pt exhibited a composition of about
33 atom % Pt and 67 atom % Ag. In both cases, the platinum
content was noticeably higher than the nominal ratios expected
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Figure 7: a) Transmittance spectra of Ag–Pt nanostructures formed by annealing at 650 °C for 15 min, bilayers with total thickness of 8 nm and
varying relative thicknesses of the Ag and Pt films. b) Position of the plasmonic band of Ag–Pt nanoalloy structures as a function of composition. Each
measured structure was fabricated either from a single Ag layer or bilayers with a Pt film deposited on top of an Ag layer. The total thickness of such
systems was 8 nm. All samples were subsequently annealed at 650 °C for 15 min.

Figure 6: Transmittance spectra of Ag–Pt nanostructures formed by
annealing at 650 °C for 15 min, bilayers with a total thickness of 8 nm
and varying relative thicknesses of the Ag and Pt films.

from the initial layer thicknesses. Measured data were presented
and compared with other results below in Figure 10b. These
results align with previous findings and further confirm signifi-
cant Ag desorption, even at the annealing temperature of
650 °C. The linear EDS scans presented in Figure 9 confirm the
complete homogeneity of the formed nanostructures, showing
no significant dominance of either element at any specific loca-
tion.

Regarding the phase equilibrium system of Ag–Pt, the scien-
tific literature reveals considerable discrepancies, which have
been analyzed in detail in [28]. In general, agreement exists
only with respect to the liquidus, the peritectic reaction, and the
presence of a wide miscibility gap in the solid phase. However,
based on our HR-TEM investigations (Figure 8a), it can be con-
cluded that our results qualitatively confirm the presence of an
ordered phase in the vicinity of the Ag–Pt composition
(4 nm Ag/4 nm Pt). The modulation observed in the HR-TEM
images may be attributed to either regions of differing crystallo-
graphic orientations or to the presence of phases with varying
stoichiometry (degree of ordering). In contrast, nanostructures
with Ag-rich compositions (7 nm Ag/1 nm Pt), as shown in the
HR-TEM images (Figure 8b), exhibit a regular crystalline
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Figure 8: HR-TEM image of a cross-section of a nanoisland obtained by annealing at 650 °C for 15 min, bilayers with a thickness of:
a) 4 nm Ag/4 nm Pt and b) 7 nm Ag/1 nm Pt.

Figure 9: Detailed EDS analysis of the cross-section of the nanoisland obtained by annealing at 650 °C for 15 min, bilayers with a thickness of:
a) 4 nm Ag/4 nm Pt and b) 7 nm Ag/1 nm Pt.

ordering of Ag1−xPtx alloys, modifying the base crystal struc-
ture of Ag.

It should be emphasized, however, that the investigated nano-
structures were formed within the compositional range corre-
sponding to a solid-phase miscibility gap at a temperature of
600 °C. Moreover, they were dynamically generated during the
dewetting process from Ag and Pt components characterized by
significantly different melting temperatures and surface ener-
gies (961 °C and 1.25 J/m2 for Ag; 1768 °C and 2.48 J/m2 for

Pt). Additionally, pronounced Ag segregation occurring during
nanostructure formation may strongly influence the degree of
chemical ordering in Ag–Pt nanoalloys, as discussed in [69,70].

The linear EDS analysis also confirmed the formation of a thin
intermediate layer, resulting from the diffusion of silicon from
substrate into the structures. A similar effect was previously ob-
served in Ag–Au nanostructures, where we noticed diffusion
through the native silicon oxide film, as reported in [25], as well
as in studies on ultrathin Al2O3 films described in [71].



Beilstein J. Nanotechnol. 2026, 17, 748–759.

756

Figure 10: a) Schematic illustration of the fabrication process of alloy nanostructures. b) Comparison of the theoretical and measured composition of
nanostructures; EDS (SEM) measured by EDS integrated with an SEM microscope, EDS (TEM) measured by an analyzer integrated with TEM, and
by XPS.

Conclusion
As shown by the presented results, the applied fabrication
method enables the formation of a nanoalloy composed of
elements that do not form alloys on the micro- or macroscale.
This is particularly important when considering potential
applications of such nanoalloys, for instance, in catalysis or
nanosensing. The Ag–Pt system is particularly noteworthy
because of its high gas absorption capacity, making it highly
relevant for catalytic applications. In this study, a method for
manufacturing Ag–Pt nanoalloys by thermally activated disinte-
gration, also known as dewetting of thin metallic films, was
successfully demonstrated. The dewetting approach is auspi-
cious due to its simplicity and cost-effectiveness. This process
exploits the inherent instability of continuous metallic nano-
scale films, resulting in their gradual breakup and the formation
of isolated nanoislands. Furthermore, the ability to obtain ho-
mogeneous Ag–Pt nanoalloys at the nanoscale, despite their
immiscibility in the bulk form, demonstrates that the proposed
method effectively overcomes the limitations of conventional
alloying techniques and opens new pathways for designing
functional nanomaterials.

Annealing the Pt on Ag bilayers (with a total thickness of 8 nm)
at a temperature of 650 °C for 15 min resulted in the formation
of well-defined, nearly spherical, isolated nanoislands. Chemi-
cal analysis using EDS spectroscopy confirmed the coexistence
of Ag and Pt within the nanostructures. However, a noticeable
deficiency of Ag was observed, which can be attributed to silver
desorption. The chemical state of the elements, as determined
by XPS, confirmed their metallic character, and the obtained
concentration values were in good agreement with the EDS
measurements. Detailed HR-TEM microscopy investigations
showed that the Ag–Pt nanoalloys are perfectly homogeneous.

The cross-sectional images of the nanostructures exhibited a
uniform structure, which strongly suggests the formation of an
alloy. These observations were supported by linear EDS scans
on the cross-sections, which confirmed the complete homo-
geneity of the formed nanostructures. Verification of Ag–Pt
nanoalloy formation was also confirmed using the UV–vis spec-
troscopy method by observing the extinction of the Ag plasmon
resonance by the addition of Pt.

Experimental
Corning 1737 glass and Si (111) substrates covered by a native
oxide layer were used for the deposition of platinum/silver bi-
layers. Samples on Si substrates were used for detailed charac-
terization of surface morphology and chemical composition,
whereas Corning glass substrates were employed for optical in-
vestigations. Both types of substrates were cleaned with acety-
lacetone, subsequently rinsed with ethanol, and dried. Thin Pt
and Ag thin films were sputtered using a table-top DC magne-
tron sputtering coater (EM SCD 500, Leica) in a pure Ar plasma
environment (Argon, Air Products 99.99%). Both Pt and Ag
targets used in the deposition process were 99.99% pure. The
coating procedure was performed at a deposition rate of approx-
imately 0.10 nm/s and 0.07 nm/s for Ag and Pt films, respec-
tively. The applied power was in the range of 30–35 W. A
quartz crystal microbalance integrated within the sputtering
system allowed for in situ monitoring of film thickness. Ag–Pt
nanoalloyed structures were prepared by sequential deposition
of Ag and Pt thin films, as shown in Figure 10a. In this process,
Pt was deposited onto Ag due to the lower chemical reactivity
of platinum, which additionally provides protection against oxi-
dation of deposited bilayers. The composition of the nanostruc-
tures was adjusted by varying the thickness of the initial
metallic films, according to the dependence shown in
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Figure 10b. This relationship was established based on theoreti-
cal stoichiometric calculations taking into account the film
thicknesses, densities, molar masses, and resulting atomic con-
centrations of the constituent metals. The total thickness of the
deposited multilayer was maintained at 8 nm, which constituted
the main measurement series. Due to the well-known plas-
monic properties of pure silver structures and the significantly
stronger extinction cross section (which can be considered a
measure of the resonance response strength to excitation by an
external electromagnetic field), observed for Ag compared to
Pt, the number of samples was increased in the range of very
low platinum content [61,62,72]. In addition, the suppression
and a near UV shift of the resonance in the case of Pt further
justified this approach [62-64]. The deposited layers were sub-
jected to thermal annealing in a hot furnace under an argon
atmosphere (Argon, Air Products, 99.99%) for 15 min at a
temperature of 650 °C to induce the formation of nanostruc-
tures. Both deposition and annealing parameters were selected
based on our prior research on metallic nanostructures [23-
26,51,61,73].

The microstructure of as-deposited Ag–Pt bilayers was deter-
mined by means of AFM with the use of NT-MDT Ntegra
AFM. To obtain high-resolution, ultra-sharp probes with a tip
radius <5 nm were used. Measurements were conducted in the
semi-contact mode. The morphology of the manufactured nano-
structures was examined using microscopic techniques. A FEI
Quanta FEG 250 scanning electron microscope operating at
10 kV was used to observe the formation of nanostructures and
to analyse the surface morphology of the samples. Moreover, an
energy dispersive X-ray spectrometer was employed for
elemental analysis of the isolated islands, providing a fast and
preliminary insight into the nanostructure formation. The chem-
ical composition of the nanostructures was confirmed using
XPS. Measurements were carried out with a hemispherical XPS
spectrometer (Argus, Omicron Nanotechnology) equipped with
an Mg Kα X-ray source, operated at 15 keV and 300 W. XPS
measurements were performed under ultra-high vacuum at
room temperature, with a pressure below 1.1 × 10−8 mbar. The
results were calibrated to the C 1s line and analyzed using
Shirley background subtraction and a Gaussian–Lorentzian
curve as the fitting algorithm by the CasaXPS software. Addi-
tionally, detailed investigations of the microstructure and chem-
ical composition of the single nanostructure cross-sections were
conducted using TEM. The studies were performed using a
JEOL JEM-F200 TEM operated at 200 keV and equipped with
a dual SDD EDS system, which facilitates the observation of
nanoalloy formation. Thin foils for TEM observations were pre-
pared using the focused ion beam (FIB) lift-out technique. For
this purpose, a dual-beam Thermo Fisher Scientific Helios 5
UX scanning electron microscope equipped with a Phoenix Ga+

ion column was used. Prior to sample preparation, the particles
were coated with a protective carbon layer using a gas injection
system (GIS). The final thinning of the samples was conducted
by gradually reducing the acceleration voltage to 2 kV, thereby
minimizing Ga-induced defects. The formation of the nanoal-
loys was confirmed by measuring their optical properties, with
particular emphasis on plasmonic behavior. These properties
were studied using UV–vis spectroscopy with a Thermo Fisher
Scientific Evolution 220 double-beam spectrophotometer in
transmittance mode over the range of 200–1000 nm.

Funding
This research was supported by the grant 2025/09/X/ST11/
00637 financed by National Science Centre (PO) and by the
DEC- 11/1/2022/IDUB/I3b/Ag grant under the ARGENTUM –
‘Excellence Initiative – Research University’, founding by
Gdańsk University of Technology.

Author Contributions
Marcin Łapiński: conceptualization; formal analysis; funding
acquisition; investigation; project administration; resources;
supervision; validation; writing – original draft. Piotr Okoczuk:
funding acquisition; investigation; resources; writing – review
& editing. Blaž Grobiša: investigation. Ewa Pawlikowska: in-
vestigation. Amelia Rozwadowska: investigation. Wojciech
Sadowski: conceptualization. Barbara Kościelska: conceptual-
ization; writing – original draft; writing – review & editing.

ORCID® iDs
Marcin Łapiński - https://orcid.org/0000-0002-3283-2886
Piotr Okoczuk - https://orcid.org/0000-0002-3752-7266
Blaž Grobiša - https://orcid.org/0009-0003-1824-5356
Barbara Kościelska - https://orcid.org/0000-0002-9352-9581

Data Availability Statement
Data generated and analyzed during this study is openly available in most-
wiedzy.pl at https://doi.org/10.34808/6bvs-y478.

References
1. Wang, Z. L. J. Phys.: Condens. Matter 2004, 16, R829–R858.

doi:10.1088/0953-8984/16/25/r01
2. Roduner, E. Chem. Soc. Rev. 2006, 35, 583–592.

doi:10.1039/b502142c
3. Pan, Y.-T.; Yan, Y.; Shao, Y.-T.; Zuo, J.-M.; Yang, H. Nano Lett. 2016,

16, 6599–6603. doi:10.1021/acs.nanolett.6b03302
4. Wisniewska, J.; Ziolek, M. RSC Adv. 2017, 7, 9534–9544.

doi:10.1039/c6ra28365a
5. Garmroudi, F.; Parzer, M.; Riss, A.; Bourgès, C.; Khmelevskyi, S.;

Mori, T.; Bauer, E.; Pustogow, A. Sci. Adv. 2023, 9, eadj1611.
doi:10.1126/sciadv.adj1611

6. Wang, Z.-T.; Darby, M. T.; Therrien, A. J.; El-Soda, M.; Michaelides, A.;
Stamatakis, M.; Sykes, E. C. H. J. Phys. Chem. C 2016, 120,
13574–13580. doi:10.1021/acs.jpcc.6b03473

https://orcid.org/0000-0002-3283-2886
https://orcid.org/0000-0002-3752-7266
https://orcid.org/0009-0003-1824-5356
https://orcid.org/0000-0002-9352-9581
https://doi.org/10.34808/6bvs-y478
https://doi.org/10.1088%2F0953-8984%2F16%2F25%2Fr01
https://doi.org/10.1039%2Fb502142c
https://doi.org/10.1021%2Facs.nanolett.6b03302
https://doi.org/10.1039%2Fc6ra28365a
https://doi.org/10.1126%2Fsciadv.adj1611
https://doi.org/10.1021%2Facs.jpcc.6b03473


Beilstein J. Nanotechnol. 2026, 17, 748–759.

758

7. Shahali, H.; Hasan, J.; Wang, H.; Tesfamichael, T.; Yan, C.;
Yarlagadda, P. K. D. V. Procedia Manuf. 2019, 30, 261–267.
doi:10.1016/j.promfg.2019.02.038

8. Qu, S.-Z.; Zhao, Y.-X.; Kang, H.-S.; Zou, J.-W.; Ma, L.; Ding, S.-J.;
Chen, X.-B. ACS Omega 2022, 7, 48438–48446.
doi:10.1021/acsomega.2c06704

9. Li, H.; Zhu, S.; Zhang, S.; Zhang, N.; Du, M.; Chai, Y. Small Struct.
2020, 1, 2000033. doi:10.1002/sstr.202000033

10. Atiya, G.; Chatain, D.; Mikhelashvili, V.; Eisenstein, G.; Kaplan, W. D.
Acta Mater. 2014, 81, 304–314. doi:10.1016/j.actamat.2014.08.038

11. Danielson, D. T.; Sparacin, D. K.; Michel, J.; Kimerling, L. C.
J. Appl. Phys. 2006, 100, 083507. doi:10.1063/1.2357345

12. Srolovitz, D. J.; Goldiner, M. G. JOM 1995, 47, 31–36.
doi:10.1007/bf03221433

13. Giermann, A. L.; Thompson, C. V. Appl. Phys. Lett. 2005, 86, 121903.
doi:10.1063/1.1885180

14. Wang, D.; Schaaf, P. J. Mater. Sci. 2012, 47, 1605–1608.
doi:10.1007/s10853-011-5716-0

15. Ruffino, F.; Grimaldi, M. G. J. Mater. Sci. 2014, 49, 5714–5729.
doi:10.1007/s10853-014-8290-4

16. Preston, A. S.; Hughes, R. A.; Demille, T. B.; Rey Davila, V. M.;
Neretina, S. Acta Mater. 2019, 165, 15–25.
doi:10.1016/j.actamat.2018.11.036

17. Toliopoulos, D.; Fedorov, A.; Bietti, S.; Bollani, M.; Bonera, E.;
Ballabio, A.; Isella, G.; Bouabdellaoui, M.; Abbarchi, M.; Tsukamoto, S.;
Sanguinetti, S. Nanomaterials 2020, 10, 2542.
doi:10.3390/nano10122542

18. Wakayama, Y.; Tagami, T.; Tanaka, S.-i. Thin Solid Films 1999, 350,
300–307. doi:10.1016/s0040-6090(99)00294-1

19. Cheynis, F.; Leroy, F.; Müller, P. C. R. Phys. 2013, 14, 578–589.
doi:10.1016/j.crhy.2013.06.006

20. Thompson, C. V. Annu. Rev. Mater. Res. 2012, 42, 399–434.
doi:10.1146/annurev-matsci-070511-155048

21. Kim, D.; Giermann, A. L.; Thompson, C. V. Appl. Phys. Lett. 2009, 95,
251903. doi:10.1063/1.3268477

22. Ye, J.; Thompson, C. V. Adv. Mater. (Weinheim, Ger.) 2011, 23,
1567–1571. doi:10.1002/adma.201004095

23.Łapiński, M.; Dróżdż, P.; Gołębiowski, M.; Okoczuk, P.; Karczewski, J.;
Sobanska, M.; Pietruczik, A.; Zytkiewicz, Z. R.; Zdyb, R.; Sadowski, W.;
Kościelska, B. Coatings 2023, 13, 1306.
doi:10.3390/coatings13081306

24.Łapiński, M.; Kozioł, R.; Cymann, A.; Sadowski, W.; Kościelska, B.
Plasmonics 2020, 15, 101–107. doi:10.1007/s11468-019-01021-9

25. Kozioł, R.; Łapiński, M.; Syty, P.; Sadowski, W.; Sienkiewicz, J. E.;
Nurek, B.; Adrian Maraloiu, V.; Kościelska, B. Appl. Surf. Sci. 2021,
567, 150802. doi:10.1016/j.apsusc.2021.150802

26.Łapiński, M.; Kozioł, R.; Skubida, W.; Winiarz, P.;
Mahjoub Yahia Elhassan, R.; Sadowski, W.; Kościelska, B. Sci. Rep.
2023, 13, 10107. doi:10.1038/s41598-023-37343-2

27. Santoso, I.; Taskinen, P. Arch. Metall. Mater. 2018, 63, 191–197.
doi:10.24425/118927

28. Hart, G. L. W.; Nelson, L. J.; Vanfleet, R. R.; Campbell, B. J.;
Sluiter, M. H. F.; Neethling, J. H.; Oliver, E. J.; Allies, S.; Lang, C. I.;
Meredig, B.; Wolverton, C. Acta Mater. 2017, 124, 325–332.
doi:10.1016/j.actamat.2016.10.053

29. Durussel, P.; Feschotte, P. J. Alloys Compd. 1996, 239, 226–230.
doi:10.1016/0925-8388(96)02257-8

30. Mendes, P. C. D.; Justo, S. G.; Mucelini, J.; Soares, M. D.;
Batista, K. E. A.; Quiles, M. G.; Piotrowski, M. J.; Da Silva, J. L. F.
J. Phys. Chem. C 2020, 124, 1158–1164.
doi:10.1021/acs.jpcc.9b09561

31. Sluiter, M. H. F.; Colinet, C.; Pasturel, A. Phys. Rev. B 2006, 73,
174204. doi:10.1103/physrevb.73.174204

32. Ait Hellal, F.; Andreazza-Vignolle, C.; Andreazza, P.; Puibasset, J.
J. Alloys Compd. 2023, 961, 171080.
doi:10.1016/j.jallcom.2023.171080

33. Peng, Z.; Yang, H. J. Solid State Chem. 2008, 181, 1546–1551.
doi:10.1016/j.jssc.2008.03.013

34. Pirart, J.; Front, A.; Rapetti, D.; Andreazza-Vignolle, C.; Andreazza, P.;
Mottet, C.; Ferrando, R. Nat. Commun. 2019, 10, 1982.
doi:10.1038/s41467-019-09841-3

35. Kunwar, S.; Pandey, P.; Pandit, S.; Sui, M.; Lee, J.
Nanoscale Res. Lett. 2019, 14, 332. doi:10.1186/s11671-019-3170-0

36. Lee, S. A.; Link, S. Acc. Chem. Res. 2021, 54, 1950–1960.
doi:10.1021/acs.accounts.0c00872

37. Kumawat, R. L.; Schatz, G. C. ACS Appl. Nano Mater. 2025, 8,
18042–18055. doi:10.1021/acsanm.5c03232

38. Lyu, P.; Espinoza, R.; Nguyen, S. C. J. Phys. Chem. C 2023, 127,
15685–15698. doi:10.1021/acs.jpcc.3c04436

39. Zhou, L.; Huang, Q.; Xia, Y. Chem. Rev. 2024, 124, 8597–8619.
doi:10.1021/acs.chemrev.4c00165

40. Pandit, S.; Kunwar, S.; Pandey, P.; Lee, J. Metals (Basel, Switz.) 2019,
9, 1011. doi:10.3390/met9091011

41. Kunwar, S.; Pandey, P.; Pandit, S.; Sui, M.; Lee, J. Nano-Micro Lett.
2019, 14, 332. doi:10.1186/s11671-019-3170-0

42. Addab, Y.; Kini, M. K.; Courtois, B.; Savan, A.; Ludwig, A.; Bozzolo, N.;
Scheu, C.; Dehm, G.; Chatain, D. Acta Mater. 2020, 200, 908–921.
doi:10.1016/j.actamat.2020.09.064

43. Kaplan, W. D.; Chatain, D.; Wynblatt, P.; Carter, W. C. J. Mater. Sci.
2013, 48, 5681–5717. doi:10.1007/s10853-013-7462-y

44. Shaffir, E.; Riess, I.; Kaplan, W. D. Acta Mater. 2009, 57, 248–256.
doi:10.1016/j.actamat.2008.09.004

45. Ewing, G. E. J. Phys. Chem. B 2004, 108, 15953–15961.
doi:10.1021/jp040378+

46. Dai, C.; Saidi, P.; Song, H.; Yao, Z.; Daymond, M. R.; Hoyt, J. J.
Acta Mater. 2017, 136, 11–20. doi:10.1016/j.actamat.2017.06.052

47. Chen, J.; Fan, X.; Liu, J.; Gu, C.; Shi, Y.; Singh, D. J.; Zheng, W.
J. Phys. Chem. C 2020, 124, 7414–7420.
doi:10.1021/acs.jpcc.9b10769

48. McRae, D. M.; Jeon, K.; Lagugné-Labarthet, F. ACS Omega 2018, 3,
7269–7277. doi:10.1021/acsomega.8b00774

49. Golovynskyi, S.; Irfan, I.; Bosi, M.; Seravalli, L.; Datsenko, O. I.;
Golovynska, I.; Li, B.; Lin, D.; Qu, J. Appl. Surf. Sci. 2020, 515,
146033. doi:10.1016/j.apsusc.2020.146033

50. Kang, K. N.; Godin, K.; Yang, E.-H. Sci. Rep. 2015, 5, 13205.
doi:10.1038/srep13205

51.Łapiński, M.; Synak, A.; Gapska, A.; Bojarski, P.; Sadowski, W.;
Kościelska, B. Opt. Mater. (Amsterdam, Neth.) 2018, 83, 225–228.
doi:10.1016/j.optmat.2018.05.002

52. Sui, M.; Kunwar, S.; Pandey, P.; Lee, J. Sci. Rep. 2019, 9, 16582.
doi:10.1038/s41598-019-53292-1

53. Asoro, M. A.; Kovar, D.; Ferreira, P. J. ACS Nano 2013, 7, 7844–7852.
doi:10.1021/nn402771j

54. Vinayan, B. P.; Ramaprabhu, S. Nanoscale 2013, 5, 5109–5118.
doi:10.1039/c3nr00585b

https://doi.org/10.1016%2Fj.promfg.2019.02.038
https://doi.org/10.1021%2Facsomega.2c06704
https://doi.org/10.1002%2Fsstr.202000033
https://doi.org/10.1016%2Fj.actamat.2014.08.038
https://doi.org/10.1063%2F1.2357345
https://doi.org/10.1007%2Fbf03221433
https://doi.org/10.1063%2F1.1885180
https://doi.org/10.1007%2Fs10853-011-5716-0
https://doi.org/10.1007%2Fs10853-014-8290-4
https://doi.org/10.1016%2Fj.actamat.2018.11.036
https://doi.org/10.3390%2Fnano10122542
https://doi.org/10.1016%2Fs0040-6090%2899%2900294-1
https://doi.org/10.1016%2Fj.crhy.2013.06.006
https://doi.org/10.1146%2Fannurev-matsci-070511-155048
https://doi.org/10.1063%2F1.3268477
https://doi.org/10.1002%2Fadma.201004095
https://doi.org/10.3390%2Fcoatings13081306
https://doi.org/10.1007%2Fs11468-019-01021-9
https://doi.org/10.1016%2Fj.apsusc.2021.150802
https://doi.org/10.1038%2Fs41598-023-37343-2
https://doi.org/10.24425%2F118927
https://doi.org/10.1016%2Fj.actamat.2016.10.053
https://doi.org/10.1016%2F0925-8388%2896%2902257-8
https://doi.org/10.1021%2Facs.jpcc.9b09561
https://doi.org/10.1103%2Fphysrevb.73.174204
https://doi.org/10.1016%2Fj.jallcom.2023.171080
https://doi.org/10.1016%2Fj.jssc.2008.03.013
https://doi.org/10.1038%2Fs41467-019-09841-3
https://doi.org/10.1186%2Fs11671-019-3170-0
https://doi.org/10.1021%2Facs.accounts.0c00872
https://doi.org/10.1021%2Facsanm.5c03232
https://doi.org/10.1021%2Facs.jpcc.3c04436
https://doi.org/10.1021%2Facs.chemrev.4c00165
https://doi.org/10.3390%2Fmet9091011
https://doi.org/10.1186%2Fs11671-019-3170-0
https://doi.org/10.1016%2Fj.actamat.2020.09.064
https://doi.org/10.1007%2Fs10853-013-7462-y
https://doi.org/10.1016%2Fj.actamat.2008.09.004
https://doi.org/10.1021%2Fjp040378%2B
https://doi.org/10.1016%2Fj.actamat.2017.06.052
https://doi.org/10.1021%2Facs.jpcc.9b10769
https://doi.org/10.1021%2Facsomega.8b00774
https://doi.org/10.1016%2Fj.apsusc.2020.146033
https://doi.org/10.1038%2Fsrep13205
https://doi.org/10.1016%2Fj.optmat.2018.05.002
https://doi.org/10.1038%2Fs41598-019-53292-1
https://doi.org/10.1021%2Fnn402771j
https://doi.org/10.1039%2Fc3nr00585b


Beilstein J. Nanotechnol. 2026, 17, 748–759.

759

55. Khalakhan, I.; Vorokhta, M.; Xie, X.; Piliai, L.; Matolínová, I.
J. Electron Spectrosc. Relat. Phenom. 2021, 246, 147027.
doi:10.1016/j.elspec.2020.147027

56. Ramstedt, M.; Franklyn, P. Surf. Interface Anal. 2010, 42, 855–858.
doi:10.1002/sia.3211

57. Wagner, C. D.; Wm, R.; Davis, L. E.; Moulder, J. F.; Muilenberg, G. E.
Handbook of X-Ray Photoelectron Spectroscopy; Perkin-Elmer
Corporation: Eden Prairie, MN, 1979.

58. Lewandowski, T.; Dembski, M.; Walas, M.; Łapiński, M.; Narajczyk, M.;
Sadowski, W.; Kościelska, B. J. Nanomater. 2017, 2017, 5075326.
doi:10.1155/2017/5075326

59. Kaushik, V. K. J. Electron Spectrosc. Relat. Phenom. 1991, 56,
273–277. doi:10.1016/0368-2048(91)85008-h

60. Chung, T.; Hwang, C. S. H.; Ahn, M.-S.; Jeong, K.-H. Plasmonics 2019,
14, 407–413. doi:10.1007/s11468-018-0818-z

61. Kozioł, R.; Łapiński, M.; Syty, P.; Koszelow, D.; Sadowski, W.;
Sienkiewicz, J. E.; Kościelska, B. Beilstein J. Nanotechnol. 2020, 11,
494–507. doi:10.3762/bjnano.11.40

62. Garcia, M. A. J. Phys. D: Appl. Phys. 2011, 44, 283001.
doi:10.1088/0022-3727/44/28/283001

63. Chen, J.; Wiley, B.; McLellan, J.; Xiong, Y.; Li, Z.-Y.; Xia, Y. Nano Lett.
2005, 5, 2058–2062. doi:10.1021/nl051652u

64. Sennuga, A.; van Marwijk, J.; Whiteley, C. G. Nanotechnology 2012,
23, 035102. doi:10.1088/0957-4484/23/3/035102

65. Safdar, M.; Ozaslan, M.; Khailany, R. A.; Latif, S.; Junejo, Y.;
Saeed, M.; Al-Attar, M. S.; Kanabe, B. O.
J. Inorg. Organomet. Polym. Mater. 2020, 30, 2430–2439.
doi:10.1007/s10904-019-01387-7

66. Ikegaya, S.; Motobayashi, K.; Ikeda, K. J. Raman Spectrosc. 2021, 52,
420–430. doi:10.1002/jrs.5925

67. Marhaba, S. Phys. Lett. A 2025, 556, 130834.
doi:10.1016/j.physleta.2025.130834

68. Engelbrekt, C.; Crampton, K. T.; Fishman, D. A.; Law, M.;
Apkarian, V. A. ACS Nano 2020, 14, 5061–5074.
doi:10.1021/acsnano.0c01653

69. Front, A.; Mottet, C. Phys. Chem. Chem. Phys. 2023, 25, 8386–8391.
doi:10.1039/d2cp05829d

70. Front, A.; Oucheriah, D.; Mottet, C.; Amara, H. Melting properties of Ag
x Pt 1–x nanoparticles. Hal Open. Science, 2022;
https://hal.science/hal-03679052v1.

71.Łapiński, M.; Kozioł, R.; Syty, P.; Patela, S.; Sienkiewicz, J. E.;
Sadowski, W.; Kościelska, B. Surf. Sci. 2023, 733, 122289.
doi:10.1016/j.susc.2023.122289

72. Pandey, P.; Kunwar, S.; Lee, J. J. Alloys Compd. 2020, 813, 152193.
doi:10.1016/j.jallcom.2019.152193

73. Gapska, A.; Łapiński, M.; Syty, P.; Sadowski, W.; Sienkiewicz, J. E.;
Kościelska, B. Beilstein J. Nanotechnol. 2018, 9, 2599–2608.
doi:10.3762/bjnano.9.241

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.17.52

https://doi.org/10.1016%2Fj.elspec.2020.147027
https://doi.org/10.1002%2Fsia.3211
https://doi.org/10.1155%2F2017%2F5075326
https://doi.org/10.1016%2F0368-2048%2891%2985008-h
https://doi.org/10.1007%2Fs11468-018-0818-z
https://doi.org/10.3762%2Fbjnano.11.40
https://doi.org/10.1088%2F0022-3727%2F44%2F28%2F283001
https://doi.org/10.1021%2Fnl051652u
https://doi.org/10.1088%2F0957-4484%2F23%2F3%2F035102
https://doi.org/10.1007%2Fs10904-019-01387-7
https://doi.org/10.1002%2Fjrs.5925
https://doi.org/10.1016%2Fj.physleta.2025.130834
https://doi.org/10.1021%2Facsnano.0c01653
https://doi.org/10.1039%2Fd2cp05829d
https://hal.science/hal-03679052v1
https://doi.org/10.1016%2Fj.susc.2023.122289
https://doi.org/10.1016%2Fj.jallcom.2019.152193
https://doi.org/10.3762%2Fbjnano.9.241
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.17.52

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Funding
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

